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ABSTRACT

The mantle-derived xenolith population found in the
Ham kimberlite (Somerset Island, Northwest Territories)
consists predominantly of coarse granular-, porphyroclastic-
and mosaic-textured garnet lherzolite and subordinate,
weakly deformed spinel lherzolite, Compositional data are
presented for the constituent minerals of the lherzolites and
used to calculate temperatures and pressures of equilibra-
tion. The variously textured garnet lherzolites have
equilibrated over similar relatively limited ranges of tem-
perature and pressure (coarse granular texture:
1022-1094" C, 35.5-38.4 kbar; porphyroclastic texture:
1038-l 15loC, 35,7 -4.2 kbar: mosaic texrure: 927 -1140" C,
32.5-39.5 kbar) that do not coincide with those of the theo-
retical steady-state shield geothenn and which lie outside
of the diamond stabilily field. The wide range of equilibra-
tion temperatures determined for spinel therzolites
Q62-1142'C) suggest that they represent disequilibrium
assemblages. Garnet lherzolites are believed to be derived
from a thermal aureole surrounding a mantle diapir. Defor-
mation associated with crack formation and propagation
above this diapir is considered to give rise to zones of
mosaic- and porphyroclastic-textured lherzolite within an
otherwise coarse granular-textured mantle. Sampling of this
heterogeneous mantle by an ascending kimberlitic magma
accounts for the observed suite of xenoliths.

Keywords: kimberlite, garne[ lherzolile, spinel lherzolite,
geothermobarometry, Somerset Island, Northwest Ter-
ritories.

Souualnr

La population de nodules ddriv6s du manteau dans la
kimberlite de Ham, sur l'ile de Somerset, aux Territoires
du Nordouest, contient surtout des lherzolites i grenat gra-
nulaires d granulomdtrie grossibre, porphyroclastiques ou
d texture mosaique, ainsi que des lherzolites d spinelle fai-
blement d6formds. L'information sur la composition chi-
mique des mindraux des lherzolites seft e calculer leurs tem-
p6ratures et pressions d'6quilibrage. Les lherzolites d grenat
ont atteht l'6quilibre sur un intervalle relativement restreint
de temperature et de pression (texture granulaire d gros
grains: 1022-1091oC, 35.5-38.4 kbar; texrure porphyroclas-
tique: 1038-ll5loc, 35.7-40.2 kbar; texture mosaique:
9n-114C,32.5-39.5 kbar), valeurs qui ne coihcident pas
avec celles pr6dites pour le g6otherme stable de la r6gion
et qui sont en dehors du champ de stabilitd du diamant.
La grande variabilitd dans les tunp6ratures de rd-6quilibrage
des lherzolites d spinelle Q62-ll42.C) font penser qu,il
s'agit d'assemblages en dds€quilibre. Les lherzolites d gre-
nat seraient d€rivees d'une aurdole de contact entourant un
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diapir dans le manteau. La d6formation associ6e i la for-
mation et e la propagation de fissures au-dessus de ce dia-
pir aurait cause des zones de lherzolites a textures mosai-
que et porphyroclastique dans un domaine autrement e
granulomdtrie grossibre. Un 6chantillonage de ce manteau
hdtdrogdne par le magma kimberlitique ascendant rend
compte de la suite de nodules observds.

(Traduit par Ia Redaction)

Mots-cl4si kimberlite, lherzolite d grenat, lherzolite d spi-
nelle, geothermobarom€trie, ile de Somerset, Territoi-
res du Nord-Ouest.

INTRoDUCTIoN

The Ham kimberlite is the northernmost manifes-
tation of the Somerset Island kimberlite province
(Mitchell 1976), It consists of a main bell-shaped
intrusive body (Ham diatreme) and a single dyke
(Ham dyke) located 1.5 km to the east. A detailed
description of the mineralogy and petrology of the
Ham kimberlite is given by Jago (1982) and Jago &
Mitchell (1985).

Ovoid xenoliths of garnet and spinel lherzolite, up
to l0 cm in diameter, were found within the rego-
lith overlying the Ham diatreme and in an area of
outwash occruring downslope from the intrusive
body to the west. Although no lherzolite xenoliths
were found in the Ham dyke, macrocrysts of chrome-
diopside and Cr-rich, Ti-poor pyrope garnet were
found in heavy-mineral concentrates from the kim-
berlite (Jago 1982), indicating that such xenoliths
were fragmented during kimberlite emplacement.

Xenoliths of mantle-derived garnet and spinel lher-
zolite have been found at five other localities in the
Somerset Island kimberlite province. Rare garnet
lherzolites are present in the Ameyersuk, Tunraq and
Inugpasugsuk kimberlites, but are more plentiful,
with garnet lherzolite predominating over spinel lher-
zolite, in the Elwin Bay and Nanorluk kimberlites
(Mitchell 1978,1987). At the Ham kimberlite, gar-
net lherzolites are the most abundant type of xeno-
Iith found.

PETRoGRAPHY oF THE XENoLITHS

The Ham lherzolites may be classified texturally
using the scheme of Harte (1977). A complete gra-
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dation in textural type exists between coarse granu-
lar-, porphyroclastic-, and mosaic-textured xenoliths.
A single granuloblastic xenolith was found. Por-
phyroclastic xenoliths appear to be the most com-
mon, and several mosaic types exhibit protolaminat-
ed textures. Minerals. in individual xenoliths are
generally well preserved; serpentinization, where
present, is confined to a narrow (< I cm thick) al-
teration selvage on most xenoliths and commonly is
developed in cataclastic zones in mosaic-textured
xenoliths.

Garnet lherzolite

Coarse granular garnet lherzolite is composed es-
sentially of anhedral, tabular colorless olivine and
orthopyroxene, with lesser (<5 vol.qo) tabular to
equant, pale to dark green clinopyroxene and round
garnet. Grain boundaries between olivine and pyrox-
ene generally are straight to slightly curving; the gar-
net has a thick kelyphitic rim. Deformation textures
(subgrains, strain twins, undulose extinction, kink
banding) in olivine are generally confined to strain
shadows associated with large grains of garnet.

In moderately deformed xenoliths, the grain size
ofporphyroclastic olivine decreases, and olivine and
orthopyroxene no longer form a tight interlocking
framework. Olivine occurs in three habits, as sub-
tabular to subovoid porphyroclasts, as anhedral sub-
grains and as subhedral neoblasts. Deformation tex-
tures are strongly developed in olivine
porphyroclasts. These textures are confined to dis-
continuous, subparallel cataclastic zones and strain
shadows around garnet and multigrain aggregates of
pyroxene. Olivine neoblasts usually are elongate
parallel to cataclastic zones but are not always con-
fined to zones of strong deformation. Individual
grains are strain-free. Straight grain-boundaries com-
monly meet to form triple junctions with other neo-
blasts. Orthopyroxene and clinopyroxene ocqur as
coarse, relatively undeformed tabular to subequant
grains. Garnet occurs as round porphyroclasts with
weakly to strongly developed kelyphite.

