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Abstract

The Rum Layered Suite, NW Scotland, hosts Cr-spinel seams at the bases of peridotite—troctolite macro-rhythmic units in
the eastern portion of the intrusion. Here, we present detailed field observations together with microstructural and mineral
chemical analyses for the Unit 7-8 Cr-spinel seam and associated cumulates in the Eastern Layered Intrusion. Detailed map-
ping and sampling reveal significant lateral variations in the structural characteristics and mineral compositions of the Unit
7-8 boundary zone rocks. Although the Cr-spinel seam is laterally continuous over ~3 km, it is absent towards the centre
and the margins of the intrusion. The compositional characteristics of Cr-spinel and plagioclase vary systematically along
strike, exhibiting a chemical evolution towards more differentiated compositions with increasing distance from the main
feeder conduit of the Rum intrusion; the Long Loch Fault. On the basis of our combined datasets, we propose that the upper
part of the troctolite, the anorthosite layer underlying the Cr-spinel seam and the seam itself formed during a multi-stage
magma replenishment event. The stages can be summarised as follows: (1) peridotite schlieren and anorthosite autoliths
formed following melt infiltration and cumulate assimilation in the crystal mush of the Unit 7 troctolite. (2) The anorthosite
layer then formed from the Unit 7 troctolite crystal mush by thermal erosion and dissolution due to infiltrating magma. (3)
Subsequent dissolution of the anorthosite layer by new replenishing magma led to peritectic in situ crystallisation of the Unit
7-8 Cr-spinel seam, with (4) continued magma input eventually producing the overlying Unit 8 peridotite. In the central part
of the Rum Layered Suite, the aforementioned assimilation of the troctolitic footwall formed the anorthosite layer. However,
the absence of anorthosite in close proximity to the Long Loch Fault can be explained by enhanced thermochemical erosion
close to the feeder zone, and its absence close to the margins of the intrusion, at maximum distance from the Long Loch
Fault, may be due to cooling of the magma and loss of erosion potential. In line with other recent studies on PGE-bearing
chromitites in layered intrusions, we highlight the importance of multi-stage intrusive magma replenishment to the forma-
tion of spatially coupled anorthosite and Cr-spinel seams, as well as the lateral mineral chemical variations observed in the
Unit 7-8 boundary zone cumulates.
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(Brown 1956; Harker 1908). The Rum Cr-spinel seams have
been the objects of careful petrological study for decades
(Brown 1956; Emeleus 1994, 1997; Harker 1908; Hender-
son and Suddaby 1971; Hepworth et al. 2017; O’Driscoll
et al. 2009a, 2009b, 2010; Volker and Upton 1990; Young
1984). This is due in part to the fact that some of the seams
exhibit significant, albeit sub-economic, enrichment in the
PGE (Butcher et al. 1999; O’Driscoll et al. 2009a; Power
et al. 2003). In addition, the style of PGE mineralisation
in parts of the Rum intrusion is quite similar to that of the
economically significant Merensky Reef and UG2 chromi-
tites (Bushveld Complex, South Africa), in that Cr-spinel
seams occur at apparently unconformable boundaries in the
cumulate section, sandwiched between anorthosite and mafic
orthocumulate. Most previous work on the Rum intrusion
Cr-spinel seams has focused on discrete vertical sections of
the cumulate stratigraphy containing the Cr-spinel seams
(O’Driscoll et al. 2009a, 2009b; Power et al. 2000). Unlike
other significant PGE reefs (e.g., the Bushveld chromitites
noted above), little information exists on the degree to which
the Rum Cr-spinel seams exhibit petrographic and/or com-
positional lateral variations. The most PGE-rich Rum Cr-
spinel seams occur at the peridotitic bases of macro-rhyth-
mic layers in the Eastern Layered Intrusion (ELI; Fig. 1),
which has been taken by previous workers as evidence that
they likely formed during some significant (intrusion-scale)

replenishment of the magma chamber by primitive magma
(Dunham and Wadsworth 1978; O’Driscoll et al. 2009a,
2010; Power et al. 2000). Thus, establishing the relation-
ships between the Cr-spinel seams and their host rocks,
and whether these vary along strike, could reveal valuable
information on the nature and extent of interaction of the
replenishing magma with its footwall cumulates leading to
precious metal enrichment in the Rum intrusion.

The aim of this study is to advance our understanding of
the mechanisms that drive PGE-reef formation in layered
intrusions, by characterising the Unit 7-8 Cr-spinel seam
and hanging wall-footwall lithologies laterally across the
extent of the intrusion. The Unit 7-8 Cr-spinel seam package
comprises a diverse assemblage of lithologies (anorthosite,
deformed troctolite, multiple Cr-spinel seams) as well as
the highest PGE abundances of any of the Rum PGE-reefs
(O’Driscoll et al. 2009a). We report detailed field observa-
tions and quantify lateral variations in the macro-to-micro-
structural and mineral chemical character of the Unit 7-8
Cr-spinel seam and its characteristic host rocks. Our obser-
vations reveal that the seam package was constructed by a
close interplay of repeated magma replenishment, cumulate
assimilation and in situ crystallisation. Notably, we observe
a close association of the Cr-spinel seam and the footwall
anorthosite layer and propose that assimilation of anorthosite
instead of troctolite was needed to induce Cr-spinel seam

Fig. 1 Location map of the Rum
Layered Intrusion, NW Scotland
and simplified geological map
of the Rum Layered Intrusion,
modified after Emeleus (1994).
The black box shows the posi-
tion of the detailed geological
map in the lower left corner
shows the Unit 7-8 boundary
with sample localities. WLI,
Western Layered Intrusion; CI
Central Intrusion; ELI, Eastern
Layered Intrusion
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formation. Our explanation may have implications for
Cr-spinel seam formation in general, given the frequently
observed coupled occurrence of such seams and anorthosite
in layered intrusions and ophiolites (e.g. Bédard 1991, 1993;
Scoon and Costin 2018). Furthermore, an increasing number
of studies have linked Cr-spinel seam formation in layered
intrusions to ‘out-of-sequence’ sill-like magma replenish-
ment (Bédard et al. 1988; Mungall et al. 2016; Scoon and
Costin 2018; Hepworth et al. 2017; 2018; 2020a, 2020b;
Robb and Mungall 2020; Scoon et al. 2020). Thus, we aim
to examine the lateral variability of the Unit 7-8 Cr-spinel
seam and associated rocks in light of these studies to elu-
cidate whether an intrusive replenishment mechanism for
Cr-spinel seam formation might hold here too.

Geological setting

The Rum Layered Suite (Fig. 1) is a classic example of a
mafic—ultramafic layered intrusion (Brown 1956; Wager and
Brown 1967). It formed in response to opening of the North
Atlantic (Emeleus et al. 1996) at ca. 60 Ma (Hamilton et al.
1998). The intrusion is subdivided into the ELI, Western
Layered Intrusion (WLI) and the Central Intrusion (CI). The
comparatively well-studied ELI consists of 16 macro-rhyth-
mic units of feldspathic peridotite—troctolite (+ olivine gab-
bro), each of which varies considerably in thickness (Brown
1956; Emeleus et al. 1996). The macro-rhythmic units of
the ELI have traditionally been interpreted as representing
new batches of replenishing magma (Emeleus et al. 1996;
O’Driscoll et al. 2009a) of basaltic-to-picritic composition
(Upton et al. 2002). However, an alternate interpretation,
originally proposed by Harker (1908) and developed by
Bédard et al. (1988), Hepworth et al. (2017) and Hepworth
et al. (2020a, 2020b), suggests that that the ELI represents
an incrementally constructed sill complex. Cr-spinel seams
occur at the bases of the 6-7, 7-8, 11-12 and 13—14 units
(Brown 1956; O’Driscoll et al. 2009a). These seams are typ-
ically 2—-5 mm thick and can be traced laterally over much of
the 2-3 km extent of the ELI (Emeleus et al. 1996). Elevated
PGE concentrations have been reported for the Cr-spinel
seams of the ELI (Butcher et al. 1999; O’Driscoll et al.
2009a). O’Driscoll et al. (2009b; 2010) reported that several
of the ‘main’ Cr-spinel seams at unit bases are associated
with other, thinner, subsidiary seams located several centi-
metres above and below the unit boundary (e.g., Unit 7-8
and 11-12). Early studies proposed that the Cr-spinel seams
formed by crystal settling on top of the solidifying crystal
mush (Brown 1956; Dunham and Wilkinson 1985; Hender-
son and Suddaby 1971), following new magma replenish-
ment. However, more recently, it has been proposed that the
ELI Cr-spinel seams crystallised in situ (Bédard et al. 1988),
due to assimilation of the troctolite footwall by picritic melt

(O’Driscoll et al. 2009b; 2010). Variations of this model
have subsequently gained traction for PGE-reef petrogen-
esis more generally; e.g. the Bushveld Complex chromitites
(Latypov et al. 2013; 2015; 2017b).

