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Summary

The Ulvo Gabbro Complex consists of alkali-olivine basaltic circular bodies ~30-—
80km in diameter. These intrusions were emplaced at shallow depths (~3 km) as thin
sheets (~300m). Among other things, the gabbroic cumulates of the complex display:
modal layering, grain-size variations, trough structures, and slump structures. The
crystallization sequence is olivine + plagioclase, ulvdspinel, clinopyroxene, and apatite.
A nearly continuous exposure across one of these intrusions, the Norra Ulvon gabbro, is
subdivided into: a Lower Zone (LZ), a Rhythmically Layered Zone (RZ) and an Upper
Zone (UZ). LZ and RZ were formed at the floor, while UZ grew from the roof
downward. Major-element variations in the cores of the cumulus minerals define
fractionation trends from the base of the intrusion to the RZ-UZ boundary interpreted as
a “sandwich horizon”. Modeling suggests that a significant amount of crystallized
interstitial liquid is required to produce the observed stratigraphic relations. Our results
suggest that the small size and shallow emplacement depth of the intrusions of the Ulvo
Gabbro Complex helped to preserve evidence of primary accumulation processes.
However, it is also clear that despite the limited time available postcumulus processes
such as diffusional homogenization and compaction of some grains were important.
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Introduction

Studies of physical and chemical processes in layered intrusions are essential
components of our understanding of magma chambers processes (e.g. Cawthorn,
1996). This study concerns the Ulvd Gabbro Complex, central Sweden, the type
locality of ulvospinel (Mogensen, 1946). Although <300 m thick and emplaced at
shallow depths, gabbros of the Ulvd Gabbro Complex show spectacular igneous
layering features that are comparable to those documented from much larger lay-
ered intrusions. The combination of the small size and abundant layering features
make the Ulvd Gabbro Complex an ideal place to study magma chamber processes.

Before the cumulus and postcumulus processes in layered intrusions can be
understood, adequate descriptions of mineralogical and chemical variations are
required. This study is primarily directed at characterizing the Ulvé Gabbro
Complex in general and in particular the Norra Ulvon gabbro (NUG) as exposed
on the Norra Ulvon island (Fig. 1). We include descriptions and interpretations of
the various layering features seen in the Ulvé Gabbro Complex and an estimate of
the liquid composition parental to these intrusions. We then focus on the Norra
Ulvon gabbro providing a detailed modal and mineral chemical stratigraphy. There
the upper and lower gabbro contacts border with the Nordingra granite (Lundqvist,

Norra Ulvon
4
Fig. la

Soérsand

Grébuten
) 0 10 km
P | IS
Svartbergviken 0 500 m >
S S E—

(@) (b)

Fig. 1. Right: the Ulvé Gabbro Complex (black) outcropping along the Bothnian Sea
shoreline (modified from Lundqvist, 1990). The sheet-like bodies constitute a series of
circular bodies of lopolithic shape (outlined by dashed, gray lines). The study area is
situated on the island Norra Ulvon. Left: blow up of study site at Norra Ulvon. Sample sites
(black dots) and orientation of igneous layering are shown. Gray areas represent granitic
host rock representing floor to the north (Norrsand) and roof to the south (Sorsand)



Character and significance of spectacular layering features 429

1990) and a gravity survey reveals no significant faults (Larson and Magnusson,
1979).

Geological setting and previous work

The Meso- and Paleo-Proterozoic rocks of the central part of the Baltic Shield host
the ~1.25 Ga old (Hogmalm et al., 2006), flat lying gabbroic rocks of the Central
Scandinavian Dolerite Group (Welin and Lundqvist, 1975; Gorbatschev et al.,
1979; Lundgqvist, 1990). Of these, the intrusions that outcrop along the east coast
of Sweden (Nordingra area; Fig. 1) have been named the Ulvo Dolerite Complex
(Larson, 1980). They have seen no regional metamorphic overprint and are gently
dipping, more or less circular lopoliths ~30 to ~80km in diameter (Lundqvist,
1990). The thicknesses of the different gabbro sheets are ~250-300 m (Lundqvist
and Samuelsson, 1973; Larson and Magnusson, 1979) and estimated intrusion
depth of the Norra Ulvon Gabbro is ~2-3km (Larson and Magnusson, 1976).
Feeders are not recognized in the coastal region but may be represented by numer-
ous dolerite dikes traced by magnetic measurements inland (Lundqvist, 1990).
Because the intrusions are composed of layered gabbroic rocks they are more
properly named “‘the Ulvo Gabbro Complex™, a name that will be adopted in the
following.

The Ulvo Gabbro Complex has been the subject of petrologic research for the
last ~150 years (e.g. Erdmann, 1846, 1848; Dellvik, 1874, 1875; Tornebohm,
1877; Hogbom, 1893, 1909a,b; Lundbohm, 1893; Sobral, 1913; Eckerman,
1938, 1946, 1947; Mogensen, 1946). The intrusion has also received more recent
attention (Larson, 1973, 1980; Lindh, 1973; Lundqvist and Samuelsson, 1973;
Samuelsson, 1973; Larson and Magnusson, 1976, 1979; Magnusson and Larson,
1977; Lundqvist, 1990). Of these Lundbohm (1899), Sobral (1913) and Lundqvist
(1990) published maps showing the extension of the Ulvo Gabbro Complex while
Mogensen (1946) was the first to describe ulvospinel naturally present in a rock.
The work of Lundqgvist and Samuelsson (1973) and Larson (1980) are the only
studies directed at documenting the stratigraphic variation in these gabbros.

Field relations in the Ulvé Gabbro Complex

Igneous layering

Although the detailed stratigraphy of gabbro bodies in the Ulvé Gabbro Complex
may differ, they all have igneous layering characterized by mafic layers alternating
with more felsic layers (Fig. 2a). The layers are commonly rhythmic and usually
dip between 10° and 20° (Fig. 1b). Gravity measurements reveal that the dip of the
igneous layering is parallel to the intrusive contacts with country rocks (Larson and
Magnusson, 1979; Larson, 1980). Whether a layer is considered mafic or felsic is
relative and related to the composition of the surrounding layers. Single layers can
be traced for >50 m across outcrops. Most layers are ~10 cm thick but may vary
from approximately 0.5 cm to 1 m. Individual layers are essentially homogeneous,
but some normal and reverse mineral grading occurs (Fig. 2b, c). In some places,
grain size differences between mafic and felsic layers are distinct. Centimeter-scale



430 S. A. Larson et al.

(b) | | ©

Fig. 2. (a) Rhythmic layering of alternating dark and light layers showing distinctcontacts
(back pack is 60 cm high). (b) Reverse graded layering with distinct contacts. (¢) Detail of
normally graded rhythmic layering

layering is also present and can be rhythmically distributed but some are interca-
lated with layers of the more typical ~10cm thickness (Fig. 3a). One example of
cm-scale layering is cut by angular unconformities, above which the layering
consists of similar cm-scale layers (Fig. 3b).
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Fig. 3. (a) Small-scale, rthythmic layering (cm-scale). (b) Discordant dm size layers in a
sequence of small-scale layers
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Fig. 4. (a) Slumping confined to a specific
layer. (b) Discordance in rhythmic layers. (c)
Trough structure with concentration of dark
minerals to the trough bottom
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Disturbed layering