In several xenoliths, the kelyphite mantle is over-
grown by a thin discontinuous rim of light to dark
brown phlogopite, rare spinel and very rare
clinopyroxene. The phlogopite is optically continu-
ous over significant distances around each garnet
grain but also occurs rarely as stubby interlocking
crystals. Spinel in the phlogopite rim occurs as dis-
crete euhedral crystals or as acicular intergrowths
parallel to the {001} cleavage of the mica. The dark
green clinopyroxene is anhedral in habit and confined
to the outer reaction-interface. In the rare instances
that these mantles were observed, they are developed
preferentially against granular to porphyroclastic oli-
vine and, in one instance, against olivine subgrains
and neoblasls in a cataclastic zone.

MINERALOGIST

Similar mantles of phlogopite have been described
by Carswell (1975), Delaney et ol. (1980), Schandl
& Clarke (1982) and Mitchell (1984). The Ham lher-
zolites differ from these in that veins and "pools"
of similar mineralogy are lacking elsewhere in the
xenolith.

Mosaic porphyroclastic- to mosaic-textured
xenoliths occur in two parageneses, as multigrain
aggregates of porphyroclastic olivine with lesser
orthopyroxene and clinopyroxene, and as single
grains of porphyroclastic olivine and garnet sup-
ported by a framework of olivine subgrains and
neoblasts. Deformation textures characteristic of
highly deformed olivine in porphyroclastic xenoliths
are less common in mosaic-textured xenoliths,
presumably owing to a relaxation of strain accom-
panying subgrain formation (Kretz 1966).
Orthopyroxene and clinopyroxene occur as gener-
ally coarse-grained subequant to subtabular and
subequant to lobate glains, respectively, and demon-
strate only weak to moderate undulose extinction.
Garnet is much smaller in mosaic-textured xenoliths
(l mm versus 4 mm) relative to granular and por-
phyroclastic fypes, presumably owing to the dismem-
berment ofthe parental porphyroclast. Garnet sub-
grains lypically are "quarter moon"-shaped and
strongly kelyphitized, whereas rare relatively round
porphyroclasts are weakly kelyphitized.

The single granuloblastic xenolith (Ham 00Q con-
sists of roughly equant, polygonal subgrains and
neoblasts of olivine, rare subtabular porphyroclas-
tic olivine and lesser subequant to tabular, weakly
porphyroclastic ofihopyroxene and clinopyroxene.
The two pyroxenes occur in protolaminations with
remnant porphyroclastic olivine and are supported
by a framework of olivine subgrains and neoblasts.
Within the latter occur strongly kelyphitized
"quarter-moon"-shaped and round garnet por-
phyroclasts.

Intrasilicate inclusions in the garnet lherzolites

Olivine, clinopyroxenen rare orthopyroxene and
garnet occur as single, small, rounded inclusions in
other silicate grains. Olivine followed by clinopyrox-
ene is the most common inclusion, both phases
preferentially occurring in garnet compared to
orthopyroxene (ratio 9:l). A single rounded grain
each of orthopyroxene and garnet was found in por-
phyroclastic olivine, both in strongly deformed gar-
net lherzolites. Included phases almost invariably are
round and always in equilibrium contact with their
host, and do not appear to be connected to the mar-
gin of the host by fractures. This feature and the
rounded nature of the inclusions suggest that they
were primary phases formed in the xenolith prior to
their host and subsequenfly overgrown, possibly dur-
ing a later deformation or metasomatic event,
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IN HAI.I GARIIET LHERZOLITESpinel lherzolite

The two xenoliths of spinel lherzolite (Ham 051,
071) are weakly porphyroclastic and consist of
weakly deformed olivine and orthopyroxene and
subordinate clinopyroxene and an opaque phase.
Most silicate grains demonstrate weak to moderare
undulose extinction and kink banding. Strongly
deformed grains of orthopyroxene have exsolved fine
lamellae of clinopyroxene. Grains of pale and
medium dark green clinopyroxene, where strongly
deformed, have exsolved fine lamellae of
orthopyroxene. In contrast to pale green types, dark
green clinopyroxene exhibits a disequilibrium con-
tact with other silicate phases. Contact zones are tlpi-
cally irregular and turbid; in Ham 051, tiny euhedral
grains of aluminous magnesian chromite have deve-
loped. These grains of spinel are compositionally
similar to the intergranular spinel. The latter occur
as round to ovoid intergranular opaque grains. The
spinel grains in Ham 071 occur as intergranular,
translucent, orange-brown to reddish brown, cuspate
grains. Typically contacts are round and embayed,
large grains partly engulfing small- to medium-sized
silicate grains.

MrNeRAr- Cnrursrny

All minerals were analyzed at Dalhousie Univer-
sity using a Cambridge MK V microprobe (EDS) and
natural standards. Raw X-ray intensities were cor-
rected using EDATA 2. Following Boyd & Finger
(1975), average mineral compositions (Tables l-6)
are based upon three to six mineral analyses per sam-
ple. These averages have been used to estimate the
temperatures and pressures of equilibration given in
Table 7.

Olivine

The average composition of olivine in the garnet
and spinel lherzolites is given in Table l. Each
xenolith has a relatively distinct compositional popu-
lation of olivine, and there is no intraxenolith com-
positional variation among texturally similar grains
of olivine. The olivine is extremely magnesium- and
nickel-rich @oe.6-Foe.5, 0.20-0.70 wt.9o NiO). The
nickel content demonstrates a positive correlation
with increasing forsterite content. The coarse granu-
lar olivine in granular lherzolites is the most
magnesium- and nickel-rich @oe,.r-Foe2.r, av. 0.37
wt.9o NiO), followed by porphyroclastic olivine in
porphyroclastic (Fono.r-Fo er.2, av, 0.29 wt. go NiO)
and mosaic-textured xenoliths (Foe1.,-Foe1.e, av.
0.35 wt.9o NiO). Olivine neoblasts are weakly
magnesium- and nickel-rich compared to parental
olivine in each textural type. The olivine that occurs
as inclusions is compositionally similar to the aver-
age olivine in the host xenolith.

TABLE 
'Ib. 