Field relations

The Unit 7-8 boundary was mapped and sampled in a num-
ber of localities across the extent of the ELI to assess lateral
variation, with respect to distance from the inferred feeder
zone in the centre of the intrusion (i.e., the Long Loch Fault;
LLF; Emeleus et al. 1996; Volker and Upton 1990), of the
Cr-spinel seam and its immediate footwall and hanging
wall rocks (see Fig. 1 for locality details). In very general
terms, the Unit 7-8 boundary sequence comprises the Unit
7 troctolite footwall with elongated anorthosite autoliths and
peridotite schlieren both ubiquitous in the near vicinity of
the contact (1-3 m), overlain by a 1-20 cm thick layer of
anorthosite, the 1-3 mm thick main Cr-spinel seam and the
Unit 8 feldspathic peridotite on top (Fig. 2a). However, from
one locality to the next, significant structural and lithological
variations are observed along strike.

The main Cr-spinel seam varies in thickness along strike
(0.5-4 mm) with an average thickness ranging between 1
and 2 mm. It is generally located at the anorthosite—peri-
dotite contact (Fig. 2a). However, the main seam may also
locally transgress into the overlying peridotite (Fig. 3a, b).
The Cr-spinel seam is undulose and frequently forms small
depressions extending into the footwall (Fig. 2b), forming
concentrated pockets of Cr-spinel (Fig. 3b, c). These struc-
tures were referred to as ‘cone-structures’ by O’Driscoll
et al. (2010). The cones are usually 1-2 cm in width, but
can reach amplitudes of up to 10 cm and it is reasonable
to suggest they represent small-scale analogues of the so-
called ‘potholes’ that frequently occur in the chromitite
layers of the Merensky Reef and UG2 chromitite of the
Bushveld Complex. The main seam is often accompanied
by additional seams occurring within or at the lower con-
tact of the anorthosite layer (Figs. 2c, d and 3d). These
subsidiary seams can be oriented parallel to the main seam
(Fig. 2¢), or may bifurcate (Figs. 2e). They are generally
thinner (0.5—1 mm) than the main seams and are often later-
ally discontinuous. Subsidiary seams within the anorthosite
layer may occur in contact with thin peridotite apophyses
(Figs. 2c and 3d). These apophyses are mm-thick, sheet-like
or lensoid in form and are completely surrounded by a rind
of Cr-spinel (e.g., Fig. 3d). The apophyses typically extend
laterally over tens of centimetres. However, in some locali-
ties (such as Locality 12), the apophyses can be traced over
distances of tens of metres. The footwall anorthosite layer
below the main seam is a 2-20 cm thick (on average ~6 cm),
strongly foliated layer that overlies the Unit 7 troctolite. The
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«Fig. 2 Field relations of the Unit 7-8 boundary. a Typical Unit 7-8
boundary with ca. 2 mm thick undulating Cr-spinel seam. Note that
the anorthosite autoliths can be cross-cut by the peridotite schlieren,
here marked in red (Locality 13). b Plan view of Cr-spinel seam. The
seam forms small depressions extending into anorthosite (Local-
ity I). ¢ Complex Unit 7-8 boundary with thick anorthosite layer, a
layer of peridotite and four Cr-spinel seams, which occur on all con-
tacts (Locality 12). d Bifurcation of Cr-spinel seam, additional small
seam is indicated by arrows (Locality 6). e Unit 7 troctolite footwall
troctolite with lengthened anorthosite autolith and deformed perido-
tite schlieren, which can be cross-cut by the anorthosite layer, here
marked in red (Locality 1). f Anorthosite autolith (dashed lines) in
the footwall troctolite rimmed by small Cr-spinel seams (arrows). g
Anorthosite autoliths with smaller, irregular patches of anorthosite
(Locality 1). h Unit 7-8 boundary without Cr-spinel seam and
anorthosite layer (Locality n 11). i Anorthosite autolith (dashed
lines), in place where the anorthosite layer is absent (Locality 11)

anorthosite layer is present in most of the boundary sections
studied, but locally it is apparently cut or pinched out by
the overlying Cr-spinel seam and hanging wall peridotite
(Fig. 3a, b).

At distances greater than 3 m below the anorthosite,
the Unit 7 troctolite is relatively undeformed and exhibits
mesocumulate texture. Immediately below the anorthosite
layer (uppermost 1-3 m), the footwall troctolite comprises a
complex package of deformed cumulates containing highly
deformed diffuse schlieren of peridotite. The basal contact
of the overlying anorthosite layer cross-cuts the foliation,
structures and peridotite schlieren in the troctolite (Fig. 2e).
Autoliths of anorthosite commonly occur throughout the
upper 3-5 m of the troctolite (Fig. 2a), with the exception
that they are not seen in the uppermost 5—10 cm immediately
below the anorthosite layer. The autoliths are elongate and
generally lie with their long-axis (as observed on the outcrop
plane) oriented parallel to layering in the troctolite, form-
ing oblate ellipsoidal geometries. Some autoliths exhibit
sigmoidal shapes, suggesting that they have been deformed
with a component of simple shear indicating a top-down-
to-the-west sense of movement. They vary in length from
several mm to almost 0.5 m. The vertical (short) axis of the
anorthosite autoliths rarely exceeds 10 cm and most are in
the range of 1-5 cm. A systematic change in shape or aspect
ratio depending on the distance to the anorthosite—troctolite
boundary is not apparent. Some anorthosite autoliths are
rimmed by mm-thick rinds of Cr-spinel (Fig. 2f). In addi-
tion to the well-defined autoliths, smaller, irregularly shaped
patches of anorthosite are common in the footwall troctolite
(Fig. 2g). These patches are typically elongated along the
main troctolite layering too; however, their boundaries are
more diffuse compared to the better defined autoliths.

The Unit 7-8 boundary is well-exposed along the Bark-
eval-Hallival traverse and can be mapped continuously
over large parts of the northern portion of the ELI (Fig. 1).
The seam in the localities to the northwest, close to Bark-
eval (Localities 6 and 7; Fig. 3c), displays the maximum

thickness (i.e. up to 4 mm), while it generally thins out
towards the northeast (Fig. 4). To the north of Barkeval at
a locality closer to the LLF, the seam is absent (Locality
15). Distal to the LLF, east and south of Hallival, exposure
of the Unit 7-8 boundary is relatively poor but the main
seam also appears to be absent (e.g., at Localities 11 and 17;
Fig. 1). There are other significant variations observed in the
Unit 7-8 package across the entire traverse. For example, the
anorthosite layer appears to be relatively thick in the central
part north of Hallival (> 10 cm), but thins out to < 1 cm thick
in the northwest (i.e. Localities 6, 7, 13 and 14) and disap-
pears entirely in the southeast (Locality 11 and further south;
Figs. 2h and 3e). At its thickest, the lower contact of the
anorthosite layer is bounded by a subsidiary seam (Localities
4 and 12), which can be traced for several tens of metres. To
the northwest of Barkeval, exposure is poor and the subsidi-
ary Cr-spinel seam and anorthosite layer are missing or are
highly discontinuous. At Locality 15, the Unit 7 troctolite
is directly overlain by the Unit 8 peridotite (Fig. 1). Here,
the basal peridotite contact has an irregular topology, but
crosscuts the foliation of the underlying deformed troctolite.
Peridotite schlieren and anorthosite autoliths occur in the
topmost 1-3 m of the Unit 7 troctolite across the entirety
of the traverse regardless of the presence of the anorthosite
layer and Cr-spinel seam (e.g., Fig. 2a, i). Systematic lateral
variations in the distribution frequency or size of autoliths
are not evident. Autoliths rimmed by Cr-spinel rinds are
observed at several localities (e.g., Localities 6 and 11).

