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RELIC PRIMARY FEATURES OF THE SPINEL-BEARING DUNITES OF THE
PRIMARY ASSEMBLAGE PERIDOTITE, THE LIZARD, CORNWALL
A. T. V. ROTHSTEIN
Rothstein, A.T.V. 1998. Relic primary features of the spinel-bearing dunites of the primary assemblage
peridotite, The Lizard, Cornwall. Geoscience in south-west England, 9, 178-181.
A diversity of spinel composition characterizes the primary assemblage peridotite of the Lizard, Cornwall.
The textural evidence within the primary assemblage peridotite has been interpreted as, containing relics of cumulates and microcrescumulates. The composition of the co-existing pyroxenes has provided evidence of declining temperatures of sub-solidus re-equilibration
associated with deformation.
While most of the spinels occur in disrupted and deformed peridotites, within the least deformed rocks some of the spinels in the spinelbearing dunites, preserve cumulate features, while other spinels within harzburgites are associated with micro-crescumulate features.
The range of spinel compositions, while falling close to that from alpine-type peridotites, is also similar to the range from oceanic cumulates
to depleted oceanic tectonites.
A. T. V. Rothstein, 12 Court Lane, Cosham, Portsmouth PO6 2LN, Hants.

INTRODUCTION

SPINEL-BEARING RELIC TEXTURES AT H3, H, AND Z.

The primary assemblage peridotite of the Lizard forms a
deformed series with a complex history. (Flett 1946, Green 1964,
Rothstein, 1977, 1988). The mineral assemblage is olivine +
aluminous pyroxene (Ca-poor and Ca-rich) + aluminous
spinel. The olivine is now mostly altered to serpentine, a process of
two distinct episodes (Power et al., 1997). The different areas and
locations from which the spinel-bearing samples were taken are
shown in Figurel (Maps A, B, and inset C).

Overall in the primary assemblage peridotites the spinel is as
described by Green (1964) " of irregular anhedral form...shows a
sequence of alteration to give skeletal brown crystals surrounded by
aluminous secondary products...". However in the section H2 to Z
well preserved spinel occurs.

The outcrop of the primary assemblage peridotite can be divided
into two areas, one in which there are both linear and planar fabrics,
and the other in which planar fabrics predominate. In the latter area
there occurs a 1 km section in which a high proportion of relics of an
earlier, primary, texture are found [H2 - Z] (Rothstein 1988). These
primary textures pre-date the planar fabric and the development of
porphyroclastic textures.
From the different parts of the primary assemblage peridotite a
range of subsolidus re-equilibration temperatures was obtained from
analyses of co-existing calcium-rich and calcium -poor pyroxenes
(Rothstein 1988). This range indicated that re-equilibration with
declining temperatures occurred in the pyroxenes as the primary
assemblage underwent penetrative deformation. Those at H, with the
highest proportion of primary relics, gave the highest average values
of 1187 ° - 1147 ° C, while those with fewer primary relics had lower
values , including those at El which had the lowest average value of
1043 ° C (values ± 70 ° C).
The primary textures are best developed in the outcrops of
interbanded dunites and harzburgites and the interbanded harzburgites
and pyroxenites, between H3 and Z. These banded sequences,
although partially deformed, show concordant directions of
orientation of the relic primary textures, structures and directions of
crystallization. Some of these textures are at steep angles to the
mineral layering, which layering is now close to vertical. In other
cases, as in the spinel-bearing dunites, the disposition of the spinels is,
on occasion, tangential to the margin with the preceeding layer. In
Figure 1 ( B & C) the "T" is orientated in the direction of layer growth
and the direction of texture crystallization, that is from west to east
(Rothstein 1994).