AVERAGE COI'{PO5ITION OF OLIVINE IN HAI4 SPINEL LHERZOLITE

# S i0-  T i0^  Cr^o^

000b 40.62 0.02 0.01
001a 40 .38  0 .00  0 .06

002a 40.99 0.00 0.04
004c 40 .50  0 .00  0 .01
005a 40 .11  0 .00  0 .00
006b 40 .16  0 .00  0 .05
0 l2a  40 .84  0 .00  0 .02
0 l4b  40 .58  0 .01  0 ,04
o?la 40.42 0.00 0.06
03lb 40.45 0.02 0.02
032c 40.12 0.00 0.00
036b 40.64 0.02 0.04
04 lc  40 ,23  0 .00  0 .02
045c 40.30 0.00 0.00
046c 40.08 0.00 0.03
048c 40.45 0.00 0.00
055c 40.49 0.00 0.06
056b 40 .40  0 .00  0 .03
057b 40.70 0,00 0.02
059b 40 .63  0 .00  0 .08

Fecrr l'1S0 li1n0

8.54  50 .02  0 .04
8.21  50 ,45  0 .02
8.49  50 ,64  0 .09
8.31  50 .07  0 .08
7.91  50 .48  0 .03
9 . 1 6  4 9 . 4 S  0 . 1 0
8.15  50 .57  0 . .06
9 . 8 4  4 9 . 1 5  0 . 1 1
8.16  50 ,36  0 .05
8.68  49 .61  0 .09
7.78  50 .86  0 .05
8 . 1 8  5 0 , 2 6  0 . l l
9 .23  49 .46  0 .08
9.39  49 .30  0 .06
8.51  50 .12  0 .06
7.81  50 .45  0 .07
8.04  50 ,  t4  0 .05
7 . 7 0  5 0 . 9 5  0 . 1  I
8 .09  50 .47  0 .02
80.2  50 .29  0 .  l  l

Ni 0 Cao Total

0 .28  0 .00  99 .53
0.35  0 .00  99 .47
0.31  0 .05  r00 .56
0.33  0 ,00  99 .30
0.47  0 .00  99 .00
0.43  0 .05  99 .38
0.30  0 .00  99 .s8
0.43  0 ,06  100.22
0.40  0 .00  99 ,45
0.30  0 .00  99 .  I  7
0 .54  0 .00  99 .35
0.34  0 .00  99 .59
0.35  0 .00  99 .37
0.40  0 .01  99 .38
0.40  0 .00  99 .20
0.33  0 .00  99 .11
0.33  0 .00  99 .  I  I
0 .43  0 .01  99 .53
0.33  0 .00  99 .63
0.30 0.02 99,45

# s i02

05 la  40 .40
07 la  40 .54

Nl 0 Cao Total

0 .39  0 .00  99 .47
0.39  0 .00  99 .55

TJ02

0.02
0.00

Cr203 Feo* MSo Mno

0.08 7 .83  50 .71  0 .04
0.00  7 .79  50 .85  0 .08

r  total  i ron as Fe0. a Granular,  b porphyroclast lc,  c mosaJc.

Olivine in spinel lherzolite is magnesium- and
nickel-rich (Foe1.e-Foe2.2, 0.30-0.48 fi.70 NiO),
with forsterite contents falling within the compos!
tional range of olivine in granular garnet lherzolites.

Orthopyroxene

Compositionally (Table 2), orthopyroxene is a
Cr-Al-poor enstatite u00 Mg/(Mg + Fe) 91.4-93.51.
Negligible compositional variation was detected
within each population in the garnet lherzolite
xenoliths, although significant intergrain composi-
tional differences were detected in spinel therzolite
xenoliths. The compositional variation in general
parallels textural changes in the xenolith suite,
orthopyroxene in mosaic-textured xenoliths being
iron- and calcium-rich [100 Me/(Mg+Fe) 0.914 to
0.925,0.90 to 1.10 wt.9o CaOl and chrome-poor
(0.30 to 0.50 wt.7o Cr2Or) compared to orthopyrox-
ene in porphyroclastic [100 Mg/(Me +Fe) 92,2 to
93.2, 0.75 to 0.95 wt.9o CaO, 0.30 to 0.65 wt.9o
CrtOrl and granular-textured xenoliths [00
Mgl(Mg+Fe) 92.81o 93.5,0.60 to A.92wt.0/o CaO,
0.30 to 0.75 fi.90 Cr2O3l. Aluminum is weakly
enriched in mosaic-textured xenoliths compared to
porphyroclastic and granular types, the former on
average containing 1.27 wt.Vo AlrOr, and the latter
types, which cannot be distinguished chemically, con-
tirining on average 1.09 wt.9o Al2Or.

Orthopyroxene in the two xenoliths of spinel lher-
zolite (Ham 051 and 071) are compositionally simi-
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T$LE 2a. AVERAGE COI'IPOSITIOI'I OF ORTIIOPYROXENE FROI.I HTI'I OARI{ET LHERZOLITE

# Sl0" Tio, A1"0. C.,or Fefi M90 l, lno Nlo Cao Total

000b 56 .51  0 .08  l . l5  0 .36  5 .09  35 .70  0 .03  0 .02  0 .83  99 .87
00 la  56 .56  0 .13  1 .40  0 .59  4 .75  35 .70  0 .09  0 .00  0 .89  l00 . l l

0O2a 57.39  0 .13  1 .08  0 .45  5 .12  34 ,77  0 .13  0 .05  0 .61  99 ,73

O04c 56 .08  0 .19  1 .14  0 .45  4 .99  35 .83  0 .06  0 .07  0 .78  99 .59
O05a 56.13  0 .21  1 . l l  0 .49  4 .90  36 .23  0 .03  0 .00  0 .77  99 .87
006b 55 .7 t  0 .  14  1 .24  0 .36  5 .86  35 .98  0 .05  0 .03  1  .03  100.40
0 l2a  56 .60  0 .00  1 .13  0 .70  4 .93  36 .23  0 .04  0 .09  0 .78  100.50
0t4b  57 .12  0 .23  1 .48  0 .40  6 .40  33 .90  0 .08  0 .06  l .13  100.80
02la 56.54 0.00 1.09 0.33 4.86 36.09 0.04 0 06 0.67 99.68
03lb 56.10 0.06 1.28 0.32 5.22 35.50 0.05 0.09 0.82 99.44
032c 56.69 0.02 0.90 0.39 4.88 36.79 0.04 0.04 0.41 100.15
036b 56 .61  0 .0 t  1 .09  0 .54  4 .84  36 .12  0 .05  0 .06  0 .72  100.40
04 lc  55 .97  0 .24  l .14  0 .50  5 .58  35 .10  0 .06  0 .07  0 .98  99 .64
045c 56.29 0.00 I .45 0.37 5.60 34.98 0.07 0.07 1.05 99,88
046c 56.08 0.?1 1.23 0.52 5.27 35.58 0.04 0.14 0.96 100.30
048c 56 .58  0 .03  l . l l  0 .59  4 .76  36 .20  0 .06  0 .07  0 .79  100.19
055c 56 .37  0 .13  1 .20  0 .52  4 .87  36 .14  0 .06  0 .09  0 .89  100.27
056b 56.42 0.00 1.06 0.59 4.64 36.44 0.04 0.09 0.70 99.98
057b 57 .34  0 .00  l .16  0 .47  4 .79  35 .92  0 .01  0 .05  0 .87  100.61
059b 56 .40  0 .00  t .19  0 .48  4 .85  35 .94  0 .02  0 .08  0 .90  99 .86

.TABLE 
2b. A!'EMGE COI'IPOSITTON OF ORTHOPYROXENE FROII1 HAI'I SPINEL LHEMOLITI

# Sl0Z Tj02 A1203 Cr203 Feo* Mgo Mno Nio Cao Total

05 la  56 .70  0 .03  0 .94  0 .67  4 .90  36 .36  0 .03  0 .06  0 .52  100.21
07 la  56 .23  0 .01  2 .27  0 .36  5 .26  36 .07  0 .09  0 .00  0 .25  100.54

* total  l rcn as Feo. a Granular,  b porphyrcclast lc,  c msalc.