Petrography

The granular-textured Unit 8 peridotite comprises euhedral
(cumulus) olivine, euhedral Cr-spinel and intercumulus pla-
gioclase and clinopyroxene (Fig. 3c, €). In general, Cr-spinel
is embedded in the intercumulus plagioclase, often in well-
developed embayments in olivine crystals (Fig. 5a). Less
commonly, Cr-spinel occurs as inclusions in clinopyroxene
or olivine crystals. In the lowermost 1-5 cm of the perido-
tite, diffuse concentrations of Cr-spinel are locally devel-
oped in a chain-textured arrangement around the cumulus
olivine framework. The proportion of Cr-spinel in the Unit
8 peridotite ranges between 1 and 7 vol.%, with an average
of ~3.5 vol.%.

Cr-spinel in the main seam is euhedral to subhe-
dral, with a grainsize range of 0.01-0.5 mm (average
ca. 0.15-0.25 mm). The overall proportion of Cr-spinel
in the seam ranges between 55 and 65 vol.%. Cr-spinel
seams are typically cemented by intercumulus plagio-
clase and to a lesser extent (towards the tops of seams)
by intercumulus olivine oikocrysts (Fig. 5c). Cr-spinel
often forms clusters or chains of several crystals, attached
by shared grain boundaries. Cr-spinel in these clusters is
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Fig.3 a Wavy Cr-spinel seam cross-cuts the underlying anorthosite »
and migrates into the overlying peridotite (white arrow). b Main
seam in the Unit 8 peridotite, a small additional seam occurs at the
peridotite/anorthosite contact (white arrow). ¢ Typical thin-section
of the Unit 7-8 boundary with Cr-spinel seam (Locality 6), with a
thickened Cr-spinel cone (white arrow). d Two peridotite apophyses
in the anorthosite layer, both are rimmed by a small Cr-spinel seam
(Locality 12). e Thin-section scan of the Unit 7-8 boundary without
Cr-spinel seam and anorthosite layer (Locality 11)

Anorthosite

coarser grained than disseminated crystals. Plagioclase
from the underlying anorthosite layer and olivine from
the overlying peridotite extend into the seam (Fig. 5a,
c), as indicated by optical continuity of these miner-
als across the seam boundaries. Thus, a given olivine
or plagioclase crystal can be partly primocrystic and
partly intercumulus. As with accessory Cr-spinel in the
peridotite, main seam Cr-spinel is typically situated in
embayments in olivine where both phases are in close
proximity (i.e. at seam edges; Fig. 5a, e). Cr-spinel in the
thinner subsidiary seams and in rinds around anorthosite
autoliths is petrographically similar to that in the main
seam (Fig. 5b). Base metal sulphides (BMS) occur in all
varieties of Cr-spinel seams (Fig. 5f). The BMS crystals
are typically situated in contact with the edges of one or
more Cr-spinel crystals. More rarely, the BMS occur as
rounded inclusions in Cr-spinel crystals. They vary in
size (0.01-0.1 mm), but are typically in the range of ca.
0.3-0.5 mm.

The anorthosite layer below the Cr-spinel seam is com-
posed of strongly aligned plagioclase (Fig. 5d) and vari-
able proportions of intercumulus olivine (0-15 vol.% with
an average of 10 vol.%). Although this would technically
classify some of these rocks as leucotroctolite, we retain
the term anorthosite for these rocks to be consistent with
the previous literature (e.g., Bédard et al. 1988; O’Driscoll
et al. 2009b). Cr-spinel is ubiquitous (up to 4 vol.%, with
an average of 2.5 vol.%) in the layer. Plagioclase crystals
are blocky to tabular and aligned parallel to the upper and
lower contacts of the anorthosite layer. Plagioclase grain-
size varies from 0.1 to 2 mm (long axis), with an average
size of 0.25 mm. Compositional zoning is a common fea-
ture in these plagioclase crystals, ranging from distinct
core-rim zonation to irregular patchy zoning (Fig. 5d). In
many respects, the anorthosite autoliths are petrographi-
cally similar to the anorthosite layer. Both comprise foliated
plagioclase crystals, which are aligned parallel to the long
axis of the autoliths; however, plagioclase in the autoliths
is often cemented by interstitial hornblende or clinopyrox-
ene, instead of olivine. Plagioclase grains in the anorthosite
layer and autoliths are notably finer grained directly adja-
cent to the contact with the host troctolite. Plagioclase in
the autoliths has strongly developed compositional zoning,
in most cases normal zoning. Cr-spinel is less frequent in
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Fig.4 Sketches of the Unit 7-8 boundary zone along strike, for sam-
ple location see Fig. 1. Distance to the Long Loch Fault (LLF), meas-
ured as the shortest distance to the LLF is given for each panel in the

the autoliths relative to the massive anorthosite layer, with
typical proportions of ~ 1 vol.%. Apatite is a local accessory
phase.

In the 1-3 m of stratigraphy below the anorthosite layer,
the Unit 7 troctolite comprises unevenly distributed clus-
ters of olivine and plagioclase (Fig. 3e). Plagioclase forms

SE
3.80km Location 11

[ Peridotite
1 Troctolite
1 Anorthosite
-

Cr-spinel seam
Accumulated
Cr-spinel

_ =1 Sub-lithological
e boundary
without seam

upper right corner. Locality 4 is the ‘classic outcrop’ described in
by e.g. Young 1984, O’ Driscoll et al. 2009b; O’Driscoll et al. 2010,
Locality 12 has been described by Bédard et al. (1988)

tabular laths that are oriented parallel to the layering. Oli-
vine crystals are typically equant to tabular in shape. The
plagioclase crystals are normally zoned, but this is less well-
developed compared to plagioclase in the anorthosite layer
and autoliths. Intercumulus clinopyroxene oikocrysts occur
close to olivine-rich portions of the troctolite. Disseminated
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Fig.5 Photomicrographs in plane and crossed polarised light. a Plane
polarised light image of a typical Unit 7-8 Cr-spinel overlain by peri-
dotite and underlain by the anorthosite layer, the Unit 7-8 boundary
is indicated by a dashed line. Inset shows olivine primocrysts extend-
ing into the underlying Cr-spinel seam (indicated by dashed line)
and the occurrence of Cr-spinel in embayment structures in olivine
above the seam (highlighted by arrows). b Peridotite schlieren in the

Cr-spinel appears throughout the troctolite, but is less com-
mon (~0.7 vol.%) than in the anorthosite layer and the Unit
8 peridotite. Locally, hornblende is observed as an accessory
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anorthosite layer, surrounded by a Cr-spinel rind. ¢ Crossed polar-
ised light photomicrograph of plagioclase primocryst extending into
the overlying Cr-spinel seam, indicated by dashed line. d Anorthosite
layer below the Unit 7-8 seam with foliated plagioclase primocrysts
and interstitial olivine. € Embayment structure of Cr-spinel into an
olivine crystal. f Association of BMS crystals in the Cr-spinel seam

phase. At>3 m below the troctolite—anorthosite contact,
plagioclase zoning and preferred alignment are less com-
mon in the Unit 7 troctolite.
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Analytical techniques
Quantitative fabric analysis

Quantitative textural analysis was carried out on the pla-
gioclase primocrysts in the Unit 7-8 boundary package to
compare and evaluate the microstructural character of this
phase in the anorthosite lithologies compared to the host
troctolite. To quantify the strength of the foliation in the
troctolite, anorthosite layer and autoliths, between 200 and
450 (average 280) plagioclase primocrysts were outlined
in digitised photomicrographs in crossed polarised light
for four localities (6, 13, 4 and 11, Fig. 1). The major
and minor axis length, orientation and spatial distribu-
tion were measured using the program ImageJ. Average
aspect ratios were calculated using the major and minor
axis lengths. Plagioclase crystal alignment estimates in the
samples were obtained using CSDCorrections 1.5 by Hig-
gins (2000), which quantifies an alignment factor, ranging
from O (no statistically significant alignment) to 1 (perfect
alignment of grains) (see Meurer and Boudreau (1998)
and Boorman et al. (2004) for further information). We
used the normalised grainsize frequency of the length (i.e.
major axis) and width (i.e. minor axis) of plagioclase to
calculate the apparent grain size distribution, following the
approach described by Holness (2014) and Holness et al.
(2017). While most of the sections were prepared per-
pendicular to the foliation, three additional sections from
Locality 6, one for the troctolite, one for the anorthosite
layer and one for an anorthosite autolith, were cut parallel
to the foliation. These sections were utilised to quantify
crystal size, aspect ratio and lineation strength within the
foliation plane for these samples.

