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Abstract. South-east Livingston Island is dominantly composed of plutonic rocks, among them Barnard Point
Batholith being of Eocene age. Several small plutonic bodies are exposed on the eastern side of Hurd
Peninsula not very far from the batholith. They have been considered for a long time as related genetically
with it, but unanimous evidence for such affiliations is still not published. The new petrographic and
geochemical studies on the stocks exposed at the nunataks Moores Peak, Cerro Mirador, Dell Castillo, Willan
and Pliska reveal that the main rock varieties are diorite, quartz-diorite and granodiorite, similar to those of
the batholith.

Typical geochemical fingerprints of subduction-related processes (LILE enrichment, HFSE depletion
compared to LREFE) are observed and they are correlated to igneous rocks from other outcrops in the Hurd
Peninsula. The calc-alkaline affinity of the magmas is not very different from the trend of samples from the
volcanics of the Mount Bowles Formation, but at the same time it is also characteristic feature of the Barnard
Point tonalite as well. All samples from the stocks studied fall in the medium-potassium series. Whole-rock
and mineral compositions are compatible with processes of crystal differentiation and magma mixing
responsible for the rock variability.

The age constraints on the emplacement of the stocks are given by Ar-Ar isotope analyses (whole-rock
and monomineral). The new-obtained dating is in the range 45-50 Ma, thus coinciding perfectly with the
published already isotopic age of the Barnard Point tonalite of 46 Ma. This is also the age of one of the well-
spread dyke populations in Livingston Island. The new precise dating and the general geochemical correlation
support more firmly that all plutonic exposures along the eastern end of Hurd Peninsula are really apophyses
of the larger Barnard Point Batholith.
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Pesrome. FOrousrounara yact Ha ocTpoB JIMBHHICTBH € W3rpajicHa IJIAaBHO OT IUTYTOHHYHH CKaJd. Mexay
TSAX € U COLEHCKHUs MO Bh3pacT O6atonut bepuapa [ToiHT. HAk0IKO MajKK MIyTOHHYHH TEJa Ca Pa3KPHUTH OT
M3TOYHATa CTpaHa Ha MOJIyOCTpoB XbpI, Hefmaned oT Oatonurta. OT IBATO BpeMe Te ca OWIM CUMTaHU 3a
TEeHETHYHO CBBP3aHU C HEr0, HO HEJBYCMHUCIICHH JO0KA3aTeJCTBA 3a TaKaBa MPHHAMJIECKHOCT BCE OlIe He ca
myOnukyBann. HoBuTe merporpacku M TEOXMMHYHM H3CIENBAHHUS BBPXY Pa3sKpUTHTE ILIOKOBE MpPU
Hynatauute Mypec [Tuk, Cepo Mupanop, Hen Kactunpo, YuneH u Ilnucka paskpuBar, ye TJIaBHHTE UM
CKaJIHU Pa3sHOBUIHOCTH Ca JHOPHUT, KBAPILIMOPHUT U TPAaHOANOPHT, aHAIIOTHYHH Ha CKAIUTE HA 0aTONUTA.
HabnronaBanute TUNMHYHA TEOXMMHYHU OCOOCHOCTH, CBBP3aHH CBhC CcyOmykims (oOoraTsBaHe Ha
enementute LIL, n3roniaBane Ha eeMeHTHTe HFS 110 oTHOIIEeHHE Ha LRE eIeMEHTH) ca ChIIOCTABEHH C TE3U
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Ha MarMaTM4HM CKalu OT APYrM pasKpUTHsA B HoiyocTpoB Xbpa. KanumeBo-ankanHusar aduHUTET Ha
MarMuTe HE € MHOTO TO-pa3lIuueH OT TEeHAEHLHUsTa Ha mpoduTre oT Qopmanuara MayHt boyiec.
EnnHoBpemMeHHO ¢ TOBa TO € U XapakTepHa 0COOCHOCT Ha CKAIUTE OT TOHaIUTOBHs OaTtonut bepHapn [1oiHT.
Bcewnuky npobu oT U3ydeHNTE MIOKOBE MONAAAT B CpeHOKanueBaTa cepust. CKalHUTE ¥ MUHEPAITHH aHATH3U
TIOJIKPETISAT HAJMYNETO Ha IPOIECH Ha KPHCTATHO (paKIHOHMpaHe M Ha MarMEHO CMECBaHe, IIPeIU3BUKAIN
CKaJTHOTO pa3HooOpasue.