'IABLE 3a. AVERAGE C0MP05I'II0N 0F CLII{0PYR0XENE FR0M HAx CARIET LHERZoLIE

# Si02 Tl02 AlZ03 Cr203 Feo' Mgo l '4n0 Cao Na20 Totdl

000b 55 .47  0 .22  2 .45  1 .42  2 .22  17 .72  0 .00  19 .39  1 .46  100.35
00 la  55 . . l4  0 .26  2 .56  

'1 .89  2 .38  17 .62  0 .00  18 .42  I .65  99 .92
002a 54 .30  0 .28  2 .51  1 .75  2 .51  16 .98  0 .09  1S.80 1 .92  99 .16
004c 54 .78  0 .55  2 .30  1 .37  2 .52  17 .94  0 .00  19 .01  1 .43  99 .90
005a 55 .37  0 .31  2 .20  l .B4  2 .39  17 .87  0 .00  19 .03  1 .41  100.42
006b 54 .99  0 .28  2 .19  1 .40  3 .27  18 .27  0 .00  18 .01  l .16  99 .57
012a 54 .97  0 .00  1 .73  2 .37  2 .36  17 .60  0 .00  18 .97  1 .29  99 .29
0 i4b  54 .10  0 .45  2 .53  1 .20  3 .60  18 .33  0 .13  17 .68 .  1 .43  99 .45
02 la  55 .35  0 .10  2 .47  1 .56  2 .51  17 .44  0 .00  18 .97  1 .60  100.00
03tb  55 .10  0 .27  2 .45  1 .40  2 .71  17 .40  0 .00  18 .62  1 .49  99 .50
032c 55 .22  0 .10  2 ,28  I .90  1 .88  16 .44  0 .00  20 .76  l .68  100.26
036b 55 .36  0 .10  1 .87  1 ,97  2 .3A 17.98  0 .00  19 .62  1 .26  100.54
041c 54 .88  0 .67  2 .01  1 .50  2 .84  18 .30  0 .00  18 .76  1 .18  100.14
045c 55 .41  0 .06  2 .31  l . l l  2 .78  18 .63  0 .01  18 .76  l .12  100.19
04& 55.36  0 .38  1 .76  1 .22  2 .84  18 .44  0 .00  19 . . )0  0 .88  99 .98
048c 55 .32  0 . l0  1 .96  1 .68  2 .42  18 .07  0 .00  19 .33  1 .24  100.12
055c 54 ,77  0 .40  2 .21  1 ,70  2 .58  17 .84  0 .00  18 .56  1 .38  99 .44
056b 55 .01  0 .04  l .B t  2 .21  1  .99  17  .47  0 .00  20 .06  1 .29  99 .88
057b 55 .39  0 .10  1 .95  t .54  2 .62  1a .52  0 .00  19 .28  l . l2  100.52
059b 54 .98  0 .16  1 .87  1 .54  2 .52  18 .44  0 .01  18 .94  1 .07  99 .53

TABLE 3b. AVEMGE COMPOSITIOII OF CLINOPYROXEI'IE FROM HA}l SPINEL LHERZOLITE

# Sj02 Tl02 A1203 Cr203 Feo* fi90 Mno Cao t{azo Total

05 la  55 .35  0 .24  2 .20  3 .13  2 .21  16 .61  0 .00  18 .51  2 .02  100.27
07 la  54 . l2  0 .06  3 .93  1 .22  1 .56  16 .09  0 .00  21 .21  1 .22  99 .41

* total  l ron as Fe0. a Granular,  b porphyrcclast lc,  c msaic.

lar, the former being only slightly magnesium-rich
but significantly calcium-rich [av. 100 Mg/(Mg + Fe)
92.9, av . 0.52wt.010 CaOl compared to the latter [av.
100 Mgl(Mg + Fe) 92.4, av. 0.24 wt. Vo CaOl. Alu-
mina and chrome contents in Ham 051 have res-

tricted compositional ranges (0.80 to 0.98 wt.9o
Al2O3, 0.58 to 0.70 wt.9o Cr2O3) compared to the
Ham 071, in which alumina and chrome vary widely
(0.54 to 3.20 wt.tlo Al2O3, 0 to 0.58 wt.9o Cr2O).
The broad compositional range displayed by
orthopyroxene and clinopyroxene (see below) in
Ham 071 suggests that this xenolith contains a dis-
equilibrium assemblage of minerals.

Clinopyroxene

Clinopyroxene in all xenoliths of garnet lherzo-
lite except Ham 032 is compositionally uniform
(Table 3). That in mosaic-textured xenoliths is
slightly calcium-poor [Cal(Ca+Mg) 0.415 to 0.430]
and has a broader range in titanium content (0 to
0.83 wt.Vo TiO) compared to compositionally simi-
lar pyroxene in porphyroclastic- and granular-
textured xenoliths [Cal(Ca + Mg) 0.425 to 0.455, 0
to 0.41 w.9o TiO2l. The aluminum and sodium
content of all pyroxenes is similar. The pyroxene in
Ham 032 is distinctly calcium-rich and magnesium-
poor [Cal(Ca + Mg) 0.47 2 to 0.495] compared to that
in other garnet lherzolite xenoliths [Cal(Ca+Mg)
0.415 to 0.4551. It is intermediate in composition
between the latter and clinopyroxene in spinel lher-
zolite 071.

The compositions of clinopyroxene in spinel lher-
zolite demonstrate a bimodal variation both within
and between the two xenoliths. The light green
clinopyroxene in Ham 051 is compositionally simi-
lar to clinopyroxene in garnet lherzolite in that it has
comparable Ti (0.10 to 0.40 wt.9o TiO) and Al
contents (1.90 to 2.41 wt.olo Al2O3) and a slightly
higher Na content (1.66 to 2,33 wt.s/o). The core of
a single dark green clinopyroxene is distinctly
magnesium-rich [Cal(Ca + Mg) 0.399] compared to
the rim (turbid, light green) [Cal(Ca+Me) 0.zl4l]
and to other pyroxene grains in the same xenolith.
The crystallization of tiny euhedral grains of
aluminous magnesian chromite (see below) in an
alteration mantle around this grain accounts for the
depletion of minor elements in the rim of the pyrox-
ene relative to the core (rim-core TiOt0.ll versus
0.28 wt,t/0, Al2O3 l.9l versus 2.X wt.Vo, Cr2O3
2,7 9 v ersus 2.96 wt.0/0, F eO 2.29 v e rsus 2.65 wt. 9o ).
These spinel grains are compositionally similar to
larger lobate grains associated with Ca-rich pyrox-
ene elsewhere in the xenolith.