Mineral chemistry

The mineral chemistry of plagioclase, olivine and Cr-
spinel in the Unit 7-8 package of rocks was investigated
by electron microprobe (EMP) and LA-ICP-MS for five
different localities (7, 6, 13, 10b and 11; Fig. 1). These
included one of the localities without a Cr-spinel seam
(Locality 11). These measurements were conducted to
assess if and how the presence of the Cr-spinel seam and
anorthosite layer controls the mineral chemistry of the
main phases and to potentially link the lateral variations
observed in the field with potential compositional differ-
ences in the constituent minerals of the Unit 7-8 boundary
package.

EMP analyses were carried out at the Museum
fiir Naturkunde Berlin on a JEOL JXA-8500F EMP
equipped with a field emission cathode and five

wavelength-dispersive spectrometers. Cr-spinel, olivine
and plagioclase were analysed with the following condi-
tions: 20 kV accelerating voltage for Cr-spinel and 15 kV
for olivine and plagioclase measurements, 20 and 15 nA
beam current for Cr-spinel and olivine and plagioclase,
respectively. The spot size was set to 1 um for Cr-spinel
and olivine, with a defocused beam spot size of 5 um for
plagioclase to minimize the effect of alkali loss. The meas-
ured intensities were calibrated against natural minerals of
the Smithsonian international standard suite (Jarosewich
et al. 1980) and pure metals of the Astimex metal standard.
Analyses were processed by a ZAF routine by the JEOL
series operating system to minimise matrix effects. Accu-
racy and reproducibility were checked regularly before and
after each analysis session by measurements on minerals
of the Smithsonian mineral standards (Cr-spinel, USNM
117,075; Olivine San Carlos, USNM111312/444; Olivine
Springwater meteorite, USNM 2566; Anorthite, USNM
137031; Anorthoclase, USNM 133868, Microcline,
USNM 143966, Jarosewich et al. 1980). The ferric iron
contents of Cr-spinel were calculated assuming ideal stoi-
chiometry (Droop 1987).

LA-ICP-MS analyses for trace element concentrations in
olivine and plagioclase, focusing on the distribution of the
rare-earth elements (REE) in the latter, were performed at the
Institut fiir Mineralogie of the Leibniz Universitdt Hannover
(LUH) with a fast scanning-sector field-ICP-MS (Thermo-
Scientific ElementXR) which is connected to a femtosecond
(Ti—sapphire) laser ablation system. Further details of the
fs-LA system are given in Oeser et al. (2014) and Lazarov
and Horn (2015). In our study, the laser operated at 3040 Hz
and the spot size was set to 40-50 pm diameter. Most analyses
were performed in raster mode, but the rims of plagioclase
grains were ablated in line mode. Acquisition times of the
background signal and the ablation signal were set to 40 s and
100 s, respectively. To avoid artefacts due to surface contami-
nation, sample surfaces of each spot were pre-ablated before
measurement. Analyses were bracketed every 10—15 measure-
ments by the standard reference material NIST610 to correct
for internal instrumental drift. Further testing of the accuracy
and reproducibility was undertaken by measuring silicate ref-
erence material (BCR-2G), which yielded an accuracy and
reproducibility of 1-5%. Silicon concentrations, obtained by
EMP analyses, were used for the internal calibration of trace
element concentrations for plagioclase and olivine. Data pro-
cessing was performed with the SILLS program (Guillong
et al. 2008).
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Fig.6 a Alignment factor against aspect ratio of plagioclase pri-
mocrysts (Localities 4, 6, 10b, 11 and 13) in the anorthosite layer,
autoliths and troctolite, the average standard deviation illustrated is

Results
Quantitative fabric analysis

Plagioclase primocrysts in the anorthosite layer, anorthosite
autoliths and the troctolite exhibit similar microstructural
characteristics, based on the thin sections cut perpendicular
to the foliation. Average aspect ratios of plagioclase in both
types of anorthosite and the troctolite range between 2.2
and 2.5, with alignment factors that mostly range between
0.4 and 0.6 (Fig. 6a). Two outliers from the anorthosite
layer plot at higher aspect ratios and alignment factors.
The data are positively correlated, such that aspect ratios
and alignment factors increase systematically. Across the
lateral extent of the Unit 7-8 boundary, plagioclase in the
anorthosite autoliths and the troctolite exhibits relatively
constant alignment factors (Fig. 6b). Plagioclase fabric in
the anorthosite layer is more variable, with a relatively low
alignment factor observed at Locality 4 and a relatively high
alignment factor at Locality 10b; the latter locality is close
to the southeastern termination of the anorthosite layer. The
aspect ratios of plagioclase in thin sections cut parallel to the
foliation plot in the same range, although values are slightly
smaller (1.9 and 2.1, respectively), while alignment factors
are significantly lower (0.05 and 0.15, respectively), suggest-
ing that there is little or no lineation present in any of the
samples (Fig. S1). Grainsize frequency distributions (Fig. 7)
for plagioclase (both long and short axes) measured perpen-
dicular to the foliation are unimodal with a broader peak at
0.25 mm crystal length and a well-defined narrow peak at
0.15 mm crystal width. The plagioclase from the anorthosite
layer, the anorthosite autoliths and the troctolite all show
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representative of the combined dataset. One data point represents on
average 280 plagioclase crystals. b Development of alignment factor
of plagioclase along strike, for sample location see Fig. 1

similar grain size distributions. In addition, the grain size is
unaffected by the orientation. Plagioclase grain size frequen-
cies in sections prepared parallel to the foliation are similar
to those described above (see Fig. S2).

Mineral chemistry
Cr-spinel

The Rum Cr-spinel compositional range can broadly be
subdivided into Cr-Al-dominated and Cr-Fe**-dominated
varieties (Fig. 8; Table. S1). Cr-spinel in peridotite, Cr-
spinel seams and troctolite are Cr-Al dominated spinels,
following the so-called ‘Rum trend’ (Henderson 1975).
Cr-spinel compositions in the anorthosite layer and
anorthosite autoliths are Cr-Fe*>* dominated and follow the
Fe-Ti-trend of Barnes and Roeder (2001). Cr-spinel exhib-
its a range of Mg# (atomic ratio Mg/(Mg + Fe>") x 100)
of between 2 and 72 and Cr# (atomic ratio Cr/
(Cr+ Al) x 100) from 22 to 82 (Fig. 9). Anorthosite-
hosted Cr-spinel generally has lower Mg# and higher Cr#
relative to Cr-spinel in the other lithologies. Cr-spinel in
the seams exhibits lower Cr# and higher Mg# compared
to other lithologies. Cr-spinel TiO, concentrations range
between ~0.2 and 6.2 wt.%. The Cr-spinel from Local-
ity 11 has relatively elevated TiO, contents, with concen-
trations of up to 6.2 wt.% in the troctolite, compared to
localities that contain a Cr-spinel seam. Anorthosite Cr-
spinel compositions vary depending on whether the crys-
tals occur in the anorthosite layer or the autoliths within
the Unit 7 troctolite. Specifically, Cr-spinel crystals in the
autoliths have elevated TiO, contents and generally lower
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Fig.7 Normalised frequency plot for (a) long and (b) short axes
of plagioclase primocrysts (Localities 4, 6, 10b, 11 and 13) in the
anorthosite layer, autoliths and troctolite

Mg#. Traverses across the main Cr-spinel seam indicate
that Cr-spinel within the seam is characterised by a slight
decrease in Mg# (AMg# 3-6 mol.% difference), which
is mirrored by a slight increase in Cr# (ACr# 4-8 mol.%
difference) towards the top of the seam (Fig. S3). Similar
intra-seam compositional variations have been reported for
the Unit 7-8 and Unit 11-12 Cr-spinel seams (O’Driscoll
et al. 2009b, 2010), as well as for Cr-spinel seams of the
Unit 10 peridotite (Hepworth et al. 2017). The lower con-
tact of the seam to the anorthosite layer is characterised by
an abrupt compositional change towards lower Mg# and
higher Cr#, while the contact of the overlying peridotite
shows a smoother transition for both values (Fig. S3).