L oc a li t y H 3
At H3 there is an outcrop of interbanded dunite and
harzburgite, which shows a varied sequence of rocks and
associated spinel. These rocks preserve many details of their primary
origin [H3a-H3g] (Rothstein 1994). Across the sequence, from west
to east, [H3c, H3d, H3e] there is a marked change in the texture and
structure of the harzburgites and dunites, which may be clearly seen in
polished blocks and thin sections.
In the dunite [H3c] the spinel (analysed) occurs as extended
tenuous thin traces (one or two on the scale of tens of centimetres in
length) sub-parallel to the mineral layering (SO). Spinel also occurs as
small discrete units separate from the bands, [ " Trace" refers, usually,
to short millimetre scale bands, while "Unit" refers to
individual minerals, which may or may not form bands ]. The
individual spinels of the trace [H3c] show a varied orientation to SO.
These spinels are irregular in outline, are interstitial to subpoikilitic,
and partially enclose small serpentinised olivines. The texture of an
example of the spinels in this dunite is illustrated in Figure 2A and is
within a centimetre of the succeeding harzburgite [H3d].
In the harzburgite [H3d] are olivine units orientated at a steep
angle to the boundaries of the harzburgite with the dunites. One of
these structures is shown in Figure 2B, and is a particularly large scale
example (Rothstein 1994). Similar olivine structures on a finer scale
and less well orientated occur towards the junction with the
succeeding dunite [H3e]. Spinel is low in quantity in this harzburgite,
and on the weathered face of the sample small isolated traces of spinel
may be seen with shapes parallel to SO.
In the dunite [H3e] spinet occurs in some quantity. The spinet
occurs as short traces and as isolated units (up to 1 cm. in diameter.)
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pyroxene crystals. In the part of the succeeding harzburgite (He3),
close to the boundary with the preceding pyroxenite, the spinel (e)
occurs in a discontinuous trace parallel to the boundary and has an
interstitial shape. A few centimetres into the harzburgite the olivine
forms micro-crescumulate structures (Rothstein, 1981) which are
mostly on a millimetre scale but in parts develops on a centimetre
scale. The analysed spinel (f) is interstitial to the olivine, but the
spinel develops on occasion structures of a micro crescumulate
character, one of which is illustrated (Figure2D(f)). These structures
have developed in the direction from Ha to Hg, and in the case of He3
to have crystallized fairly rapidly (Rothstein, 1981; 1994). Other
examples from He3 have olivine micro-crescumulate textures with
less evidence of rapid crystallization. Euhedral olivine and spinel
enclosed wthin Ca-poor pyroxene occur at Hg.

L oc a li t y Z
At Z is an outcrop of interbanded dunites and harzburgites, [Za to
Zg]. In the dunite Zc, which has a texture of compound olivine units at
various angles to SO, somewhat resembling coarser olivine textures at

Figure 1. Map of the major part of the primary assemblage peridotite,
the Lizard,Cornwall. Map A: Location of analysed spinel samples within
the peridotite. Map B: Location of the interbanded dunite/harzburgite
and harzburgite/pyroxenite within the section H3 to Z. "T'
indicates the direction of crystallization & development of the
banded rocks. Inset C: Orientation typical of peridotite from this
section.

Their general disposition, illustrated in Figure 2c, is at a low angle to
the boundary with the preceding harzburgite [H3d]. At the boundary
with this harzburgite, but within the dunite, there are discontinuous
traces of spinels with an interstitial shape arranged parallel to the
boundary (Figure 2Dc2). Within the dunite, the spinel analysed [H3e]
occurs as larger units, and also in what appears to be a spinel
concentration (Figure 2Dc1 and Figure2Db respectively). In these the
spinel has a poikilitic character enclosing what seems -to have been
small olivine crystals. Smaller units of spinel are also present. Further
towards the boundary with the succeeding harzburgite [H3f] are
smaller spinel units with an interstitial to poikilitic character
(Figure2Da). In one or two other samples from H3, infrequent small
subhedral to euhedral spinels have been found, in some places in
between olivines but mostly enclosed in Ca-poor pyroxene,
suggesting that small spinels acted as nuclei for larger spinel units.
It would seem reasonable to conclude from this sequence at H3
that the disposition and shape of the spinels give a good indication of
the original orientation of small olivine crystals which made up the
dunites H3c and H3e. In the case of H3e it can be seen that the
tangential disposition of the spinels, with respect to the boundary
with the preceeding harzburgite, indicate a cumulate character
for the olivine, a contrast to the crescumulate aspect of the olivine in
the harzburgite H3d.