The pyroxene in Ham 071 demonstrates a bimo-
dal compositional variation, both the calcium-poor
lCal(Ca + Mg) 0.4411 and calcium-rich
lCa/ (Ca + Mg 0. 505 to 0.5 1 51 varieties containing
an average lower Ti (0 to 0.25 wt.9o TiO) and
higher Al (3.55 to 4.39 wl,tlo Al2O3) contents than
pyroxene in other spinel and garnet lherzolite
xenoliths. This bimodal compositional variation
reflects the disequilibrium nature of this lherzolite
assemblage.
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TABLE 4. AVEMGE COMPOSITION OF MRNET FROM HAI'4 GARNET THERZOLITEGarnet

The garnet in the xenoliths is chrome-pyrope
(Group 9 of Dawson & Stephens 1975; Table 4). Ti-
poor and unusually Ti-rich varieties are present. Iron-
rich types are absent. The compositions of the gar-
net in all xenoliths span a similar range of
Mgl(Me + Ca) , 0.8?.4 to 0.872, those from granular-
textured xenoliths demonstrating the broadest range
and those from mosaic-textured xenoliths contain-
ing on average the highest Fel(Fe+Mg) [av.
Fel(Fe + Mg) 0. l53l values. Two mosaic-textured
xenoliths (Ham 041, 046) contain unusually Ti-rich
garnet (0.41 to 0.7! wt.7o TiO2, 5.25 to 5.90 wt.go
Cr2O) and are weakly iron- and calcium-rich com-
pared to the relatively Ti-poor garnet (TiO2 < 0.40
wt.9o) in granular-, porphyroclastic- and other
mosaic-textured xenoliths. Detailed microprobe
traverses were not attempted across individual grains,
so that the presence of complex patterns of zoning,
such as those detected in Ti-rich metasomatic gar-
net by Smith & Ehrenberg (1984) and Laz,ko &
Serenko (1984), could not be detected.

Spinel

Two compositionally distinct spinels (Table 5)
occur in the spinel lherzolites. Ham 051 contains Ti-
rich (av. 4.62 wt.v/o TiO) aluminous magnesian
chromite [av. Crl(Cr+Al) 0.778, av. Fel(Fe+Mg)
0.4191 both as an intergranular phase and as tiny
euhedral grains [3.85 wt.9o TiO2, Crl(Cr+Al)
0.777,Fe/@e+Mg) 0.3991 in rhe recrystallized mar-
gin of a compositionally zoned clinopyroxene grain.
Coexisting orthopyroxene has an average AlrO,
content of 0.94 fi.V0. This xenolith, according to
Carswell's (1980) classification, is a chromite lher-
zolite.

The spinel in Ham 071 (Table 5) is a composition-
ally uniform Fe-rich member of the chromite-
pleonaste series [av. Crl(Cr+Al) 0.309, av.
Fel(Fe + Mg) 0.3051. Using Carswell's classification
scheme, Ham 071 is a Cr-spinel lherzolite, the spinel
coexisting with a relatively aluminum-rich
orthopyroxene (1.89 wt.9o AI2OJ.

Silicate inclusions

A comparison of Table 6 and Tables I to 3 shows
that mineral inclusions are similar in composition to
the average composition of that mineral species in
the xenolith framework. Smith & Ehrenberg (1984)
determined a similar relationship for olivine,
orthopyroxene and clinopyroxene that occur as inclu-
sions in metasomatized xenoliths, but showed that
garnet as inclusions differs compositionally from the
framework garnet. They concluded that this differ-
ence is due to slower rates of cation diffusion and
chemical equilibration between the included garnet
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I sl 0^ Tl 0- Al -0. Cr^o.
z  z  z J  z J

000b 41 .59  0 .33  20 .79  3 .45

0 0 l a  4 1 . 3 3  0 . 3 5  1 9 . 7 1  5 . 0 0

002a 42 .18  0 .29  20 .99  3 .87

004c 41 .57  0 .30  20 .42  3 ,93

005a 41 .37  0 .18  20 .19  4 .45

006b 4 t .14  0 .32  19 .66  4 .49

0 l2a  41 .05  0 .00  17 .65  8 .57

0t4b  4 t .28  0 .51  20 .11  4 .03

021a 4 l  .87  0 .05  21 .44  3 .21

03 lb  41 .5r  0 .26  20 .63  3 .09

032c 41.46 0.04 20.74 4.01

036b 40 .98  0 .00  18 .71  6 ,72

04 lc  40 .80  0 .87  18 .67  5 .35

045c 41 .61  0 .08  20 .90  3 ,45

046c 40.75 0.56 19.00 5.64

048c 41 .67  0 .16  19 .55  5 .31

055c 4 l ,05  0 .25  19 .07  5 .83

056b 41 .00  0 .09  18 .43  7 .10

057b 42 ,93  0 .06  18 .71  6 .24

059b 4 l ,41  0 .15  t9 .40  5 .66

Feo* l',190 Mno Cao Total

6 .74  21 .99  0 .28  4 .91  100,08

6.14  22 ,21  0 .23  4 .91  99 ,88

7.40  21 .07  0 .39  4 .85  101.14

6.52  21 .90  0 .16  5 .13  99 ,93

6.39 22.09 0.23 5.04 99.94

7.06  21 .44  0 .13  5 .43  99 .67

6.39  20 .82  0 ,29  6 .17  100,94

7.34  20 ,34  0 ,34  5 ,36  99 .30

6.61  ?2 .42  0 .24  4 .67  100.51

7.05 22.32 0,20 4.57 99,63

7.01  2 f .19  0 .32  4 .99  99 .76

6.39 21.28 0.26 s.59 99.93

7,23  21 .04  0 ,23  5 .85  100.04

6 . 9 5  2 1 . 8 5  0 . 1 7  5 . 1 9  r 0 0 . 2 0

6.74  21 .09  0 .24  6 ,0s  100.07

6.06  21 .83  0 .24  5 .41  100.23

6.05  21 .88  0 . r7  5 .27  99 .57

6.25  21 .13  0 .28  5 .86  100.14

6.26  20 .93  0 .14  5 .54  100.81

6.22  21 .54  0 .19  5 .76  100.33

*'Iotal iron as Feo. a Granular, b porphyroclastjc, c nosa'ic'

TABTE 5. AVEMGE COI'IPOSITION OF SPINEL IN HAiI SPINEL LHERZOLITE

f  s l02

05 la
05rb  1 .01
071

Tl02 41203 Cr203 Feor ltlno

4 .62  10 .09  51 .55  19 .16  0 .40
3.85  9 .52  51 . t5  18 .96  0 .42
0.04 40.61 27.05 13.86 0.37

MSo Nio Total

14 .90  0 .19  10 t .01
15.45  0 .21  100.57
' t7 .88  0 .17  99 .98

05la -  ovold, opaque spinel

051b - subhedral to euhedral, opaque splnel found ln the reactlon nargin
of a hlghly altered, brlght-grcen chr@-dlopslde.

071 - t ranslucent,  orange-red, cuspate splnel.