Disrupted and irregular layering features such as slump structures, angular uncon-
formities, and trough structures are relatively common in the rhythmically layered
sequences of the Ulvo Gabbro Complex. Small-scale slump structures consist of mod-
ally heterogenous horizons in which modally distinct fragments of layers are found
(Fig. 4a). Discordant layers are similar in appearance to low-angle unconformities in
sedimentary rocks although no evidence of erosion has been documented (Fig. 4b).
Trough structures are synformal stacks of layers with heights of 0.1-3 m and widths
of 1-20m and show mafic mineral accumulations at their bottoms (Fig. 4c). Some
small troughs are linked to each other by antiformal structures like low amplitude
folds. The trough axes tend to be approximately perpendicular to the strike of the
general layering and undisturbed layers are found both above and below the troughs.

Foliation

An igneous foliation (locally a lineation), defined by aligned plagioclase, is com-
mon in the layered portions of the Ulvd Gabbro Complex. It is most easily recog-

©

Fig. 5. (a) Plagioclase lamination in a light layer from RZb. Length of photograph =5 mm.
(b) Dark layer in RZa showing plagioclase core with a postcumulus rim with entrapped
cumulus crystals of Fe-Ti oxide (black) and olivine (gray and fractured) crystals. Note the
small grain size and euhedral shape of the entrapped Fe-Ti oxide. Length of photo-
graph=5mm. (¢) Dark layer in RZa characterised by euhedral cumulus olivine (gray
and fractured), cumulus Fe-Ti oxide (black), and interstitial clinopyroxene (light gray)
and plagioclase (white). Length of photograph =5 mm
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nized in plagioclase-rich layers and is most distinct in the RZ of the NUG (Fig. 5a).
In many mafic layers there is insufficient plagioclase to define a foliation and the
plagioclase present is poikilitic due to postcumulus overgrowths (Fig. 5b and c).

Plagioclase-rich segregations and clots

Plagioclase-rich segregations are common throughout the Ulvd Gabbro Complex.
In the Norra Ulvon gabbro they are a few centimeters thick and up to 2-3m
long with lower mafic margins locally developed in the LZ. They have the appear-
ance of thin, laterally discontinuous, disrupted felsic layers (Fig. 6a). Plagioclase-

@) ' (b)

Fig. 6. (a) Plagioclase schlieren with fringes of mafic minerals. Note the wavy appearance
of layers. (b) Plagioclase rich clots and lenses distributed in fragmental layers. Note
bending of layers above fragments. (Hammer is 40 cm long). (¢) Gabbro pegmatitoid clots
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rich clots are found in the RZ that are sub-rounded, flattened or irregular with most
less than 50 cm in maximum dimension. These are sometimes spatially associated
with gabbroic pegmatoids. The layers above are draped over the clots while those
beneath are mostly undisturbed. Locally, clots are restricted to specific layers
forming ‘“‘fragmental layers” (Fig. 6b).

Gabbroic pegmatoid

Gabbroic pegmatoids occur as small-scale dikes and segregation pods of extremely
coarse-grained gabbro (Fig. 6¢) and as larger stratiform bodies typically a few 10s
of cm thick. Smaller gabbroic pegmatoids are common in areas characterized by
slumping and disturbed layering and also related to the plagioclase-rich clots.
Although present throughout, pegmatoids are more common in the layered and
upper parts of the gabbros.

Petrography

The most abundant minerals are plagioclase, olivine, clinopyroxene, and Fe-Ti
oxides. Common accessory minerals include biotite, apatite and ilmenite. The
NUG is divided into three zones: the Lower Zone (LZ), the Rhythmically
Layered Zone (RZ), and the Upper Zone (UZ; Larson, 1980). The LZ has more
olivine than clinopyroxene, and a relatively low modal content of Fe-Ti oxides
although exceptions are found. Rhythmic layering in the LZ is rare and usually
consists of a few cm thick layers separated by thick sequences of more uniform
gabbro. The RZ is subdivided into two sub-zones; RZa has cumulus olivine and
interstitial clinopyroxene and abundant cumulus Fe-Ti oxides, while RZb has cu-
mulus clinopyroxene, less than 5% modal olivine, and a well-developed plagio-
clase foliation. The UZ has more clinopyroxene than olivine and no plagioclase
foliation. Fe-Ti oxides are most abundant in the RZ with concentrations of >50%
in a ~10 cm thick mafic layer in RZa. These Fe-Ti oxide rich layers were mined for
V at other places in the Ulvd Gabbro Complex. Accessory biotite is irregularly
distributed (modal abundance ~1-5%). Apatite mode is limited to 1.5% but since
it is essentially impossible to estimate its mode in hand-sample it could be higher
in other samples.

The grain-size increases from the margins inward. A 5 cm wide chilled margin
consisting of plagioclase-olivine-phyric (phenocrysts <2 mm) gabbro grades into a
gabbro with a grain size of <3 mm. At a distance of approximately 5m from the
contact the grain-sizes are 3 to >5mm, typical of the bulk of the intrusion.
Plagioclase grain size varies little throughout the intrusion, but the mafic minerals
are typically larger in felsic layers than in adjacent mafic layers.

The presence of mm-size plagioclase phenocrysts at the contacts and their sub-
to euhedral morphology indicate that plagioclase is a cumulus mineral throughout
the crystallisation sequence. Plagioclase oikocrysts with cores that are free from
inclusions, and Fe-Ti oxide and olivine enclosed in their margins occur in dark RZ
layers.

Olivine phenocrysts in the contact samples occur as glomerocrysts. Olivine is a
cumulus mineral throughout the intrusion and, in RZa, euhedral olivine crystals are
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abundant. Olivine crystals are enclosed in plagioclase and clinopyroxene in the
more mafic layers of RZa. The olivine crystals are euhedral when enclosed in
plagioclase and somewhat more rounded when present in clinopyroxene. Olivine
crystals are also smaller when enclosed in the oikocrysts. In RZb, olivine repre-
sents no more than ~5% of the mode and the crystals are anhedral and in some
cases poikilitic.

Fe-Ti oxide is present in the LZ as a post-cumulus mineral and becomes a
cumulus mineral near the base of RZa, where it occurs as abundant euhedral grains
(Fig. 6b). In LZ, UZ, and most of RZb the Fe-Ti oxide is sub- to anhedral. Euhedral
Fe-Ti oxide crystals in RZa are found enclosed in both plagioclase and clinopyr-
oxene. The Fe-Ti oxide consists of magnetite with exsolved ulvospinel (partly
oxidized to ilmenite). However, discrete ilmenite grains are also present (Larson
and Magnusson, 1976; Larson, 1980).