L oc a lit y H
Dunite is absent from the sequence at H, which is that of
pyroxene-rich bands within harzburgite, and the spinel present shows
a contrast with that from H3. Part of this sequence is illustrated in
Figure2E. The analysed spinels (b,e,f) are taken from this sequence
which is part of an extended peridotite series [Ha-Hg] (Rothstein,
1994).
In the pyroxenite (He2) the spinel (b) forms mostly irregular areas
of an interstitial character. Rare euhedral spinels occur within the

Figure 2. Spinel texture variation within the interbanded sequences at
H3 and H. All the diagrams are in the plane perpendicular to SO.
Change in texture and disposition of spinel from H3: A(dunite
H3c)- B(harzburgite H3d, very poor in spinel)- C(dunite H3e), [C is
parallel to face "a" of inset Di]. The sequence is from west to east and
the direction of SO and T are shown. D shows details of spinet
disposition (i) , in C, and details of the different spinel textures
(a, b, c1 and c2), [these textures are from faces parallel to "a" "b"
and "c" respectively]. The analysed spinels are A and of the type
shown in Dc1. In reflected light some of the spinel units appear
to be composite and this is indicated by the ornament of the spinel. E:
Details of the changes in spinel texture at locality H, in the sequence
pyroxenite/harzburgite. The analysed spinels are from b,e,
and f. The analysed spinel from f is not of the type illustrated but is of
an interstital variety.
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LOC.
sample
spots.
Al2O3
TiO2
Cr2O3
MgO
FeO
MnO
NiO
V2O5
SiO2
CaO
Total
Al
Ti
Cr
Fe3+
Mg
Fe2+
Mn
Ni
Total
Mg*
Cr*

H3
c
8
36.03
0.26
27.76
13.47
21.11
0.21
0.18
0.22
0.00
0.00
99.24
1.26
0.01
0.65
0.11
0.60
0.41
0.01
0.00
3.04
59.2
34.1

H3
e
14
34.40
0.37
30.64
13.28
19.74
0.13
0.00
0.05
0.05
0.00
98.66
1.21
0.01
0.72
0.08
0.59
0.42
3.00
bdl
3.02
58.7
37.4

H
b
3
43.76
0.29
23.75
16.36
15.44
0.24
nd
nd
0.03
0.01
99.88
1.44
0.01
0.52
0.04
0.68
319.00
a 006
nd
3.01
68.1
26.7

H
e
3
41.13
0.27
25.68
15.35
17.02
0.26
nd
nd
0.01
0.00
99.72
1376.00
0.01
0.58
0.05
0.65
0.35
0.01
nd
3.02
65
29.5

H
f
3
46.40
0.13
20.84
16.78
14.90
0.22
nd
nd
0.00
0.00
99.27
1.51
0.00
0.46
0.04
0.69
307.00
0.01
nd
3.01
69.2
23.2

HI

G

L

E1

B1

J1

4
46.07
0.24
20.14
1831.00
14.43
0.26
nd
nd
0.19
0.05
99.69
1.50
0.01
0.44
0.08
0.75
0.25
0.01
nd
3.03
74.9
22.7

3
27.30
0.34
38.47
13.59
19.95
0.42
nd
nd
0.22
0.07
100.36
0.98
0.01
0.92
0.12
0.62
388.00
0.01
nd
3.04
61.3
48.6

4
37.13
0.54
26.68
15.72
18.58
0.34
nd
nd
0.23
0.07
99.29
1.27
0.01
0.61
0.13
0.68
324.00
0.01
nd
3.04
67.8
32.5

2
48.82
0.10
19.12
18.35
12.43
0.25
nd
nd
0.16
0.04
99.27
1.57
0.00
0.41
0.03
0.74
0.25
0.01
nd
3.01
74.6
20.8

3
52.11
0.06
15.46
18.78
12.62
0.25
nd
nd
0.17
0.06
99.51
1.65
0.00
0.33
0.03
0.75
0.25
0.01
nd
3.01
75.1
16.6

3
36.92
0.27
26.93
14.72
20.71
0.35
nd
nd
0.21
0.05
100.16
1.27
0.01
0.62
0.14
0.64
0.37
0.01
nd
3.05
63.5
32.9

Mg* : Mg/ Mg + Fe2+ , Cr * : Cr/ Cr + Al , bdl: below detection limit

Analyses H3(c& e) were obtained by EDS, using a Hitachi S2500 (Link AN 10,000)
giving an analytical precision of approximately 2% for the major elements. Analyses
H(b,e,& f) and H1,G,L,E1,B1&J1 were obtained by WDS, using a Microscan 9, with
counting errors less than 1% for major elements.