AR spinel composition along
liquid line of descent
~— picrite
50% picrite +
50% troctolite
50% picrite +
50% gabbro

—

Fe* 0.2 0.4 0.6 0.8 cr¥*

@ Peridotite O Anorthosite
@ Cr-spinel seam < Anorthosite autolith
O Troctolite € Subsidiary Cr-spinel seam

Fig.8 Trivalent cation (AI**-Cr**-Fe**) ternary plot for Cr-spinel,
Rum trend and Fe-Ti Trend (Barnes and Roeder 2001; Henderson
1975) are indicated by arrows. Averaged experimental data on spinel
equilibration along liquid line of descent at 0.1 MPa and QFM for
picritic and hybrid melts are taken from Leuthold et al. (2015)

Cr-spinel compositions in the main Cr-spinel seam reveal
a systematic change along strike (Fig. 9). Cr# and TiO, con-
centrations increase while Mg# decreases with increasing
distance from the central part of the intrusion, i.e. towards
the SE and away from the LLF (from Locality 7 to 11;
Fig. 1). Importantly, these compositional changes exceed
the vertical variations across different profiles. Cr-spinel in
peridotite, the main seam and in anorthosite in Locality 13
displays a broader compositional scatter and relatively high
Cr# and TiO, concentrations and lower Mg# values, com-
pared to other localities. Locality 13 differs in comparison to
the other localities in that the Cr-spinel seam is very diffuse,
and the Unit 8 peridotite is cemented by clinopyroxene and
plagioclase instead of plagioclase alone.

Olivine

Olivine Mg# compositions range between 82 and 90, with
Ni concentrations of 1400-2600 ppm (Fig. 10; Table. S2).
No compositional zoning was observed in olivine from
any lithology, in either the primocrysts or in the intercu-
mulus crystals. Olivine in peridotite has slightly higher Ni
concentrations and generally shows a broader scatter com-
pared to olivine in the troctolite and interstitial olivine in
the anorthosite layer. Olivine in the anorthosite has similar
Mg# values, but lower Ni concentrations, compared to oli-
vine in peridotite and troctolite, an observation also made by
O’Driscoll et al. (2009b). LA-ICP-MS analyses confirm the
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Fig.9 Variation in Cr-spinel composition against distance to the LLF. to the other lithologies. In addition, Cr-spinel compositions in the
Data for Locality 4 were taken from O’Driscoll et al. (2009b). Cr-spi- main Cr-spinel seam reveal a systematic change along strike with
nel in the seams shows lower Cr# and higher Mg#, while anorthosite- increasing Cr# and TiO, concentration while Mg# decreases with

hosted Cr-spinel has generally lower Mg# and higher Cr# compared increasing distance to the LLF
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Fig. 10 Variation in olivine composition against distance to the LLF,
measured with EMP (circle) and LA-ICP-MS (red cross). Data for
Locality 4 were taken from O’Driscoll et al. (2009b). Olivine in peri-
dotite shows a broader compositional scatter compared to olivine in
the troctolite and anorthosite, which show a systematic decrease in
Mg# and Ni concentrations along strike

trace element concentrations measured by EMP. A consist-
ent lateral change in olivine composition is observed along
the strike of the Unit 7-8 boundary package for intersti-
tial olivine in anorthosite. Specifically, Mg# and Ni con-
centrations in olivine in the anorthosite layer decrease with
increasing distance from the central part of the intrusion
towards the SE portion of the traverse (Fig. 10). Olivine
in troctolite reveals a similar trend; however, the locality
without a Cr-spinel seam (11) at the greatest distance from

the intrusion centre shows relatively high Mg# (AMg# ~
2 mol.% difference over the traverse) and Ni concentrations
(ANi = 100 ppm over the traverse). In contrast, olivine in
the Unit 8 peridotite shows no systematic lateral variations
across the investigated traverse.

Plagioclase

Compositional data of plagioclase cores are reported in
Table S3 and illustrated in Fig. 11. Anorthite content in pla-
gioclase (An) varies from Angs to Ang, and K concentrations
vary between being below detection limits to~ 1250 ppm.
The plagioclase in peridotite and anorthosite typically has
elevated K and Na, relative to the intercumulus plagioclase
in the Cr-spinel seams and Unit 7 troctolite primocrysts.
Plagioclase from all lithologies reveals a broadly common
trend of decreasing Ti concentration with increasing An con-
tent. Overall, Ti contents in plagioclase range from 100 to
680 ppm in all lithologies. Plagioclase in autoliths and inter-
stitial plagioclase in the peridotite displays a broader scatter
in Ti and K concentrations, while plagioclase in troctolite
and the Cr-spinel seam show less scatter. Additionally, pla-
gioclase in the anorthosite layer and interstitial plagioclase
in the main Cr-spinel seam also exhibit lateral composi-
tional variation along strike, i.e. decreasing An contents and
increasing K and Ti concentrations with increasing distance
from the central part of the intrusion (Fig. 11). Although
compositional heterogeneities in plagioclase were observed
locally (including normal zoning), the general lateral com-
positional shift along strike exceeds locality-specific chemi-
cal variations. Plagioclase from Locality 13 displays a broad
compositional scatter, with relatively low An and higher Ti
and K concentrations in peridotite, anorthosite and the main
Cr-spinel seam.

Compositional zoning in plagioclase primocrysts is com-
mon; crystals typically show a pronounced normal zoning
with calcic cores and sodic rims enriched in minor and trace
elements. Anorthite content in primocryst rims generally
differs by 5-10 mol.%; however, single crystals can exhibit
internal An heterogeneity of up to 20 mol.%. Core-rim dif-
ferences of trace element concentrations range from ~ 500
to 1000 ppm and ~200 to 300 for Ti and K, respectively.
In addition, intercumulus plagioclase in peridotite and in
the Cr-spinel seams is occasionally zoned, showing simi-
lar trends, though less well developed compared to the
zoning patterns observed in cumulus plagioclase (AAn of
2-3 mol.%).