Clinopyroxene in the LZ, UZ and RZa occurs interstitial to the other major
phases, although it can account for more than 15% of the mode. In these rocks
it occurs as oikocrysts up to 3 cm in size. Clinopyroxene is a cumulus mineral
in RZb where the crystals are subhedral and accounts for as much as 30% of
the mode.

Accessory brownish-red biotite is found associated with Fe-Ti oxide grains and
a pale green varitey of biotite is found in the LZ. Euhedral apatite crystals are
found in small pockets associated with K-feldspar and as inclusions in clinopyr-
oxene oikocrysts. Apatite becomes a cumulus mineral in RZb. The exact strati-
graphic position is poorly constrained because apatite is difficult to identify in the
field. K-feldspar is also found intergrown with plagioclase rims.

Analytical methods

Whole rock analyses, by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) were carried out at Actlabs, Canada and follows this laboratorys routines as
described below.

Certified rock standards WMG-1 and W2 were analysed as unknowns and ren-
dered accuracies <10% except for Ni, Cu and Zr which were <20%. Samples are
prepared and analyzed in a batch system. Each batch contains a blank, certified
reference material and replicates. Samples are mixed with a flux of lithium meta-
borate and lithium tetraborate and fused in an induction furnace. The melt is im-
mediately poured into a solution of 5% nitric acid containing an internal standard,
and mixed continuously until completely dissolved (~30min). The samples are
then run for major oxides (Actlabs Code 4 -Litho research) on a combination
simultaneous /sequential Thermo Jarrell-Ash ENVIRO 1II ICP, and trace elements
are analysed by a Perkin Elmer SCIEX ELAN 6000 ICP-MS

Mineral major-element compositions were determined using a Zeiss DSM 940
scanning electron microscope with an Oxford Link energy dispersive spectrometer
system at the Earth Sciences Center, Goteborg University. Analyses were acquired
using an accelerating voltage of 25kV, a sample current of ~1nA, and a live
counting time of 100 s. The system was calibrated with natural minerals and simple
oxide standards. Cobalt was used as a reference standard and to monitor the system
drift. Raw counts were reduced using a ZAF correction.



Table 1. Chilled margin analyses

Sample # 88 134 146 147*  Ul* 204 Avg.  %RSD  294*
Sio, wt% 4568 4570 4641  46.64 4624 4598 4611 0.8 45.95
AlLO; wt% 1572 1577 1597 1597 1600 1581 1587 0.8 16.18
Fe,05 wt% 1507 1514 1547 1526 1508 1401 1501 34 15.10
MnO wt.% 0.19 0.19 0.20 0.20 0.22 0.19 020 58 0.18
MgO Wt.% 6.21 6.40 6.64 6.20 5.74 6.11 622 48 6.96
Ca0 wt.% 8.73 8.76 8.73 8.73 8.19 8.69 8.64 2.6 8.63
Na,O wt.% 3.06 3.08 2.94 3.01 3.15 2.94 3.03 27 2.93
K-O wt.% 1.01 1.03 1.01 0.99 1.18 1.07 105 6.7 0.90
TiO, Wt.% 2.39 2.37 2.35 2.40 2.25 2.42 236 25 2.03
P,Os Wt.% 0.41 0.41 0.40 0.41 0.35 0.37 039 65 0.34
LOI wt.% 0.26 0 0.18 0.27 1.39 0.22 046 - 0.36
Total wt.% 9873  98.85 10030 100.08  99.79  97.81 9934 - 99.56
Ba ppm 564 552 533 573 562 586 562 3.2 482

Sr ppm 390 391 384 400 389 394 391 1.4 401

Sc ppm 26 26 27 27 27 28 27 2.8 25

% ppm 247 247 249 252 243 259 249 22 242
Cr ppm 126 128 99 81 77 91 100 21.9 82
Co ppm 55 57 55 53 55 45 53 8.0 54

Ni ppm 81 84 84 79 95 71 82 9.7 101
Cu ppm 110 108 102 67 66 96 91 21.9 49
Zn ppm 150 168 118 128 156 81 133 23.7 93
Ga ppm 22 22 21 22 21 21 21 3.1 19
Ge ppm 1.1 1.6 1.4 15 1.5 1.0 13 178 1.4
Rb ppm 18 17 16 20 22 19 19 11.0 23

Y ppm 287 28.7 28.2 29.2 28.4 29.7 28.8 1.9 23

Zr ppm 124 130 128 175 136 132 137 13.7 119
Nb ppm 6.6 73 73 7.4 9.4 8.0 8 12.6 5.9
Cs ppm 0.5 0.5 0.8 1.2 1.0 2.3 1.0 641 3.2
La ppm 1640 1590 1550 1660 1850 1660  16.58 6.2 12.6
Ce ppm  37.60  36.60 3570  36.60 4090 3850  37.65 4.9 27.8
Pr ppm 4.98 4.86 4.75 543 5.30 5.03 506 52 4.18
Nd ppm 2230 2280 22.10  23.60 2490 2380 2325 45 18.5
Sm ppm 5.96 5.81 5.72 4.85 5.88 6.06 571 717 3.72
Eu ppm 2.31 2.30 2.26 2.17 2.19 2.38 227 35 1.79
Gd ppm 6.02 5.95 5.88 4.84 6.30 6.29 588 9.2 3.86
Tb ppm 0.99 0.96 0.96 0.85 0.99 0.99 096 5.7 0.68
Dy ppm 5.60 5.54 5.42 4.83 5.40 5.64 541 55 3.81
Ho ppm 1.08 1.09 1.05 1.07 1.06 1.13 108 26 0.84
Er ppm 3.17 3.14 3.05 3.00 3.05 3.27 311 32 2.39
Tm ppm 0.47 0.47 0.46 0.38 0.45 0.48 045 8.1 0.30
Yb ppm 2.90 2.82 2.73 2.38 2.88 2.97 278 1.6 1.90
Lu ppm 0.42 0.41 0.41 0.41 0.44 0.43 042 34 0.34
Hf ppm 3.6 37 3.6 3.9 4.0 37 3.8 4.4 33
Ta ppm 0.50 0.48 0.47 0.56 0.49 0.50 050 6.3 0.39
Tl ppm 0.13 0.17 0.10 0.22 0.31 0.11 0.17 46.0 0.17
Th ppm 1.28 1.18 1.15 1.23 1.38 1.22 124 66 0.79
U ppm 0.36 0.34 0.33 0.33 0.33 0.35 034 39 0.25

* Chilled margin from the NUG
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Results

Whole rock chemistry

Fine-grained contact samples are thought to approximate the original magma com-
position (Table 1). They plot in the alkaline basaltic field of Le Maitre et al. (1989).
The TiO, and Fe,O5 contents of the chilled margins are higher (~2.4 wt.% and
~15wt.%, respectively), while the phosphorous (~0.4 wt.% P,0s) is similar to the
mean of 247 different alkali-olivine basalts (Manson, 1967). REE analyses reveal
LREE enrichment (La,/Lu, ~3.9-4.3) and a small positive Eu anomaly with
concentrations of ~24 to 56 times chondrite values. Spider diagrams (Fig. 7) show
some enrichment of LIL elements and Nb-Ta, and Th contents that give distinct
negative anomalies in accordance with other CSDG intrusions. Such anomalies are
unusal for alkaline basalts and have been explained by chemical interaction be-
tween astenosphere derived magma and the lithospheric mantle (Patchett, 1994).
The average of these compositions is used below to model crystallization of the
intrusion. Two lower contact samples from Norra Ulvon are not included in this
average as they contain cumulus olivine (Table 1).