T$LE 6. CoHPoSITI0N 0r n0U[D INCLUSIoIS AND CoLLARS 0ll ,4ll'IERA! cRAlils IN
LHERZOLIII IITIERALS

A
0l tvlre

t Sl0" Tl0. A1"0. Cr-o. Fe0r lbo l4n0 t{10 Cao Total

001 40.40 0.00 0.00 0.18 8.15 50.53 0.00 0.38 0.00 99.69
004 40.51 0.00 0.00 0.07 8.08 50.02 0.10 0.?9 0.00 99.07
036 40.73 0.00 0.00 0.@ 8.10 50.55 0.16 0.35 0.00 100.00
036 40.79 0,08 0.00 0.05 8.26 50.22 0.00 0.26 0.00 99.73
051 40.48 0.00 0.00 0.15 7.73 50.58 0.00 0.37 0.00 99.41

055i 40,42 0.00 0.00 0.00 8.16 49,96 0.06 0.35 0.00 99.01
059 40.69 0.00 0.00 0.05 8.00 50.31 0.09 0.30 0.05 99.49
059h 40.80 0.00 0.00 0.07 8.02 50.41 0.09 0.33 0.00 99.75
Al1 erloples lncluded ln gamet ercept (a) ln garnet kelyphlte and (s) ln
orlnoplmxene.

Cl lmptM€e

Il0" Al"0- Cr"o. Feo* Hqo Cao F1r0

0.07 2.42 l .4t  2.38 t7.37 19.20 0.00
0.07 2.45 t .54 2.46 t7.33 19.34 0.00
0.00 2.30 1.38 2.58 17.19 19.14 0.00
0.10 2.34 l . l6 2.81 18.61 18.58 0.00

All er@ples lncluded ln gamet except (*) rhlch rcpr€s€nts a dlscontiruous colla.
around r gfnet Md (s) an lncluslon jn ol lv lne.

c
hhoplm&e*

, Si02 Il02 A1203 Cr203 fe$ Ugo k0 Nio Cao lotal

55 55,58 0.00 l ,  n 0,38 5.00 36.80 0.00 0.00 0.77 99.64
*Gra ln  inc luded ln  an  o l l y i le .
* Total lron as Feo.

f  s l02

21h 55.58
2lbr 55.37
zlc.  54.95
45 55.19

Nlo [a20 Totd]

0.00 1.65 t00.07
0.00 L56 100.12
0.00 l .41 98.95
0.00 1.04 99.82
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Garnet |herzolite

000, b
001 a
002 a
004 c
005 a
006 b
012 a
0 t 4  b
021 a
031 b
032 c
036 b
041 c
045 c
046 c
048 c
055 c
056 b
057 b
059 b
Splnel lherzoll ie

051
051
05t
071

IABLE 7. gQUILIBMTION TEMPERATURES AND PRESSURES OF.XENOLIIHS methods (Table 7) is suitable as an estimate of tem-
perature if there is good agreement among the
methods. Mitchell (1984), however, contended that
this approach is unreasonable if there is a wide range
in the calculated temperatures and suggested that the
mean temperature is no more valid than one deter-
mined by any single method. The wide range in cal-
culated temperatures given in Table 7 thus suggests
that a single calculation is more appropriate for the
Ham data than the averaging method used by Car-
swell & Gibb (1980).

Temperatures calculated by the methods of Fin-
nerty & Boyd (1987) and Mori & Green (1978) are
in good agreement in general. The Finnerty & Boyd
(1987) approach is based upon new reversed
experimental studies of the pyroxene solvus by Nickel
& Brey (1984) and Brey & Huth (1984) at high pres-
sures. Typically, temperatures calculated by this
method are up to 50'C higher than temperatures cal-
culated using the approach of Wells (1977).

As yet there is no agreement as to which of the
geothermometers available gives accurate estimates
of equilibration temperatures. Carswell (1980) and
Mitchell et ol. (1980) have suggesred that the method
of Wells (1977) gives the closest agreement between
calculated temperatures and measured temperatures
for natural assemblages equilibrated at known tem-
peratures and pressures. Finnerty & Boyd (1984,
1987) have argued, however, that only geother-
mobarometers that place graphite- or diamond-
bearing lherzolites in their correct fields of stability
relative to the diamond-graphite univariant curve are
reliable. Finnerty & Boyd (1987) claim that only the
Lindsley & Dixon (1976) 2}-kbar solvus and their
new formulation of the solws meet these constraints.
Discussion of the relative merits of the various
geothermometers is beyond the scope of this paper.
Temperatures based on the Wells (1977) method have
been used here to calculate equilibration pressures
in order that direct comparison may be made with
the previously published equilibration-parameters of
Somerset Island lherzolites (Mitchell 1978).

Pressures of equilibration for the garnet lherzo-
lites are thus calculated using the Wells (1977) tem-
peratures in conjunction with Wood's (1974) formu-
lation of MacGregor's (1975) data for the
incorporation of aluminum in orthopyroxene coex-
isting with garnet. Corrections for chromium con-
tent have not been applied to the data, as Mitchell
et ol. (1980) showed that such a correction introduces
unwarranted discrepancies into calculated pressures
compared to calculations that neglect the influence
of chromium.

Table 7 thus shows that the garnet lherzolites from
Ham have equilibrated at927-ll5loC over a prbs-
sure range of 32 to 40 kbar. No simple relationship
exists between textural type and equilibration tem-
peratures. Coarse-textured (1022-lW4oC, 35.5-38.4

A B C D E
1067 1098 l l07  1170 1093
1094 i l48  l l34  l t96  l t99
1022 1084 1089 1057 nl7
1085 i l35  l126 l t69  n98
1 0 8 0  l l 3 0  l l t B  l l 5 5  t 1 5 6
l t51 1204 1209 1283 1308
1 0 9 3  l l l 3  i l 3 4  l l 1 4  l l 7 8
1141 1221 1284 1207 1293
1064 1104 ' , t100 

l t95  t21 l
1087 1 f21 1131 1220 1217
927 855 947 970 t017

'1076 
1099 l1  t4  1  l2 l  l l 69

1126 1167 1180 1138 i l87
1137 i l83  l l93  1165 l l74
'1 t40 i l 56 1 192 l t85 1 234
'1093 i l23  1132 l t86  1225
I 109 1 I 52 l t5t 1250 I 274
1038 1032 1069 1033 1092
| l l 3  1 1 5 0  l t 5 6  l l T t  l 2 1 7
'l120 

1165 1164 1172 1216

F l 2 3
'13 . )8  

37 .3  40 .1  45 .2
1379 36 .1  40 .1  45 .4
'1057 

35 .5  40 .3  45 .2
'l331 

38.3 42.6 41.6
l25t 38.4 43.4 47.6
1321 40.2 43.0 50.7
r263 37 .5  39 .4  46 .5
1297 36.7 40.1 49.0
'1293 

38.3 42.1 46.4
1255 37,3 40.0 45,2
1037 32 .5  30 .1  33 .3
1271 37  .4  39 .9  46 .1
1297 39.5 42.4 49.7
1414 37.4 40.7 47.7
]249 38.9 40.5 47.9
]349 38.8 42.7 47.3
r3B0 38.3  41 .7  48 .0
r2r4  35 .7  36 .5  42 .4
'1280 