OO0OCHOBKHTE 3a Bb3pacTTa Ha BHEIPSBAHE HA MOKOBETE ca U3BEACHH OT Ar-Ar aHann3u (0OIIU CKATHK
npobu 1 MoHOMHHepaiHu (pakiun). HoBomonmyuenuTe 1aTupoBku ca B ooxBara 45-50 Ma, K0eTo € OTIMYHO
CBBIIaJICHUE ¢ Beue MMyONMKyBaHaTa BB3pAcT Ha TOHanuTa oT OGatonurta bepuapn IloiinT - 46 Ma. Takaa e
CBIIO TaKa M BB3PACTTa HAa €AHA OT INHUPOKO PA3MpPOCTPAHEHUTE B OCTPOB JIMBHHICTBH JaWKOBU TPyMU.
HoBata TouHa maThpoBKa M 0OIIaTa T€OXMMHYHA KOpETalus MOAKPEIST MO-yBEPEHO HIEATa, 4€ BCUUKU
IUTyTOHUYHU Pa3KpUTHS OT U3TOUHHMS Kpail Ha MOTyoCTpoB XbPA ca HAUCTUHA ano(U3H Ha roseMus 6aToIuT
bovpuapn IloinT.

Introduction emplacement age of the other plutonic bodies
with more reliable methods is not known. As
glaciers and ice sheets throughout the island
are currently being subjected to protracted
reduction, new clean exposures have been
revealed, and a reassessment of the map of this
part of the Hurd Peninsula was unavoidable.

In this paper, the petrology of the several
: small stocks exposed at the nunataks Cerro
these  small stocks were 1nt§rpreted 35 Mirador, Dell Castillo, Willan, Moores Peak
apophyses of the larger Barnard Point Bathphth and Pliska is revised and filled out with new
(Hobbs, 196,8; Caminos et al., 1973; Willan, geochemical analyses of the rocks and with the
1994; Smelhe et al, 19,96; Kamenov, _19,97)’ first published chemical composition of their
but weighty arguments in favour of this idea rock-forming minerals. The new-obtained data

were 1 ngt ladvznced hup t? r'10v1v. Putihs:hed and correlations would be of help in every
pe?tilo ﬁgllca and geoch ron(? ogica bcoll;rel’aitllons attempt to explain the peculiarities of this
with the located at a short distance batholith are magmatism. The center is on the elucidation of

lacking. h.l SPite of the mentioning of these the chemical variation of the rocks, which will
small bodies in papers of Pallas et al. (1992, enable the research workers to arrive at a

Fig. 12), Willan (1994, Fig. 10), Kamenov and .00 nomenclature  and deeper under-

Mon;:lhevl (11996’ ,I;ig' D no.frli?erglogifal and standing of the petrogenesis of the Eocene
geochemical details are available for the most magmatism in the island. We present

of them. . . unpublished new whole-rock and mineral
The only one K-A.r dating of Willan precise Ar-Ar dating of samples from a
Nunatak exposure (Smellie et al., 1995, 43.4 b o 1canic body at Moores Peak and at Cerro

Ma) was assigned to the likely emplacement — \r. 30 ook with the purpose to confirm or
age of the other plutonic bodies. This age was reject the ongoing interpretations

compared to those of tonalite from Barnard
Point (Smellie et al., 1984, 46+2 Ma, K-Ar)
and of granodiorite from Noel Hill of King
George Island (Smellie et al., 1984, 47+1 Ma).
Stratigraphically all these K-Ar ages would Lhe South Shetland Islands are a fragment of
signify an Eocene age. Nearly similar K-Ar age  the Antarctic Peninsula Mesozoic to Cenozoic
was reported for granodiorite from Cerro Mmagmatic arc that lies above a continental
Mirador Nunatak (Kamenov, Monchev, 1996,  basement. The evolution of the arc is controlled
40 +2 Ma). Precise determination of the bY the subduction of the proto-Pacific oceanic

Livingston Island contains locally well-
exposed small plutonic outcrops along the
eastern coast of Hurd Peninsula. They are
emplaced into the volcanic sequence, known as
Mount Bowles Formation (Smellie et al., 1984)
assumed to be Cretaceous on the basis of
regional correlations (Smellie et al., 1995). All

Geological background
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Fig. 1. View to the Barnard Point Batholith across the False Bay. An outcrop of Cerro Mirador Stock - in the
lower right part of the photo

@ur. 1. ITornen xeMm Gatonura beprapx [oiiHT Ha npyrara crpana Ha ®@onc beii. Paskputne Ha moxa Cepo

anauop — B JI0JIHaTa JisiICHA 4aCT Ha CHUMKaTa

crust beneath Lesser Antarctica (Storey, Garett,
1985; Smellie et al., 1995). The second largest
of the archipelago Livingston Island hosts
several of the main geological units of the
Antarctic Peninsula region — fore-arc basin,
magmatic arc and extension-related back-arc
volcanics (Storey et al., 1996; Kamenov,
2004).