Mineral chemistry

Plagioclase

Average core compositions of plagioclase vary from ~Ang; at the base of the
intrusion, decreasing continuously to ~Any; at the RZ-UZ contact (Table 2).
Plagioclase from the UZ all has average core compositions greater than Angs
(Fig. 8). Plagioclase from throughout the intrusion shows strong zonation with core
to rim variations of >60 An in many samples. Detailed examination of the zona-
tion reveals that many crystals have a small concentric zone of higher An around

100

88
—=—134
——146
——147*

Ul*
——204

Sample / Chondrite
=

Ba Rb Th K Nb Ta La Ce Sr Nd P Sm Zr Hf Ti Tb Y Tm Yb
Fig. 7. Spider diagram of samples from lopolith margins of the Ulvé Gabbro Complex (see
Table 1). Numbers Ul and 147 are from the studied section at Norra Ulvon
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Table 2. Representative plagioclase analyses (wt. %)

S. A. Larson et al.

Height 290(U) 290(U) 240(U) 240(U) 189(D) 189(D) 189(L) 189(L) 148(D) 148(D) 148(L) 148(L) 107(D)
(m) core rim core rim core rim core rim core rim core rim core
SiO, 51.64 6197 56.42 63.01 5542 62.17 5551 61.73 54.84 57.19 5494 61.76 53.94
AlL,O;  31.12 24.00 2777 23.32 28.64 2293 2798 23.59 28.98 26.56 28.69 24.34 29.12
FeO 0.29 0.18 024 0.13 0.30 0.29 0.34 0.23 0.29 0.19 0.31 0.22  0.30
CaO 13.21  4.78 9.20 343 10.18 4.12 9.87 4.61 10.73  8.13 10.38 542 10.94
Na,O 373 8.03 5.88  8.68 539 777 5.35 7.67 5.03 6.24 5.26 7.85 493
K,0 0.22 0.81 043 0.90 0.57 1.90 0.57 1.60 048 0.71 0.50 0.68 0.48
TiO, 0.15 bdl 0.10 bdl 0.17 0.24 0.19 0.24 0.11  0.21 0.16 0.08 0.18
Total 1004  99.8 100 99.5 100.7 994 99.8 99.7 100.47 99.24 100.24 100.35 99.9

Si 9.35 11.02 10.15 11.20 9.94 11.14 10.03 11.03 9.86 10.34 990 1094 9.77
Al 6.64 5.03 5.88 4.89 6.05 4.84 5.96 4.97 6.14  5.66 6.09 5.08 6.22
Fe(ii) 0.04 0.03 0.04 0.02 0.04 0.04 0.05 0.03 0.04 0.03 0.05 0.03 0.05
Ca 256 091 1.77  0.65 1.96 0.79 1.91 0.88 207 1.57 2.00 1.03  2.12
Na .31 277 2.05 299 1.87 2.70 1.87 2.66 1.75  2.19 1.84 270 1.73
K 0.05 0.18 0.10 0.20 0.13 043 0.13 0.36 0.11 0.16 0.11 0.15 0.11
Ti 0.02  0.00 0.00 0.00 0.02 0.03 0.03 0.03 0.01 0.03 0.02 0.01 0.02
Total 19.98 19.94 19.99 19.95 20.02 1998 1997 19.97 19.99 19.98 20.01 19.94 20.02
An 65.33 23.58 4520 16.97 49.39 20.15 48.79 22.60 52.59 40.11 50.65 26.52 53.54
Ab 33.38 71.67 52.28 77.72 4732 68.78 47.86 68.06 44.61 55.72 46.45 69.52 43.66
Or 1.30 4.76 252 530 329 11.07 3.35 9.34 2.80 4.17 2.90 396 2.80
Height 107(D) 107(L) 107(L) 57(D) 57(L) 57(L) 31(D) 31(D) 31(L) 31(L) 7(U) 7(U)
(m) rim core rim core core rim core rim core rim core rim
SiO, 56.89  53.33 56.43 52.46 53.21 63.19 51.57 57.94 51.79 58.04 50.63 58.83
Al,O5 27.83  29.30 27.15 30.41 30.15 23.20 31.02 26.06 30.91 26.61 31.99 26.23
FeO 0.38 0.27 0.26 0.29 0.30 0.17 0.41 0.27 0.34 0.29 0.23 0.32
CaO 9.07 11.05 8.99 12.36 11.81 4.18 13.07 7.44 12.85 7.92 14.05 7.53
Na,O 5.84 4.67 6.13 4.20 4.39 8.04 3.83 6.55 3.98 6.55 343 6.47
K,O 0.82 0.53 0.46 0.32 0.37 0.95 0.32 091 0.35 0.58 0.19 0.94
TiO, 0.14 0.09 0.15 0.12 0.12 0.13  bdl 0.17 0.20 0.20 0.10 0.15
Total 101 99.2 99.6 100.16  100.34 99.85 100.22 99.34 100.41 100.19 100.62 100.48
Si 10.15 9.72 10.19 9.50 9.60 11.20 9.36  10.46 9.38 10.38 9.17 10.49
Al 5.85 6.30 5.78 6.49 6.41 4.84 6.64 5.54 6.60 5.61 6.83 5.51
Fe(ii) 0.06 0.04 0.04 0.04 0.05 0.03 0.06 0.04 0.05 0.04 0.03 0.05
Ca 1.73 2.16 1.74 2.40 2.28 0.79 2.54 1.44 2.49 1.52 2.73 1.44
Na 2.02 1.65 2.15 1.48 1.54 2.76 1.35 2.29 1.40 2.27 1.20 2.24
K 0.19 0.12 0.11 0.07 0.09 0.21 0.07 0.21 0.08 0.13 0.04 0.21
Ti 0.02 0.01 0.02 0.02 0.02 0.02 0.00 0.02 0.03 0.03 0.01 0.02
Total 20.01  20.00 20.02 20.01 19.98 19.85 20.03  20.00 20.03 19.99 20.02 19.96
An 44.00 54.89 43.58 60.76 58.48 21.05 64.13  36.51 62.78 38.70 68.59 36.99
Ab 5127 41.98 53.77 37.36 39.34  73.26 34.00 58.17 35.19 57.92 30.30 57.51
Or 4.74 3.13 2.65 1.87 2.18 5.70 1.87 5.32 2.04 3.37 1.10 5.50