The REE element patterns of plagioclase cores and
rims from the different Unit 7-8 lithologies are shown in
Fig. 12. The patterns suggest that plagioclase in all litholo-
gies broadly spans the same range of REE concentrations;
however, plagioclase in the anorthosite is characterised by a
broader scatter. All patterns (normalised to the primitive B65
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Fig. 11 Compositional variations in plagioclase against distance to mocrysts in the troctolite. Additionally, plagioclase compositions
the LLF, measured with EMP (circle) and LA-ICP-MS (red cross) show lateral variation in the anorthosite layer and interstitially in the
with additional data for Locality 4 (O’Driscoll et al. 2009b). Pla- main Cr-spinel seam, which have lower An contents and higher K and
gioclase in anorthosite typically has higher K and Na concentrations Ti concentrations, with increasing distance to the LLF

relative to interstitial plagioclase in the Cr-spinel seams and the pri-
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Fig. 12 REE concentration of plagioclase normalised to the postu-
lated parental magma B65 (Upton et al. 2002). Dashed lines depict
calculated plagioclase composition in equilibrium with B65 for 1250,
1200 and 1150 °C, taken from Sun et al. (2017)

picrite of Upton et al. 2002) reveal relative enrichments in
light REE (LREE) compared to heavy REE (HREE), similar
slopes and strong positive Eu anomalies, most pronounced
in plagioclase from the anorthosite layer. For comparison,
we calculated the theoretical REE composition of plagio-
clase, which would crystallise in equilibrium from a parental
magma B65 at 15 MPa (Holness 1999) and varying tempera-
tures, using the partition coefficients of Sun et al. (2017).
The calculated equilibrium patterns have lower overall REE

concentrations; however, their slopes are similar to the dis-
tribution of the data measured here (Fig. 12). REE concen-
trations decrease with decreasing temperatures. Plagioclase
in the anorthosite autoliths is generally enriched in the REE
compared to those in the anorthosite layer. In addition, both
plagioclase in the anorthosite layer and autoliths exhibit
enrichment in REE concentrations towards the southeast of
the traverse with increasing distance from the centre of the
intrusion. Thus, plagioclase in autoliths from Locality 11,
east of Hallival, reveals the highest REE contents. Rims of
zoned primocrysts in troctolite and anorthosite are relatively
enriched in REE, compared to crystal cores; an observation
that is most obvious in the plagioclase compositions from
the anorthosite layer and autoliths. Although the level of
core-to-rim enrichment is variable, some plagioclase crystals
in the anorthosite have rims that are enriched by up to an
order of magnitude, relative to their cores. Interstitial plagio-
clase in the Cr-spinel seams is relatively enriched in the REE
compared to plagioclase primocrysts of the anorthosite layer.

Discussion
The origin of anorthosite in the Unit 7 troctolite

Anorthosite occurs in many well-known layered intrusions
(see Ashwal 1993 for a general overview); in some cases like
the Sept Iles layered intrusion, Canada, the Stillwater Com-
plex, USA or the Bushveld Complex, considerable volumes
of anorthosite are present. However, the petrogenesis and
especially the timing of these rocks is still highly controver-
sial (e.g., Mungall et al. 2016; Wall et al. 2018). Anorthosite
layers are often accompanied by chromitites in layered intru-
sions; the UG1 anorthosite-chromitite association of the
Bushveld Complex is a good example of this. Anorthosite
layers commonly occur throughout the ELI (e.g., Brown
1956; Emeleus et al. 1996; Lenaz et al. 2011; Leuthold et al.
2014; Volker and Upton 1990), often in close association
with the Cr-spinel seams, but their relationship to autoliths
of anorthosite and the lateral variation of specific anorthosite
layers has not been explored in detail before. Latypov et al.
(2020) suggested that monomineralic anorthosites in the
Bushveld Complex crystallised from melts that became
plagioclase-saturated in response to pressure reduction of
the ascending melt. However, their model is not applicable
to the ELI, because their proposed melts are of basaltic com-
position, contrary to the picritic parental melts of the ELI.
Therefore, the continuous anorthosite layer and the underly-
ing anorthosite autoliths of the Unit 7-8 boundary package
(Fig. 2) are discussed here in the context of their formation
within the intrusion, as well as their links to the crystallisa-
tion of the Cr-spinel seams.
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Fig. 13 a Pseudo ternary phase diagram for the system olivine—pla-
gioclase—clinopyroxene (Fo-An-Di), illustrating the reaction proposed
for the formation of anorthosite and Cr-spinel. b Graphic compilation
of the most important field evidence indicating a chronology for the
formation of the Unit 7-8 boundary package. Straight lines represent
Cr-spinel seams, while dashed lines indicate contacts without Cr-spi-
nel

The anorthosite layer at the Unit 7-8 boundary was pre-
viously described and interpreted as a layer of partially
dissolved troctolite (e.g., Bédard et al. 1988; O’Driscoll
et al. 2009b, 2010). O’Driscoll et al. (2009b; 2010) sug-
gested a model where infiltrating picritic melt dissolved the
troctolitic cumulate, resulting in a restitic anorthosite layer.
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Based on the pseudo-ternary forsterite-diospide-anorthite
diagram (Fig. 13) and the experiments of Donaldson (1985),
an infiltrating picrite could dissolve anorthite and olivine,
resulting in a peritectic reaction and Cr-spinel crystallisa-
tion at point X (Morse 1980). We suggest that the peridotite
schlieren throughout the top 3 m of the Unit 7 troctolite are
evidence of this infiltration process. We thus consider the
driving force for this reaction to have been thermochemi-
cal disequilibrium caused by open-system replenishment
of picritic magma. Our new plagioclase mineral chemistry
and microstructure data lend support to this model. Plagio-
clase in the anorthosite layer and the underlying troctolite
have similar grain sizes (Fig. 7). A replacive origin, where
olivine is completely resorbed, and existing cumulus pla-
gioclase is concentrated to form anorthosite would produce
such texture. Subsidiary seams, which have previously been
interpreted as representing the lower limits of near-complete
troctolite dissolution by O’Driscoll et al. (2010), are present
in multiple localities along the Unit 7-8 traverse, support-
ing the intrusion-wide applicability of the infiltration model.
We used our REE plagioclase data (Fig. 12) in combination
with equilibrium crystallisation temperature calculations
for plagioclase (following Sun et al. 2017) and whole-rock
data (O’Driscoll et al. 2009a) to model the evolution of the
anorthosite layer (see Fig. S4).

Our models show that the relatively elevated REE con-
centrations of plagioclase cores in the autoliths compared to
calculated equilibrium crystallisation from a parental picrite
magma, i.e. sample B65 of Upton et al. (2002), can be best
explained by mixing of the picrite with partially melted troc-
tolite. We chose the equilibrium crystallisation temperature
of 1240 °C for the theoretical plagioclase REE pattern based
on the experimental observations of Leuthold et al. (2015),
who reported plagioclase saturation for picrite—trocolite melt
mixtures at this temperature. As discussed above, infiltration
of picritic melt would induce partial melting of the troctolite
mush. Melting of 20-30% troctolite (50-60 vol.% partial
melt) mixed with 40-50 vol.% picrite results in REE con-
centrations in plagioclase similar to those measured in the
anorthosite layer (Fig. S4). We suggest that the plagioclase
zonation with calcic cores and more sodic and REE-enriched
rims in the Unit 7-8 anorthosite (Figs. 5d and 12) devel-
oped with subsequent crystallisation from a more evolved
(trapped) interstitial liquid. Further REE-based modelling
(Fig. S4) suggests 40-70% fractional crystallisation of the
proposed hybrid melt would be sufficient. Taken together,
our data lend support to a replacive origin for the massive
Unit 7-8 anorthosite layer, followed by postcumulus crystal-
lisation of a relatively differentiated interstitial melt.

In addition to the anorthosite layer, autoliths of
anorthositic composition are an important component of
the upper portion of the Unit 7 troctolite. The presence of
the anorthosite autoliths has been reported for other parts
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of the ELI as well; e.g., the Unit 9 troctolite, typically in
association with peridotite sills (Leuthold et al. 2014), and
for the troctolite of Unit 14 (Renner and Palacz 1987; Volker
and Upton 1990). However, little attention has previously
been paid to the petrogenesis of the autoliths, despite their
close association with the Cr-spinel seams. Importantly, the
anorthosite autoliths described in this study also occur in
areas without an overlying anorthosite layer (e.g., Local-
ity 11) distal to the centre of the intrusion and some auto-
liths have rims of Cr-spinel (Fig. 2f). We argue that the
similarities in mineral composition and texture, as well as
their restricted occurrence in the upper 1-3 m of the Unit
7 troctolite, suggest a similar origin for the autoliths and
the anorthosite layer, i.e. by dissolution and replacement
of troctolite during a period of syn-magmatic deformation
and melt infiltration. However, contrary to the main layer,
assimilation occurred within the troctolite mush instead of
at the level of new magma emplacement. If the anorthosite
autoliths formed by partial dissolution of the troctolite, this
would explain why they have such similar textural charac-
teristics to the troctolite (i.e. the grain size distribution and
aspect ratios of plagioclase crystals in each lithology). The
peridotite schlieren are therefore interpreted as remnants of
the downward-directed channelled flow infiltration process
and thus likely represent the crystallisation product of this
reacting agent in the assimilation process. Their ductile
behaviour (Fig. 2e) supports the suggestion of syn-magmatic
deformation, while the troctolite mush was at a high tem-
perature. The flattened, ellipsoidal shapes and sharp bounda-
ries of the autoliths indicate they were deformed with the
host troctolite, and their locally developed sigmoidal shapes
indicate solid-state deformation which might point to a rheo-
logical contrast between autolith and host during deforma-
tion. Indeed, such a contrast would be expected given the
much lower ‘porosity’ of the anorthosite autoliths. The top-
down-to-the-west shear sense supports the interpretation that
deformation occurred during slumping of the ELI macro-
rhythmic layers toward the LLF. The contrasting mineralogy
of interstitial phases in the autoliths and the anorthosite layer
also point to differences in their petrogenesis. The presence
of interstitial clinopyroxene, hornblende and relatively REE-
enriched rims all suggest the presence of more fractionated
interstitial melts than those present in the anorthosite layer
(where interstitial olivine is dominant). More speculatively,
the irregularly-shaped anorthosite patches and autoliths
with Cr-spinel seam rims probably represent a relatively
late-stage of melt infiltration into the troctolite crystal mush.