39.1 38.7 48.5
'1310 

38 .8  41 .6  48 .9

H
272 (frmemrk-frilework cpx-opx)
- (core-frmerorkcpx-opx)

295 (r' lm-freemrk cpx-opx)
251

a Granular,  b porphyrcclast ic,  c mosaic.  Tsperatures from A) l , le l ls
(1977) pyroxene solvus, B) Finnerty & Boyd (1987) pyroxene solvus,
C) Flor l  & Grtrn (1978) pyroxene solvus, D) Mori  & Gfeen (1978) Kn
g a r n e t  -  c l i n o p y r o x e n e ,  E )  E I l l s  &  G r e e n  ( 1 9 7 9 )  K D  g a m e t  -  c l l n 6 p y r o x -
e n e ,  F )  0 ' N e j l l  8  l o o d  ( 1 9 7 9 )  g a r n e t  -  o l l v l n e  e q u i l l b r l a ,  G )  F a b f l a s
( 1 9 7 9 )  s p l n e l  -  o l l v l n e  e q u l l l b r l a ,  H )  R o e d e r  e r  4 z .  ( 1 9 7 9 )  s p i n e l  -
o l l v l n e  e q u l l l b r i a .  P r e s s u r e s  f r c n  l )  l t e l l s  ( 1 9 7 7 )  -  l . t o o d  ( 1 9 7 4 ) ,  n o
correct ion for Cr,  2) Finnerty & Boyd (1987) -  Hood (1974),  no corfect-
l o n  f o r  C r ,  3 )  F i n n e r t y  &  B o y d  ( 1 9 8 7 )  -  M a c G r e g o r  ( 1 9 7 4 ) .

and its host compared to olivine and pyroxene. The
single crystal of garnet found as an included phase
in the Ham xenoliths was not analyzed, so that this
interpretation was not tested.

GsornrnN4osaRoMETRy

'fable 7 presents estimates of equilibration tem-
peratures and pressures of garnet and spinel lherzo-
Iites calculated using the pyroxene solws (Wells 1977,
Finnerty & Boyd 1987, Mori & Green 1978), garnet-
clinopyroxene (Mori & Green 1978, Ellis & Green
1979) and spinel-olivine equilibria (Fabrids 1979,
Roeder et al.1979).

The Wells (1977) formulation of the pyroxene
solvus consistently estimates lower temperatures than
a1l the other methods. The discrepancies among the
calculated temperatures are not consistent €rmong
methods and do not increase with increasing tem-
perature. Temperature differences are not a func-
tion of textural type, nor of contents of iron and
minor elements, as observed by Carswell & Gibb
(1980).

Carswell & Gibb (1980) indicated that a mean tem-
peratlue calculated by their five recommended

1062 435
'i l41
.)059 

458
950 929
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kbar), porphyroclastic-textured (1038-ll5l 'C,
3 5.7 40.2 kbar) and mosaic-textured (l 085- I 140' C,
37.4-39.5 kbar) xenoliths, with the exception of Ham
032 (mosaic-porphyroclastic), have equilibrated over
similar relatively limited intervals of temperature and
pressure. Although mosaic'textured xenoliths in
general give the highest temperatures of equilibra-
tion, Ham 032 has equilibrated to the lowest tem-
perature (9n'C) and pressure (32.5 kbar) found for
this xenolith suite.

Figure I depicts the temperature-pressure array
of equilibration data for the Ham xenoliths in rela-
tion to several theoretical shield-geotherms (Gurney
& Harte 1980) and to the graphite-diamond univar-
iant curve (Kennedy & Kennedy 1976). The data
points do not define a curvilinear array that could
be interpreted as a geotherm but form a diffuse
cluster approximately coincident with a 44-mWm-2
theoretical shield-geotherm and with the upper limb
of an apparent geotherm defined by other garnet
lherzolite data from Somerset Island (Mitchell 1978,
1987). Ham 032, a low-temperature mosaic-
porphyroclastic-textured xenolith, plots with several
Iow-temperature coarse lherzolites from Somerset
Island (Mitchell 1978) close to the 44-mWm-2
geotherm. Mitchell (1978) interpreted these data as
defining the lower limb of an inflected geotherm.
However, the paucity of such low-temperature
xenoliths from the Ham kimberlite precludes further
interpretation of the data.

Together, all the data for the Somerset Island gar-
net lherzolite suite define an inflected or perturbed
geotherm, in which the majority of samples regard-
less of textural type plot at relatively high tempera-
tures over a limited range of pressure @ig. l). All
of the Somerset Island data have equilibration
parameters outside the stability field of diamond,

Apparent geotherms of similar configuration and
orientation with respect to theoretical geotherms and
the diamond-graphite univariant curve have been
described from Namibia (Mitchell 1984) and East
Griqualand (Nixon & Boyd 1979). A similar lack of
correlation between equilibration temperature and
textural type has been noted for xenoliths derived
from Namibia (Mitchell 1984), Matsoku (Harte et
ol. 1915) and the Kimberley area (Boyd & Nixon
1978).

Equilibration temperatures of clinopyroxene-
bearing spinel lherzolite xenoliths may be calculated
using two methods. Owing to uncertainties in ther-
modynamic data for spinels, the pyroxene solvus
geothermometer (Wells 1977) is considered to give
more reliable estimates of temperature than metJrods
based upon Irvine's (1965) olivine-spinel geother-
mometer. Fabrids (1979) and Roeder et al. (1979)
have demonstrated that the latter method can give
realistic temperatures if applied to rapidly trans-
ported mantle-derived assemblages. However, appli-
cation to Alpine and basic intrusive complexes
demonstrates that re-equilibration to low tempera-
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FIc. l. Equilibration conditions of the Ham garnet lherzolite xenbliths. Data for

Lesotho, Montana, Namibia, East Griqualand and Somerset Island from Nixon
& Boyd (1973), Hearne & McGee (1984), Mitchell (1984), Nixon & Boyd (1979)
and Mitchell (1978), Mitchell et al. (1980), respectively. Representative shield-
geotherms of 44 mWm-2 (convection) and 42 mWm-2 (conduction) are from Gur-
ney & Harte (1980).
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tures easily occurs during slow cooling in the upper argued that annealing would recrystallize deforma-
crust. tion fabrics in such a pressure-temperature regime.

According to geothermometry based on the pyrox- The model of Green & Gueguen (1974),later deve-
ene solvus (Wells 1977), the spinel lherzolites have loped by Mitchell (1978, 1984), Mitchell et a/. (1980)
equilibrated between 950 and ll42"C. Ham 071, a and Gurney & Harte (1980), proposes that these tex-
Cr-spinel lherzolite, gives the lowest temperature tures were formed at higher levels in the mantle,
(950"C), and Ham 051, a chromite lherzolite with around an ascending diapir. Deformation fabrics
a disequilibrium assemblage, a range of tempera- would escape the effects of annealing owing tolheir
tures. Framework pyroxenes in the latter have rapid transport in an ascending kimberlite magma.
equilibrated at 1062"C, in contrast to the high tem- Mitchell (1984) argued that although the lower limb
perature (ll42"C) calculatedforthecoreof anon- of an inflected mantle geotherm may reflect the
equilibrium clinopyroxene and framework steady-state mantle geotherm, the inflected high-
orthopyroxene. The equilibration temperature for temperature limb is generated in response to a ther-
the rim assemblage (1059"C), which contains mal gradient about the rising diapir. In this manner,
euhedral chromite that is compositionally similar to a transient apparent geotherm is formed in response
the framework chromite, is in close agreement with to the thermal (Mitchell 1984) and possibly metaso-
thetemperaturecalculatedfortheframeworkpyrox- matic effects (Gurney & Harte 1980) of a rising
enes (l062oC). diapir.