U Unlayered; D dark; L light
Cations are calculated on the basis of 32 oxygens

the core and this is enclosed by rims in which the An content decreases rapidly
(Fig. 9a). The An content of rims of plagioclase grains adjacent to pockets contain-
ing accessory minerals such as K-feldspar, apatite, and allanite grade continuously
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Fig. 8. From left to right: modal mineral variation in the NUG (average of adjacent light
and dark layer) in the Norrsand-Sorsand section (Fig. 1). Secondary minerals (not marked
in the figure) are e.g. iddingsite, amphibole and chlorite — variation in An content for
plagioclase with height above floor. Dark dot: core; Grey dot: rim. Vertical bar: average for
cores. — variation in olivine Fo content with height above floor. Dark: core; Grey: rim;
Vertical bar: average; Dot: dark layer; Square: light layer; Diamond: unlayered gabbro —
variation in Cpx Mg# with height above floor. Dark: core; Grey: rim

into these pockets. Minor-element concentrations in plagioclase vary either sym-
pathetically with An content (TiO, and FeO) or antithetically (K,O). TiO, and FeO
concentrations vary by a factor ~2 (from 0.10 to 0.20 and 0.15 to 0.30 wt.%
respectively). K,O is strongly correlated with Na,O and ranges from less than
~0.2 in cores to more than ~1.5 wt.% in some rims.

Olivine

Average olivine core compositions are ~Fog; at the base of the intrusion and de-
crease to ~Fosq at the RZ-UZ contact (Table 3). In the lower 100 m of the intrusion
the core compositions show no systematic trend or perhaps a modest reverse trend
(Fig. 8). Above the 100 m level the Fo contents decrease rapidly. This trend is most
pronounced in the core compositions from RZb in which olivine modal contents
are much lower than in the rocks below. Core Fo contents in the UZ also decrease
toward the RZ-UZ contact ranging from ~66 near the upper contact to ~40 just
above the ‘“‘sandwich horizon” (Fig. 8). Olivine core compositions show pro-
nounced variations in adjacent mafic and felsic layers with one pair from lower
RZa (~50m above the base of the intrusion) having Fosg in the mafic layer and
Fo,g in the felsic layer. Most olivine grains show limited zonation in Fo content.
However samples near the contacts have large anhedral grains that show large
ranges in Fo (~70-20) but are not concentrically zoned. Most minor elements
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Fig. 9. (a) BSE image of a relatively homogeneous plagioclase core (Anss7_ss.5) in a
sample from a light RZa layer. A thin rim of reverse zonation (Anseg_s7.5) borders the
cumulus plagioclase and is followed by a normally zoned overgrowth (Anz4s_44,). The
most evolved plagioclase compositions (Ang7_»¢7) are found within the small interstitial
pocket adjacent to late K-feldspar and other accessory minerals. (b) BSE image showing
variation in composition of a cumulus clinopyroxene from a dark RZb layer. The dark grey
areas represent relatively Mg rich clinopyroxene (Mg# = 68.8—69.1), while the lighter
areas represent Fe richer compositions (Mg# =59.9-64.4) most likely influenced by
post-cumulus diffusion

are below detection limits (~0.10 wt.%) in olivine, including NiO. However, CaO
concentrations are up to 0.2 and 0.4 wt.% although no stratigraphic trends are
evident. MnO is anticorrelated with Fo ranging from ~0.5 at the upper and lower
margins of the intrusion to ~1.1 wt.% at the RZ-UZ contact.

Clinopyroxene

Major-element concentrations in clinopyroxene show limited variation (Table 4).
CaO ranges from ~20 to 22 wt.% while the Mg# varies from ~61 to 72. The
stratigraphic variation in the Mg# of clinopyroxene show the LZ and RZa having
Mg+#’s from ~67 to 72, those in RZb are essentially constant near 65, and analyses
from the UZ and near the RZ-UZ contact show a wide range from 61 to 68 (Fig. 8).
Any stratigraphic variation in minor elements in clinopyroxene is masked by the
strong sector zonation found in the interstitial clinopyroxene of the LZ, RZa, and
UZ (Claeson et al., 2007) and a heterogeneous recrystallization found in the RZb
(Fig. 9b). For example, Al,O3 and TiO, concentrations can vary by as much as
2 wt.% between adjacent sectors (a distance of ~15 microns) in RZa clinopyrox-
ene. Surprisingly, Na,O concentrations do not reflect the zonations seen in Al,O3
and TiO, and vary only from ~0.4 to 0.6 wt.%.

Fe-Ti Oxides

Determination of the igneous compositions of the Fe-Ti oxides is hindered
by exsolution and some later oxidation. Reflected-light microscopy reveals that
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Table 3. Representative olivine analyses (wt.%)

441

Height 290(U) 290(U) 240(U) 240(U) 189(D) 189(L) 189(L) 148(D) 148(D) 107(D) 107(D)
(m) core rim core rim core core rim core rim core rim
SiO, 37.08 3279 3236 3202 33.62 3297 3329 33.73 3297 3542  35.08
FeO 28.64 53.84 55.01 5592 4536 4955 50.13 48.04 5143 37.71 40.68
MnO 0.42 1.07 1.16 1.26 0.84 1.01 0.97 0.84 0.94 0.60 0.68
MgO 39.97 12.76 11.85 10.74 19.59 16.39 16.02 17.79 1491 2629  24.20
CaO 0.25 0.28 0.44 0.38 0.31 0.24 0.14 0.29 0.23 0.31 0.12
Total 100.35 100.73 100.82 100.33 99.72 100.16 100.55 100.68 100.48 100.33 100.75
Si 0.94 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 1.00 1.00
Fe(ii) 0.61 1.38 1.42 1.46 1.12 1.25 1.26 1.19 1.30 0.89 0.97
Mn 0.01 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.01 0.02
Mg 1.51 0.58 0.55 0.50 0.86 0.74 0.72 0.79 0.67 1.10 1.02
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00
Total 3.07 3.00 3.01 3.01 3.01 3.01 3.00 3.01 3.01 3.17 3.01
Fo 70.80  29.15 27.12 2492 4283 36.47 3576 39.16 33.53 5476  50.95
Fa 2846  69.00 70.64 72779 55.64 61.86 6278 59.33 64.89 44.07 48.05
Tp 0.42 1.39 1.51 1.66 1.04 1.28 1.23 1.05 1.20 0.71 0.81
Mc 0.32 0.46 0.72 0.63 0.49 0.38 0.22 0.46 0.37 0.46 0.18
Height 107(L) 107(L) 57(D) 57(D) S57(L) 31(D) 31(D) 31(L) 31L) 7)) 7(0)
(m) core rim core rim core core rim core rim core rim
SiO, 3477 3447 3574  36.13 3489 3584 3584 3510 3554  37.63 34.81
FeO 41.55 4342 3504 3576 4242 3553 38.17 39.10 3846 27.64 4245
MnO 0.71 0.76 0.57 0.52 0.78 0.54 0.69 0.65 0.66 0.29 0.80
MgO 2291 21.71 28,57 27.83 2240 2790 2594 2516 2534 3473 22.72
CaO 0.28 0.21 0.21 0.13 0.30 0.28 0.19 0.30 0.29 0.30 0.17
Total 100.22 100.56 100.12 100.36 100.78 100.10 100.83 100.31 100.30 100.58 100.95
Si 1.00 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Fe(ii) 1.00 1.05 0.81 0.83 1.02 0.83 0.89 0.93 0.91 0.61 1.02
Mn 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.02
Mg 0.98 0.94 1.18 1.15 0.96 1.16 1.08 1.06 1.07 1.38 0.97
Ca 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 3.01 3.01 3.01 3.00 3.01 3.01 3.00 3.01 3.00 3.01 3.01
Fo 48.93 4654 58.66 57.64 4780 5771 54.17 52777  53.35 68.61 48.22
Fa 49.78 5222 4036 41.55 50.79 4123 4472  46.01 4542  30.64  50.55
Tp 0.86 0.93 0.67 0.61 0.95 0.63 0.82 0.77 0.79 0.33 0.96
Mc 0.43 0.32 0.31 0.19 0.46 0.42 0.29 0.45 0.44 0.43 0.26