The Miers Bluff Formation (Willan et al.,
1994) makes up most of Hurd Peninsula. It
consists of a NW- dipping, open-folded and
mostly overturned turbiditic sequence (Hobbs,
1968; Smellie et al., 1984; Tokarski et al.,
1997; Smellie et al., 1995). The depositional
age of the formation is not universally
accepted. Late Paleozoic (Grikurov et al.,
1970), Early Triassic (Smellic et al., 1984;
Willan et al., 1994), Late Triassic (Onuyang et
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al., 2000), Early Jurassic (Herve et al., 1991) or
Late Cretaceous (Stoykova et al, 2002;
Pimpirev et al., 2004) ages were substantiated
on different grounds.

The Mesozoic to Cenozoic magmatic arc
(Thomson et al., 1983) consists both of calc-
alkaline plutonic rocks (parts of the Antarctic
Peninsula Batholith, Leat et al.,, 1995) and
volcanic and volcanoclastic rocks (assigned to
the Antarctic Peninsula Volcanic Group -
APVG, Gledhill et al., 1982; Thompson, 1982).
The plutons are of Late Cretaceous age
(Kamenov, 1997) and of Eocene age (Smellie
et al., 1995, 1996) and the volcanic exposures
yielded discrepant results — 111-40 Ma, the
prevailing dating being within the Eocene
epoch. The volcanic exposures in Hurd Penin-
sula are known as Mount Bowles Formation.



The possibility that the K-Ar system of the opening of the Bransfield Strait back-arc basin
dated as Eocene volcanic samples have been (Keller et al., 1991; Smellie, 2001; Kamenov,
thermally reset is not to be excluded. 2004). These rocks outcropped at northeastern
Extension-related mafic volcanics and Livingston Island are known as Inott Point
dykes (Oligocene to Recent) are related to the  Formation (Hobbs, 1968; Smellie et al., 1984).
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Fig. 2. Simplified sketch map showing the location of the exposures of the plutonic stocks in Hurd Peninsula.
MP — Moores Peak, CM — Cerro Mirador, PN — Napier Peak, NC — Nunatak Dell Castillo, WN — Willan
Nunatak, PR — Pliska Range, BP — Burdic Peak, Mt B — Mount Bowles, HP — Hesperides Point pluton
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The tonalite pluton on Barnard Point on
the southeastern Livingston Island has a
gabbroic and dioritic petrographic composition
passing inwards to tonalite and minor grano-
diorite (Smellie et al, 1984; Armstrong,
Willan, 1996). A sample from Mac Kay Peak is
dated Eocene in age (whole-rock Rb-Sr age is
46 + 2 Ma). The several small hypabyssal
intrusions emplaced along the northwestern
coast of the False Bay in Hurd Peninsula are
only some 1-3 km away from the northwestern
exposures of the Barnard Point Batholith and
they are intruded either in the rocks of the
Miers Bluff Formation, or in the rocks of the
Bowles Formation. Certain new K-Ar dating
have come to light recently for two of these
stock-like small plutonic bodies and they
coincided within the boundaries of Eocene age,
like the ones obtained from the Barnard Point
Batholiths (Kamenov, Monchev, 1996; Smellie
et al., 1995).

Geology and petrography
1. Moores Peak

Moores Peak is one of the expressive nunataks
within the southeastern part of Hurd Peninsula.
It was Hobbs (1968) who made the first
mention of some volcanic rocks exposed in the
hill Moores. Willan (1994) describing the
mineralized veins in the Hurd Peninsula
published a geological sketch-map where in
addition to outcrops of the Mount Bowles
Formation plotted a small hypabyssal plutonic
body supposed to consist of tonalite. In a paper
devoted to the volcanic sequences from the
central part of Livingston Island Smellie et al.
(1996) presumed that all volcanic rocks of
Mount Bowles Formation have been affected
by a thermal event caused by the intrusion of
the Barnard Point Batholith. No any
geochemical or geochronological data for the
plutonic body are given there.