Spinel-olivine equilibration temperatures (Table
7) calculated using either the Fabrids (1979) or
Roeder et al. (1979) methods are at variance with the
pyroxene solws temperatures. These discrepancies
suggest the presence of a disequilibrium assemblage.

Pressures of equilibration of the spinel lherzolites
may be crudely estimated using temperatures derived
by the method of Wells (1977) in conjunction with
experimental data presented by Obata (1980) and
O'Hara et al. (1971), for the stability of spinel,
garnet-spinel, and garnet lherzolites. Temperatures
and pressures of equilibration for the core of a dis-
equilibrium clinopyroxene in Ham 051 suggest that
this xenolith originally equilibrated at approximately
ll42"C and L9-20 kbar pressure. Equilibration
parameters for the framework minerals indicate par-
tial re-equilibration at approximately l060oC at
17-18 kbar. Ham 071 equilibrated at 950'C at 16-17
kbar.

The data on spinel lherzolite equilibration are con-
sistent with derivation of these xenoliths from high
levels of the upper mantle, together with re-
equilibration of the olivine and spinels during trans-
port and cooling in their kimberlite host.

DIScUSSIoN

A lack of correlation between increasing temper-
ature and intensity of deformation in lherzolite
xenoliths with increasing depth has been recognized
in some Canadian (Mitchell 1978, 1987) and South
African suites of xenoliths @awson 1981, Mitchell
1984). This relationship conflicts with Boyd's (1973)
model, which is based upon stress-related heating and
deformation associated with lateral movements at the
lithosphere-asthenosphere boundary. Boyd (1973)
and Boyd & Nixon (1975, 1978) proposed that the
porphyroclastic- and mosaic-textured xenoliths that
comprise the inflected limb of mantle geotherms
formed at this boundary; however, Goetze (1975)

Mitchell (1984) proposed that the population of
mantle-derived xenoliths possibly can contain
xenoliths from at least three mantle sources. These
include restite or residual mantle, representing frag-
ments of the upwelling diapir, modified mantle
representing material from the thermal aureole
(which may or may not be metasomatized)' and
unmodified xenoliths that represent mantle material
derived from outside thb area of influence of the
diapir's thermal aureole. Owing to the slow ascent
of the diapir, Mitchell (1984) contended that con-
tinual re-equilibration of xenoliths may occur and
that the maximum temperatures and pressures of
equilibration niay represent the minimum tempera-
ture and depth of magma separation fromthe source
lithology. These xenoliths do not retain any evidence
of their high-pressure and high-temperature source
region and may give equilibration temperatures simi-
lar to modified xenoliths.

Restite and modified xenoliths, therefore, do not
retain information regarding the steady-state ther-
mal structwe of their source region and are regarded
as comprizing the inflected limb of mantle geotherms
(e.g., Mitchell 1984). Unmodified xenoliths that have
escaped the thermal and metasomatic effects of the
rising diapir will preserve steady-state thermostrati-
graphic evidence and, therefore, form the lower limb
of a perturbed geotherm.

The xenolith population at Ham comprises both
high- and low-temperature, coarse and highly
deformed xenoliths. Such a mixed suite cannot be
entirely explained using models proposed by Boyd
(1973), Boyd & Nixon (1975, 1978) or Mitchell
(1984). The following model suggesting lateral and
vertical structural inhomogeneities in the mantle
about a magma source is proposed to account in part
for the range of deformation fabrics in the suite of
xenoliths.

It is reasonable to assume that a temperature gra-
dient will form around an ascending heat-source. The



heat source may be associated with rising hot vola-
tiles from deeper portions of the mantle or with an
ascending diapir. At any given time, if upward
migration is slow enough, isotherms will decrease in
a semiconcentric manner away from the source. This
temperature gradient may be equated to the inflected
limb of perturbed geotherms and, at shallower levels
in the mantle, will intersect the steady-state mantle
geotherm (Green & Gueguen 1974). Deformation
fabrics and fracture propagation may not be
associated directly with an ascending diapir, but may
be initiated by partial melting upon pressure release,
promoted by the infiltration of hot metasomatic
fluids (Spera 1981) to the levels that are stratigraphi-
cally higher than the diapir. Thus as fusion
progresses and the volume of magma produced by
partial melting increases, the magma pressure within
the partial melt region may gradually rise above the
mean normal stress due to lithostatic load, Spence
& Turcotte (1985) showed that long cracks (l to 1@
km) of narrow width (0.1 to 5 m) will occur when
driven by a slightly pressurized magma. Spera (1984)
indicated that fracture-swarm propagation also is a
plausible consequence of overpressure failure. Duc-
tile shear, as evidenced by mosaic and porphyroclas-
tic textures, is a likely mechanism of failure. In a
high-pressure and high-temperature regime, such
fabrics may be laterally zoned about planes of
failure, so that mosaic-textured mantle would occur
at the core and grade outward ultimately into granu-
lar textures. In an anastomozing swarm of fractures,
"islands" of undeformed mantle could be sur-
rounded by highly deformed mantle. Such zonation
in fabrics has been recorded by Dawsonet al. (1975),
Importantly, the lateral zonation would not record
a temperature gradient, as the range of fabrics would
be developed at the same thermobarometric horizon
in the mantle. Thus as a kimberlite magma ascends
through these fractures and begins to entrain man-
tle material, it will initially sample highly deformed
mantle and gradually, through attrition of the con-
duit walls, incorporate progressively less-deformed
mantle. In regions where "islands" of undeformed
mantle occur, successive batches of magma could
sample mantle with a wide range of textures.

This isothermal lateral zonation may be expected
to occur at any level in the mantle above the magma
source. However, vertical zonation in fabric and a
decrease in the width of the deformation halo also
may occur at shallower depths if the intensity of
volatile-induced fracturing decreases with decreas-
ing deplh. It follows that kimberlite magmas derived
from relatively immature source-regions may con-
tain a xenolith population with thermotextural
characteristics similar to those described by Boyd
(1973) and Boyd & Nixon (1975, 1978).In contrast,
mature areas may yield a population of xenoliths
containing both high-temperature granular- and
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mosaic-textured xenoliths. These relationships can
be complicated further by multiple episodes of nag-
matism, batch mixing of magmas, the rheological
sorting and attrition of xenoliths in rapidly ascend-
ing magmas and, possibly, metasomatically induced
temperature-gradients developed about fluid con-
duits.
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