U Unlayered; D dark; L light
Cations are calculated on the basis of 4 oxygens

ulvospinel and magnetite are intimately inter-grown, while ilmenite can be found
in several textural varieties. These are as discrete crystals, larger crystals bordering
magnetite, and lamella and patchy domains within magnetite. Discrete ilmenite is
most abundant at the top and bottom of the intrusion. This is the only ilmenite type
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interpreted to have crystallized from the magma. In an effort to reintergrate the
oxides, analyses were conducted using a beam raster mode to integrate 50 pm?
(Table 5). An insufficient number of samples were analyzed to assess stratigraphic

Table 5. Representative Fe-Ti oxide analyses (wt.%)

Height (m) 256(U) 232(U) 189(D) 189(L) 107(D) 107(L) 7(U)

Si0O, 0.15 0.16 0.16 0.18 0.23 bdl bdl

TiO, 22.6 21.11 23.32 21.97 22.06 21.84 22.61
Al,O5 1.79 2.27 2.19 2.55 2.8 2.34 2.29
V505 0.74 0.48 1.16 0.91 1.5 0.95 0.74
FeO 71.67 70.39 68.45 70.97 70.09 69.91 69.46
MnO 0.66 0.58 0.51 0.51 0.45 0.58 0.72
MgO 0.24 0.19 1.02 0.72 1.41 1.1 0.77
Total 97.85 95.18 96.81 97.81 98.54 96.72 96.59
Si 0.05 0.05 0.05 0.06 0.06 0.00 0.00
Ti 5.05 4.84 4.84 4.88 4.83 4.89 5.09
Al 0.63 0.82 0.82 0.88 0.96 0.82 0.80
\Y% 0.18 0.12 0.12 0.21 0.35 0.23 0.18
Fe(ii) 17.82 17.94 17.94 17.52 17.07 17.42 17.39
Mn 0.17 0.15 0.15 0.13 0.11 0.15 0.18
Mg 0.11 0.08 0.08 0.31 0.61 0.49 0.34
Total 24 24 24 24 24 24 24

U Unlayered; D dark; L light
Cations are calculated on the basis of 32 oxygens and normalised to a total of 24

Table 6. Representative biotite analyses (wt.%)

Height (m) 256(U) 232(U) 189(D) 189(L) 107(D) 107(L) 7(U)

SiO, 35.19 34.95 36.06 36.86 36.72 36.59 35.31
TiO, 6.63 6.57 8.22 6.34 7.87 6.24 7.37
Al,O4 12.69 13.08 13.30 13.64 13.72 13.31 13.67
FeO 26.12 24.17 17.84 18.49 15.65 16.48 17.00
MgO 6.36 147 11.23 12.02 12.85 13.13 11.72
Na,O 0.75 0.38 0.72 0.72 0.62 0.65 bdl

K,O 9.03 9.03 9.00 8.94 9.02 9.13 9.19
Total 96.77 95.65 96.37 97.01 96.45 95.53 94.26
Si 5.51 548 543 5.51 545 5.52 542
Ti 0.78 0.77 0.93 0.71 0.88 0.71 0.85
Al 2.34 242 2.36 2.40 2.40 2.37 247
Fe(ii) 3.42 3.17 2.25 2.31 1.94 2.08 2.18
Mg 1.48 1.75 2.52 2.68 2.85 2.95 2.68
Na 0.23 0.12 0.21 0.21 0.18 0.19 0.00
K 1.80 1.81 1.73 1.70 1.71 1.76 1.80
Total 15.56 15.50 15.43 15.53 15.41 15.57 15.40

U Unlayered; D dark; L light
Cations are calculated on the basis of 22 oxygens
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variation in the oxides. However, comparison of oxides in adjacent layers reveals
that magnetite in the mafic layers is richer in V,05, MgO, TiO,, and Al,O5 than
that in felsic layers.

Biotite

The Mg#’s of biotite are lower in RZb as expected, based on olivine and clino-
pyroxene compositions. However, Mg#’s of biotite elsewhere are more variable
perhaps related to the smaller modal abundance outside of RZb (Table 6). Primary
biotite is deep red in color, has up to ~8 wt.% TiO,, and is spatially associated with
oxide grains. The pale green biotite is poor in TiO, (~0.2 wt.%).

Discussion

We begin the discussion by briefly reviewing how some of the layering features
seen in the Ulvo Gabbro Complex are thought to have formed in other layered
intrusions. We then present a model for the construction of the NUG based on
stratigraphic variations in mineral proportions and compositions.

Origin of layering features in the Ulvo Gabbro Complex

The layering features developed in the Ulvo Gabbro Complex provide evidence of
the processes that governed the segregation of the crystals from the liquid. Our
object in this overview of how the intrusions formed is to evaluate the features seen
in the light of how similar features are proposed to have formed in other layered
intrusions. By doing so, a basis is provided for understanding what parameters of
the system are most important in the development of layering. The proposed pro-
cesses responsible for the various layering features fall into three general categories
(see reviews in Parsons (1987) and Cawthorn (1996)): (1) Nucleation-controlled
features are those created by variations in nucleation rates due to fluctuations in
intensive parameters, e.g. temperature, pressure and chemistry. (2) Primary accu-
mulation features are those generated by gravitational sorting, such as graded beds,
or by the actions of magmatic currents such as unconformities. (3) Post-cumulus
features are those produced in the partially consolidated crystal mush such as
diffusional homogenization and mineral alignment by compaction. Most of the
layering features documented in the Ulvo Gabbro Complex have elsewhere been
explained by mechanisms that fall into two and sometime all three categories. In the
discussion below we note the preferred category(ies), concerning the Ulvo Gabbro
Complex, for each feature in square brackets at the end of each paragraph.