Chronology of the Unit 7-8 boundary formation
The combined observations on the field relations and petrog-

raphy set out above provide insights into the timing of the
respective stage(s) which formed the Unit 7-8 boundary

package. Most importantly, cross-cutting relations revealed
by field observations as well as the new textural and geo-
chemical data suggest that the Unit 7-8 boundary package
was formed by multiple replenishment stages, or one major
pulsed replenishment stage, instead of a single continuous
magma influx. Our interpretation fits well with the ‘leaky’
open-system replenishment behaviour that has been attrib-
uted to other sections of the ELI (e.g., Brown 1956; Tait
1985). Interestingly, a multi-stage origin was also recently
proposed for the well-known Merensky Reef of the Bush-
veld Complex (Chisyakova et al. 2019). In the latter study,
the authors showed that the Merensky Reef was constructed
in situ by several replenishment stages, indicating that pre-
cious metal ore deposit formation in layered intrusions in
general may be a multi-stage process.

The cross-cutting relations in the central section of the
Unit 7-8 boundary traverse are graphically summarised in
Fig. 13. Notably, no lateral variations in cross-cutting rela-
tions were observed along strike, thus the general sequence
of stages set out here is applicable for the Unit 7-8 bound-
ary zone throughout the entire ELI. Peridotite schlieren
and anorthosite autoliths are a ubiquitous feature along the
complete traverse of the Unit 7 troctolite (Figs. 2e and 13),
without any changes noted in their mode of occurrence, size
or distribution. Moreover, deformation of the troctolite in
the upper part of Unit 7 is observed throughout the studied
traverse also. Given that the autoliths preserve evidence for a
distinct intercumulus mineralogy, and have apparently been
deformed as solid (or near solid) objects in the troctolite
crystal mush, we suggest they were formed from a relatively
early infiltration stage for which other evidence has been
overprinted by subsequent infiltration (as represented by
the peridotite schlieren and irregularly-shaped anorthosite
patches). Cross-cutting of the peridotite schlieren and
deformation structures in the troctolite by the overlying
anorthosite layer (Figs. 2e and 13) indicates that the layer
was formed at a later stage in the history of the crystal mush
(i.e. after significant deformation had already affected the
troctolite). The anorthosite layer, therefore, represents the
product of a (possibly intrusion-wide) cumulate assimilation
process, as previously described.

The formation of the anorthosite layer was followed by
crystallisation of the Cr-spinel seam, which occasionally
cross-cuts or pinches the underlying anorthosite (Figs. 3a
and 13). In line with previous studies (cf. O’Driscoll et al.
2009b; 2010), we envisage in situ Cr-spinel seam crystallisa-
tion due to assimilation of the anorthosite layer by picritic
melt. However, based on the indicative field observations
of Cr-spinel seams cross-cutting the underlying anorthosite,
we propose that the crystallisation stage occurred after the
formation of the anorthosite layer, i.e. due to an additional
(third) replenishment stage. Consequently, we propose that
for the crystallisation of the Cr-spinel seam, anorthosite
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instead of troctolite had to be assimilated. The proposed
reaction can be illustrated in more detail using the forst-
erite-diopside-anorthite pseudo-ternary diagram (Fig. 13).
The intruding parental magma of picritic composition (P,
Upton et al. 2002,) assimilated anorthosite A, driving the
hybrid melt S; into the spinel stability field, crystallising
(Cr-) spinel only at the expense of existing plagioclase and
olivine. The observation that Cr-spinel crystals occur in
corroded embayments in olivine (Fig. 5e) supports the pro-
posed dissolution—crystallisation process. Our observation
that the seams are typically cemented by plagioclase sug-
gests that crystallisation followed a path to the An-L cotectic
(S,), crystallising interstitial plagioclase until the peritectic
point X was reached, where the liquid became oversaturated
in silica resulting in the reaction where olivine and plagio-
clase crystallise at the expense of the (Cr-) spinel and melt.
Following Rollinson (2008; see Table S4 for details of the
algorithm used), the Cr-spinel parental melt Al,O; compo-
sition can be calculated to further constrain this assimila-
tion process. The calculations result in concentrations of
16-17 wt.% Al,0; for the parental melt of Cr-spinel of the
main seam. These values are best explained by a mixture of
80-90% of picrite (15.18 wt.% Al,Os; Upton et al. 2002)
and 10-20% anorthosite (~28 wt.% Al,05; O’Driscoll et al.
2009a). Thus, it is possible that relatively small of amounts
of anorthosite assimilation were sufficient to induce Cr-
spinel crystallisation.

To crystallise the 1-2 mm thick seams, we argue for a
dynamic setting, i.e. constant through flow of new picritic
magma and assimilation of anorthosite without chemical
equilibration of both agents. High degrees of melt-rock reac-
tion are required to account for the Cr mass balance (i.e. the
low concentration of Cr in the anorthosite and the picrite
relative to the Cr-spinel seam; O’Driscoll et al. 2009b). The
recognition that anorthosite might be the key assimilant for
Cr-spinel seam formation could have important implications
for the petrogenesis of Cr-spinel layers in other layered intru-
sions, like the UG layer of the Bushveld Complex. Indeed,
Scoon and Costin (2018) showed that thin chromitite layers
(so-called stringers) formed in the Upper Critical Zone of
the Bushveld Complex due to assimilation of anorthosite by
intruding picrite sills, resulting in markedly similar litho-
logical associations and structures to those described here.
Small circular depressions of the seam into the anorthosite
(Fig. 2b) also indicate the thermal erosional caused by this
magma sheet, similar to the potholes that ubiquitously occur
in the footwall rocks to chromitite layers in the Bushveld
Complex (cf. Latypov et al. 2017a), albeit over smaller
length-scales in the ELI. Peridotite apophyses, oriented par-
allel to the foliation in the anorthosite layer and rimmed by
subsidiary Cr-spinel seams (e.g., Localities 7, 12, 1; Figs. 3¢
and 4; Bédard et al. 1988) further highlight the close asso-
ciation of Cr-spinel seam formation and anorthosite. We
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interpret these apophyses as thin melt channels of picritic
melt that infiltrated the surrounding anorthosite and formed
subsidiary Cr-spinel seams as ‘reaction rims’ completely
surrounding the former melt channel (Fig. Se). Similar reac-
tion fronts, with Cr-spinel rims around clots of anorthosite
were described by Bédard (1991, 1993) in the Bay of Islands
Ophiolite, Newfoundland.

Subsequent crystallisation from the overlying picritic
magma formed the basal part of the Unit 8 peridotite. Our
study focuses on the boundary zone and thus only on the
lowermost portion of the overlying Unit 8 peridotite; it has
been shown that the latter itself was incrementally con-
structed, i.e. by multiple replenishment stages (Hepworth
et al. 2020a), indicating that the leaky open-system behav-
iour continued after crystallisation of the Unit 7-8 Cr-spi-
nel seam. The aforementioned findings of Hepworth et al.
(2020a) imply that the original hanging wall contacts to the
Unit 7-8 boundary zone magma replenishment stage were
likely obliterated during subsequent construction of the Unit
8 peridotite.