Table1. Spinel compositions. H3c and H3e are microprobe analyses by
Mr. J. Spratt, Department of Mineralogy, The Natural History Museum,
London. H(b,e,f) are microprobe analyses by Dr. R.C.O. Gill and Mr. C.
Fagg, while H1,G,L,E1,B1 ,and J1 are microprobe analyses by Dr. N.R.
Charnley, at the Department of Earth Sciences, Oxford University. In
both sets of analyses all Fe was calculated as FeO. The atomic
proportions to 4 oxygens are also given and the ratios of Fe3+: Fe2+
were obtained by recalculation.

and G the spinel has mostly an interstitial appearance. At F there are
examples of small spinels occurring in dispersed units, which might
originally have been subhedral. At neither F nor G have the larger
spinel units, as found at H3e, been found.
Two graphs are shown on Figure3, the one (a) of Mg/ Mg + Fe2+
v Cr/ Cr + Al and the other (b) of wt.% TiO2 v wt.% Cr2O3. The
different spinel fields shown are taken from Zhou and Kerrich (1992).
The graphs (c) and (d) show the compositional range, about the
average, of the spots for each analysed spinel.
The spinel analyses from H3, F, and G(d),(all from spinelbearing
dunites), form a relatively close group on the diagram Mg/ Mg + Fe2+
v Cr/ Cr + Al, and there is a similar grouping on the diagram wt%
TiO2 v. wt.% Cr2O3 (for this graph the values for F are from
unpublished probe data, but values for G(d) have not been obtained).
The spinels from H3e and L have the highest values for TiO2. While
the compositional variations for the individual spots is relatively low
for Mg/ Mg + Fe2+ v Cr/ Cr + Al, the variations for TiO2 v Cr 2O3 are
more marked, particularly for H3e. In this latter case it was noted in
parts of the sample used for the probe analyses that a Ti rich phase
was exsolved as very small lamellae.
There is a separation of the spinels in the spinel-bearing dunites
(H3, F, and G) from those in the pyroxenite and harzburgite at H, and
the textural contrasts and similarities have been noted above. There is
a marked separation of B1, E1, and H1 from J1, L, and G, all
deformed and partially recrystallized four phase peridotites. There is
no correlation of the spinel composition with the values obtained for
the sub-solidus re-equilibration temperatures of the co-existing
pyroxenes.

He3, is a spinel trace, illustrated previously (Rothstein 1994), that has
a tangential disposition with respect to the preceding harzburgite.
Most of the spinel shapes in Zc are irregular, or of an interstitial
character. In the adjacent harzburgite rare examples have been found
of subhedral to euhedral spinels enclosed within Ca-poor pyroxene, as
have examples of subhedral olivine.

C o nc l u si o n s f r o m t h e pe tr o g ra p hy .
Thus while the spinel shapes at H and Z vary from those at H3,
the relic textures of the spinels are similar in following the pattern
established by the olivines. The evidence would suggest that the small
rare euhedral spinels indicate sparse nuclei for the variously occurring
spinels at H3, H, and Z. At H3 the evidence from the spinel-bearing
dunites is that small olivines and infrequent spinels precipitated from
melts. In the case of H3e the tangential disposition of the olivine and
the spinel with respect to the boundary with the preceeding
harzburgite provide evidence of cumulates, which contrasts with the
crescumulate structures occurring in the associated harzburgites.
[H3d], and also contrasts with the micro-crescumulate structures at H
[He3]

T he s pi n el a n a ly se s.
Two sets of spinel analyses are presented in Table1. The one set is
from the least deformed dunites at H3 [H3c and H3e] and from the
relatively undeformed pyroxenite and harzburgite at H (b [He2] and
e& f [He3]). The other set is from the variously deformed peridotites
at H1, G, L, E1, B1, and J1. These latter peridotites have the mineral
assemblage OL + OP + CLP + SP. There are also data from bulk
spinel analyses (F & Gd) from the spinel-bearing dunites at F and G.
These locations are shown on Figure1 Map A. In the dunites at F