The rhythmic layering consists mainly of differences in modal proportions
but differences of grain size and texture can be used to interprete the origin of
layering. Cumulus mineral grains, especially olivine and oxides, are usually smal-
ler in the mafic layers of the Ulvo Gabbro Complex in which their modal propor-
tion is relatively high. This is most evident for euhedral olivine crystals enclosed in
oikiocrysts of clinopyroxene which are much smaller in mafic layers than olivine
crystals in felsic layers. This excludes a process where gravitational settling only
was responsible for the layering. Naslund and McBirney (1996) argued that the
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inverse correlation of grain size to modal abundance is expected if the layering
process was nucleation-controlled. However, for the Ulvd Gabbro Complex the
relatively high amount of postcumulus crystallization in felsic layers (Larson,
1980) explains the larger and less euhedral grains of olivine and oxide observed
in these layers [3].

Mineral foliations in layered intrusions can be generated during primary depo-
sition from magmatic currents (e.g. McBirney and Nicolas, 1997) or via compac-
tion of a crystal mush (Wager et al., 1960; Jackson, 1961; Richter and McKenzie,
1984; McKenzie, 1985, 1987; Sparks et al., 1985; Shirley, 1986). The well-layered
sections of the Ulvo Gabbro Complex have a strong foliation and locally a linea-
tion defined by plagioclase. Since lineation is mainly observed in connection to
slump structures, it is likely formed by movements in the crystal mush, e.g. by
slumping. There is little evidence for grain deformation, which might be taken to
indicate that compaction was not responsible for the fabric. However, grain-bound-
ary migration can allow extremely well-foliated rocks to form without inducing
discernible strain (Meurer and Boudreau, 1998) [2, 3].

Trough structures similar to those seen in the Ulvo Gabbro Complex (Fig. 4c)
are found in the Skaergaard intrusion. Wager and Brown (1968) attributed them
to intermittent density currents during the later stages of crystallization. They
have also been attributed to compaction of the crystal pile (Sonnenthal, 1992;
McBirney and Nicolas, 1997). The thickening of the layers in most of the trough
structures, and the higher concentrations of dark minerals near the axis of these
troughs, sometimes forming lenses, both seem more consistent with erosion and
deposition by density currents. However, a few of the trough structures which are
of low amplitude appear to be connected and lack significant concentration of
mafic minerals to the trough bottom, indicating that they might be folds and
related to the deformation of the crystal pile during compaction and/or slumping
[2, 3].

Strata-bound anorthositic lenses (Fig. 6b) form ‘““‘fragmental layers™ that might
provide evidence of magmatic transport and deposition of the fragments (Irvine
et al., 1998). Alternatively, they might be formed via a replacement process in the
crystal pile (McBirney, 1987). However, in the Ulvo Gabbro Complex the shapes
of the lenses, the draping of layers around these, and lack of evidence for replace-
ment processes seem more consistent with an origin by magmatic transport pro-
cesses [2].

Slump structures (Fig. 4a) are mostly restricted to a discrete stratigraphic hori-
zon. As their name implies these features are generally interpreted as the result of
movement and deformation within the crystal mush (e.g. McCallum et al., 1980;
Meurer and Boudreau, 1996). Pending additional work on these features, no alter-
nate categories of explanation seem viable [3].

Plagioclase-rich segregations with mafic margins (Fig. 6a) look like those in the
Skaergaard intrusion that are interpreted as the product of replacement through
H,O infiltration metasomatism (Irvine, 1980, 1987) or related to gabbroic pegma-
toid formation (e.g. Sonnenthal, 1992; Larsen and Brooks, 1994). They have also
been interpreted as a product of deformation of the crystal pile that resulted in the
segregation of liquids into zones of minimum stress (Naslund and McBirney,
1996). There is no clear evidence for deformation or affiliation to pegmatites for
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these features in the Ulvo Gabbro Complex. Pending additional work on these
features, no alternate categories of explanation seem viable [3].

Coarse-grained gabbro pegmatites are common features in layered gabbros
(e.g. Cawthorn, 1996). Gabbroic pegmatoids are generally ascribed to the concen-
tration of volatiles in the crystal pile (e.g. Puffer and Horter, 1993). Models include
filter pressing of interstitial liquids in a compacting cumulus pile (Anderson et al.,
1984; Greenough and Dostal, 1992; Carman, 1994; Philpotts et al., 1996; Greenough
et al., 1999; Puffer and Volkert, 2001) and fluid induced partial re-melting of cumu-
lates (e.g. Boudreau, 1999).

In the Ulvo Gabbro Complex patchy gabbroic pegmatoids are common in areas
characterized by slumping and disturbed layering. In the NUG these pegmatoids
are also localized at the RZ-UZ contact (“‘sandwich horizon™). Preliminary results
(Landersjo, 2006) indicate that pegmatoids in the Ulvdé Gabbro Complex are con-
sistent with a replacement origin since the content of incompatible elements is
similar to that in the host gabbro [3].

Construction of the Norra Ulvon Gabbro

The Norra Ulvon transect is a complete cross-section of a magma chamber and
allows us to construct a detailed stratigraphy (Fig. 8). The crystallization sequence
of the cumulus minerals is olivine and plagioclase followed by Fe-Ti oxides and
finally clinopyroxene. The most evolved minerals are found ~50m below the
upper contact. This “Sandwich Horizon” represents the meeting between the up-
ward growing floor zones which constitutes approximately 5/6 of the entire thick-
ness and the downward growing roof zone (UZ). Examination of the average core
compositions of the cumulus minerals provides insight into the details of the frac-
tional-crystallization processes.

The trend of decreasing An content in the core compositions of plagioclase is
consistent with a simple differentiation trend of a single batch of magma, with the
final liquid solidifying at ~250 m above the floor of the intrusion. The much higher
An contents above the Sandwich Horizon, along with the interstitial habits of the
oxides and clinopyroxene in the UZ, suggest that significant downward growth
from the roof ceased at, or before, the complete upward growth of LZ from the
floor. This is in contrast to intrusions such as the Skaergaard that have strati-
graphically equivalent units in both the floor upward and the roof downward
growth zones (McBirney, 1989).