The final step in the formation of the Unit 7-8 seam
package was the complete solidification of the seam pack-
age, involving compositional modification and crystallisa-
tion of the interstitial melt. Cr-spinel is known to undergo
postcumulus reequilibration (Roeder and Reynolds 1991;
Kamenetsky et al. 2001; Barnes and Roeder 2001). In the
ELI chemical equilibration of Cr-spinel with the intercu-
mulus melt resulted in an increase in Fe** and Ti content
(Fe-Ti-trend; Lenaz et al. 2011; O’Driscoll et al. 2010). Our
new compositional data (Fig. 8) suggest that Cr-spinel in the
anorthosite layer reacted with the interstitial melt causing a
marked increase in Fe** and Ti. The higher TiO, concentra-
tions of Cr-spinel observed in the anorthosite autoliths com-
pared to those in the anorthosite layer suggest interaction
with a more evolved interstitial liquid. Thus, we conclude
that the Unit 7-8 boundary package was constructed over at
least three separate stages. Footwall deformation overlapped
with the early stages of magmatic emplacement, but was less
significant in the later stages, suggesting a close interplay
between the magma supply and deformation.

Lateral variations of the Unit 7-8 boundary zone
and implications for intrusive replenishment

In this study, the Unit 7-8 boundary zone was mapped
and sampled along strike across the extent of the ELI,
revealing lateral variations in its structure and geochemis-
try. Our observations are specifically placed in the context
of an increasing number of studies that strongly suggest
layered intrusions form by repeated intrusive emplace-
ment of magma (e.g., Bédard et al. 1988; Mungall et al.
2016; Scoon and Costin 2018; Hepworth et al. 2017;
2018; 2020a; 2020b; Robb and Mungall 2020; Scoon et al.
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2020), adding a new dimension to the complexity of Cr-
spinel seam petrogenesis in these bodies.

Based on the spatially coupled occurrence of the
anorthosite and Cr-spinel layer (Fig. 1) and the lateral
changes in plagioclase and Cr-spinel mineral chemistry
within the respective layers (Figs. 9 and 11), we suggest
that the Unit 7-8 boundary package preserves the evidence
of repeated intrusive magma replenishment. The intrusive
replenishment model for Rum finds strong support in the
work of Bédard et al. (1988), as well as recent studies by
Hepworth et al. (2017; 2018, 2020a, 2020b). Lateral min-
eral chemical variations of the sort described here would
likely not be preserved in the traditional open-system
magma chamber model, whereas a more distinct thermal
gradient between the replenishing magma and host rock
(i.e. footwall cumulate) might be expected in an intrusive
regime. Indeed, Hepworth et al. (2020b) recently demon-
strated a rapid cooling history for repeated small volume
intrusive magma inputs to the Rum system.

The replenishing magmas on Rum were likely to have
been superheated with respect to olivine upon emplace-
ment (Holness and Winpenny 2009; Upton et al. 2002).
Prior work on the Rum harrisites (Donaldson 1974, 1979;
O’Driscoll et al. 2007a) has shown that these rocks formed
from aphyric picritic parental magmas that underwent rel-
atively deep undercooling on emplacement. The observa-
tion that harrisites occur at the base of and throughout Unit
8 (Hepworth et al. 2020a), therefore, supports the sugges-
tion that these magmas were present during the formation
of the Unit 7-8 boundary package. In close proximity to
the LLF, where these magmas first entered the intrusion,
vigorous thermochemical erosion of the troctolite footwall
would have been likely, preventing the formation of restitic
anorthosite. We suggest that the highly deformed and brec-
ciated intrusive zones in Unit 14 (southwest of Askival)
and the CI of the Rum intrusion, as described in great
detail by Volker and Upton (1990), might be the exposed
penetration fronts of such intrusive sills. Moreover, sub-
sequent slumping back towards the centre of the intru-
sion (Emeleus et al. 1996; O’Driscoll et al. 2007b) was
likely more significant closer to the LLF, which would also
account for the disturbed and stretched out units around
Barkeval and the southeastern flank of Askival (e.g.
McClurg 1982; Volker and Upton 1990; Hepworth et al.
2020a). In the central part of the ELI (Localities 7-10b),
due to the cooling of the propagating sill, assimilation of
the troctolite in the aforementioned process resulted in
the formation of the anorthosite layer. With the maximum
observed distance from the LLF, east of Hallival (Locali-
ties 11 and 17), the thermal capacity of the sill and poten-
tial to dissolve the troctolitic footwall were diminished,
leading to the direct crystallisation of the Unit 8 peridotite
on top of the Unit 7 troctolite.

Compositional changes in sills have frequently been
described and interpreted to record temperature and frac-
tionation trends (e.g., Jaupart and Tait 1995; Naslund 1989;
Latypov 2003). Naslund (1989) reported variations in min-
eral chemistry of olivine, pyroxene and plagioclase in the
Basistoppen Sill, East Greenland, suggesting fractionation
across the extent of the ~600 m thick sill, while Latypov
(2003) proposed that similar trends would develop in mag-
mas injected into consolidating igneous rocks. We argue that
the lateral chemical variations observed here are permissive
of the type of thermal regime that might be developed in a
sill-like intrusion. In particular, the compositional changes
in plagioclase in the anorthosite layer and Cr-spinel in the
seam with distance from the LLF may reflect a temperature
reduction in the magma with increasing distance from its
feeder zone (Fig. 11), thus following the experimental trends
described by Leuthold et al. (2015; Fig. 8). Furthermore, the
co-variation of plagioclase and Cr-spinel along the traverse
argues for an inherited primary magmatic signal instead of
a postcumulus equilibration artefact. Moreover, localised
metasomatism, recently described for the Unit 8 peridotite
(Hepworth et al. 2020a), could obscure the described lat-
eral trends further and possibly accounts for the differing
petrography and mineral chemistry of Locality 13. There is
additional complexity, however, in that multiple episodes
of magma intrusion are implied by the combined observa-
tions here, and each has the effect of partially overprinting
the effects of the last. That each of these replenishments
occurred along the same approximate footwall plane within
the intrusion may have been a consequence of a structural
control, given the observed close association of deformation
and magmatism.

Conclusions

We investigated the Unit 7-8 Cr-spinel seam and associ-
ated hanging wall and footwall lithologies over the lateral
extent of the ELI by carrying out field documentation as
well as microstructural and mineral chemistry analyses,
revealing significant lateral variations in the macro-to-
microstructural and mineral chemical character of the
package of rocks. Our observations elucidate the timing
and interplay of magmatic influxes and deformation of the
crystal pile in the Rum intrusion, which finally resulted
in the formation of the Cr-spinel seam and the Unit 7-8
boundary package more generally. We find that the Cr-
spinel seam and associated rocks were constructed by mul-
tiple replenishment stages, possibly linked to variations
in magma flux and ambient syn-magmatic deformation.
Importantly, we demonstrate that the nature and extent
of the replenishing stages and thus the interactions with
the underlying cumulates (e.g., assimilation, Cr-spinel
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crystallisation) varied along strike within the intrusion.
Our study highlights the close connection of anorthosite
and PGE-bearing Cr-spinel seams and suggests that, on
Rum, proximity to the magma feeder zone and the avail-
ability of primitive reactive parental melt was essential
for Cr-spinel seam formation. In general, our findings may
help to constrain the formation of precious metal enriched
Cr-spinel seams in other layered intrusion such as the Mer-
ensky Reef of the Bushveld Complex. The seams from
both intrusions are very similar in character insofar as
they formed in multi-stage events and they share a coupled
anorthosite-Cr-spinel seam association. Thus, a fruitful
avenue for future research would be to test the hypothesis
that anorthosite assimilation was a critical step for Cr-
spinel seam formation in the Bushveld Complex.
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