Figure 3. Plots of the analysed spinels. A comparison of the Lizard
spinels with those from alpine-type peridotites, oceanic cumulates, and
oceanic tectonites is shown on plots a and h. The various spinel fields
shown are from Zhou and Kerrich (1992). The ranges of individual
point analyses for each sample are shown on plots c and d. Note that on
b the wt% TiO2 axis is on a logarithmic scale. XRE bulk analyses of
spinels from P and G by Dr. D.J. Hughes, Department of Geology,
Portsmouth University.
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DISCUSSION
In Rothstein (1994) a range of possibilities were discussed for the
origin of the micro-crescumulate structures from precipitation from
high-temperature melts to high-temperature deformation.
It can be seen that the analysed spinels on graph "a" plot as a
group close to the lower part of the field for alpine-type peridotites,
while on graph "b" the spinels as a group fall on a range between
oceanic cumulates and oceanic tectonites (depleted). The spinels from
the dunites [H3 and F] plot closest to the oceanic cumulates compared
to those from the micro-crescumulates [H]. The recognition of a
precise trend of spinel composition is rendered uncertain by subsolidus re-equilibration, in the circumstances of deformation with
declining temperature, and by the effects of any subsequent alteration.
Between the two different textural varieties of primary assemblage peridotite, those with a cumulate -like aspect and those with a
crescumulate aspect, the spinels do show a difference in composition.
This is particularly marked with respect to the extremes of TiO2
content found in H3e. Nevertheless both groups of rocks show
similarities. These include the development of mineralogical banding
and related sequences between the bands. For example the
development from sub-poikilitic to poikilitic spinel may be seen as the
precursor to the precipitation of spinel in greater quantity, as has been
argued for Komatiitic melts (Barnes and Hill 1995).
It is possible to argue that the olivine-spinel cumulates, and
associated coarse grained crescumulate at H3 are the refractory relics
of an earlier primary magmatic stage, and that the micro-crescumulate
features at H are of indicative of a secondary very high temperature
stage occurring prior to the onset of penetrative deformation. In this
stage already precipitated layers at H went through a complete
secondary melting and rapid re-precipitation. A complete secondary
melting is proposed as the micro-crescumulate textures are pervasive
through He, and no earlier "relics" have been found.
Alternatively the development of the micro-crescumulate
structures throughout the sequence He1-He3 and the crescumulate
structures in H3d suggest related circumstances of origin. It would
seem reasonable to suggest a common process. Separate pulses of
melt or magma giving rise to cumulates on the one hand, and on the
other a somewhat more rapid crystallization giving rise to the
development of crescumulate like features. A consideration here is
that all the evidence from the least deformed sequences of spinelbearing dunite/harzburgite [H3 and Z] and harzburgite/pyroxenite [H],
published here and in previous papers, indicates rocks whose
directions of development are similar.

The evidence, from the spinels, adds to the argument for the
primary assemblage peridotite containing the relics of at least one, if
not two, early igneous episodes, at approximately 1200° C, and within
the spinel lherzolite facies of the upper mantle.
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CONCLUSIONS
The spinels from the primary assemblage peridotite form a
distinct group. The range of spinels is similar to part of that for alpinetype peridotites, and passes from that of oceanic cumulates to oceanic
tectonites (depleted).
In the least deformed primary assemblage peridotites [H3 to Z,
situated between Downas Valley and Pedn Boar], there are differences
in spinel composition between those from the spinel- bearing dunites
[locality H3] and those from the interbanded harzburgites and
pyroxenites [locality H]. These match the observed differences in
texture as between cumulates for the former locality and microcrescumulates for the latter locality. Similarities with the disposition
of the spinels at H3 are found at other localities within the primary
assemblage peridotite, where detailed observations could show the
direction of accumulation of the olivine and spinel, for example in the
spinel-bearing dunites at localities F and G, [Lankidden Cove and
Perprean Cove respectively.]
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