The olivine core compositions generally appear to support an interpretation of
simple fractional crystallization. However, a weak increasing trend in the Mg#
from the base of the intrusion to approximately 100 m is present. Similar reverse
trends have been reported at the bases of other layered intrusions and are explained
as a consequence of a decreasing amount of crystallized interstitial liquid with
height (e.g., Stillwater Complex, Duluth Complex; Raedeke and McCallum,
1984; Chalokwu and Grant, 1987). As an insulating zone of cumulates slows the
rate of heat transfer through the floor, the amount of liquid that crystallizes within
the cumulates decreases. Larger amounts of crystallized interstitial liquid can dif-
fusively homogenize with the core of the cumulus minerals and substantially low-
ering their Mg /Fe ratios (Barnes, 1986). This process explains the modest reverse
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trends present in olivine at the base of the intrusion. Similarly, the evolved com-
positions of the olivine immediately above the Sandwich Horizon likely reflect
equilibration with evolved liquids driven upward by compaction.

Clinopyroxene does not become a cumulus mineral until the base of RZb,
after nearly 50% of the stratigraphic section was constructed, if the interpretation
of the UZ growth discussed above is correct. The Mg# of the interstitial clin-
opyroxene shows a gradual increase from the base of the intrusion and a decrease
to RZb that is similar to the trend of the olivine. Cores of cumulus clinopyroxene
grains in RZb show an irregular but decreasing trend in their Mg#. There is a
slight increase in the Mg# of the clinopyroxene just below the SH that is anti-
thetical to trends in the olivine cores. It should be noted that the cumulus clino-
pyroxene grains in RZb have an unusual patchy zonation (see above) that
obscures our ability to reliably select core compositions in some instances. The
limited range in the clinopyroxene Mg#s in RZb is similar to the modest range
seen in the plagioclase An content and may indicate that limited fractionation
took place in RZb.

The proposed model can be tested using a thermodynamic model for liquid
fractionation combined with a model for the incorporation of a crystallized liquid
fraction within the cumulates (cf. Meurer and Boudreau, 1998). We constructed
such a model using MELTS to model the perfect fractional crystallization of the
average chilled margin composition (Ghiorso and Sack, 1995; Asimow and
Ghiorso, 1998; Table 1). Model parameters include: a crystallization pressure of
1 kb, an initial water content of 0.75 wt.%, and an oxygen fugacity of FMQ-1. It
was not possible to match the plagioclase anorthite- and olivine forsterite-contents
observed in marginal samples using melts via any combination of water content
and oxygen fugacity. The values used provide the same relative difference between
the Fo and An contents as found in the rocks. Additionally, the oxygen fugacity
was constrained so that the spinel phase saturated before clinopyroxene. The model
was run with 3 °C steps and calculated crystallization of the system up to 88%
solidified (and then became unstable). The MELTS model predicts early crystalli-
zation of ~3% olivine before plagioclase joins the crystallizing assemblage. An
Fe-Ti oxide phase (predominantly ulvospinel) saturates after ~22% crystallization,
clinopyroxene after ~28%, and apatite saturates after ~65% fractional crystalliza-
tion.

We used the perfect fractional crystallization model to calculate the stratigraph-
ic variation in modal proportions by including crystallized interstitial liquid in the
solid assemblage (Fig. 10a). After ~5% fractional crystallization, a liquid compo-
nent with the composition of the remaining liquid was added. The solid assemblage
produced by the liquid component is that of equilibrium crystallization of that
liquid. The first 25 m of the LZ and UZ contain 45% crystallized interstitial liquid
and the remainder of these zones contains 40% crystallized interstitial liquid. The
lower portion of RZa was modeled as containing 35% crystallized interstitial liquid
and the rest of the intrusion with 30%. Because magma from the main chamber is
consumed both by fractional crystallization and by incorporation into the crystal
pile, the entire stratigraphic thickness (300 m) is constructed after ~70% fractional
crystallization. The most evolved magma produced is accommodated as crystal-
lized interstitial liquid in the cumulates just below the SH. The MELTS-based
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Fig. 10. (a) Comparision of modal stratigraphic variation in NUG as calculated from thin
sections (left) with calculated stratigraphic variation in modal proportions using perfect
fractional crystallization and including crystallized interstitial liquid in the solid assem-
blage in the calculations (right; see text). (b) Comparison of the observed core com-
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positions and predicted mineral compositions, from MELTS calculations (see text)

model reasonably predicts the stratigraphic positions for the saturation of oxide and
clinopyroxene. However, the model predicts an over-abundance of olivine near
the base of the intrusion and its persistence in significant amounts into RZb, after
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clinopyroxene saturation, which are not observed. The model also does not predict
the local enrichments in oxides seen shortly after oxide saturates.

Comparison of the observed core compositions and predicted mineral compo-
sitions, from MELTS, shows that the observed compositions are systematically
more evolved (Fig. 10b). This is not a surprise since we could not match the
compositions of the marginal samples. We interpret this shift to reflect the fact
that MELTS is not well calibrated for alkali-olivine basalt compositions. In all
instances it can be seen that if the model curves are shifted such that their initial
compositions match the core compositions at the base of the intrusion, then the
model curves fit the data better. However, the olivine core compositions evolve
more rapidly than predicted and the plagioclase core compositions evolve more
rapidly initially and then more slowly in RZb. The more extensive evolution of the
olivine compared to the model predicitions, suggests that the real core composi-
tions have undergone diffusional homogenization with evolved overgrowths — also
indicated by the lack of core-rim variation as seen in plagioclase.

Conclusion

The main goal of this work is to characterize and assess the origins of the layering
features of the Ulvo Gabbro Complex in general and to examine the construction of
the NUG in particular. The most striking feature of the Ulvo Gabbro Complex is
the complexity of the layering features observed given the relatively short crystal-
lization and cooling history expected for such small and shallowly emplaced intru-
sions. Almost a complete set of layering features otherwise observed in much
larger intrusions are represented. Our survey of the potential origins of these fea-
tures does suggest that sedimentary type, cumulus processes are important; how-
ever, they are likely modified by a variety of postcumulus processes. We have not
found any obvious results pointing towards nucleation controlled processes to
explain the rhythmic layering so far. More detailed study of any given feature is
required to determine the relative importance of each set of mechanisms.

The NUG was constructed asymmetrically with the roof downward growth
ceasing after only 33% of the intrusion had formed. The end of the roof downward
growth marks the onset of significant modal layering. The fractionation trends
defined by the cumulus minerals are best explained by closed-system fractional
crystallization. This interpretation is supported by our ability to model the modal
variations in the intrusion as a closed system. Although the observed compositions
are systematically more evolved than those predicted by MELTS, the general
trends are similar. Some of the olivine compositions in RZb are more evolved than
expected from the MELTS model and this likely reflects variable amounts of re-
equilibration with evolved overgrowths. We plan to refine this model by including
bulk rock chemistry across the entire stratigraphy to better estimate the amount of
crystallized interstitial liquid.

The Ulvd Gabbro Complex provides an ideal locality to enhanceour under-
standing of cumulus processes in layered intrusions. The intrusions: (1) have a
well-constrained parental liquid composition, (2) cooled rapidly, and (3) have seen
no later metamorphism. They therefore provide a fertile site for additional re-
search.
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