The exposed rocks in the nunatak are
referred to the Miers Bluff Formation (Moores
Peak breccias member) and to the Mount
Bowless Formation.
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The subvolcanic pluton emplaced within
the volcanics is made up by two united in their
northern parts elongated bodies, orientated in
N-S direction. They could be traced in the
exposed area to nearly 200 m. The rocks are
composed of equigranular and mesocratic fine-
grained to medium-grained gabbro and diorite.
The dark-grey colour on fresh surface is
gradually passing into light green in the
hydrothermally altered paths of the rock. The
following petrographical varieties are discri-
minated: weakly porphyroid quartz-bearing
microgabbro, quartz-bearing pyroxene-horn-
blende diorite and hornblende diorite. The
hypidiomorphic granular texture is charac-
teristic for the central parts of the magmatic
body, but sometimes intersertal and even
granohyric textures are observed in its marginal
parts. The porphyry minerals are clinopyro-
xene, amphibole and plagioclase.

Clinopyroxene is partly preserved from
the hydrothermal processes. It is replaced
irregularly by chlorite, epidote, calcite or
actinolite. A rather short range of compositions
in Ca-Fe-Mg space (Morimoto, 1988) is
revealed (Table 1). The wollastonite compo-
nent (Wo) is between 41.5 and 47.2 and most
of the porphyry pyroxenes are auguites. The
ratio Mg# is average 72 in the cores (range
67.7-75.6) and 70 in the rims (range 69-73).
The outer zones are usually with lower values
of Mg#. A reverse zoning also occurs in some
of the larger grains in addition to the usually
normal one, but the range of the zoning
differences is short.

Plagioclase. The prevailing part of the
central and intermediate zones (Table 2) of the
euhedral plagioclase laths in the microgabbro is
not zoned (Angg.¢;) and only the relatively thin
rims show very low anorthite composition
(Anyy,s). The plagioclase composition in the
middle parts of the laths is sometimes Angg_so.
Frequently the plagioclase is stained with
chlorite, and rarely with prehnite, scapolite and
epidote. Most of the plagioclases are overfilled
with microinclusions of brown hornblende and
magnetite.



Table 1. Chemical composition of selected clinopyroxenes from plutonic bodies around False Bay, Livingston

Island

Tabmuna 1. Xumuuen cvcmae Ha uzdpanu KIUHONUPOKCEHU om WiymoHuunu mena oxono Poac Beil, 0-6

JlueunecmvH
Stock Peak Moores Cerro Mirador
Point 31CPy§ 32CPx 33CPx | 34CPx] 3CPx | 4CPx 13CPx| 14CPx 28CPx | 30CPx | 29CPx

oin
C T c T c T c r c c c

Sample PM-67 PM-31 CM-5D
Rock Microdiorite Potassium trachybasalt Basalt-dyke
SiO, 50.46 53.45 5222 5212 5224 5176 49.73 51.28 51.61 52.71 51.36
TiO, 0.00 0.00 0.19 0.20 0.25 0.11 0.26 0.34 0.29 0.20 0.23
AlLO; 3.34 2.29 2.22 1.79 4.75 4.49 5.75 343 5.02 3.02 5.01
Cr,04 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.38 0.27
FeOt 11.67 10.30 8.06 1031 6.94 6.71 7.58 9.45 5.49 6.71 6.77
MnO 0.55 0.30 0.43 0.41 0.09 0.27 0.08 0.38 0.14 0.13 0.09
MgO 13.59 15.14 13.88 1293 16.67 15.62 15.18 15.62 15.86 16.27 15.92
CaO 19.95 17.85 2295 2224 18.64 20.52 2029 19.03 20.46 21.22 21.04
Na,O 0.35 0.00 0.00 0.51 0.00 0.38 0.76 0.40 0.00 0.00 0.00
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.91 99.40 99.95 100.51 99.68 99.73  99.93 100.10 99.40 100.26  100.69
Wo% 39.6 45.0 39.9 37.4 49.2 37.8 44.8 453 43.6 43.1 433
En % 41.5 37.9 47.2 46.0 39.4 47.3 42.8 394 47.3 46.3 459
Fs % 18.9 17.0 12.9 16.6 11.4 14.9 12.4 15.2 9.1 10.6 10.8
Mg # 67.7 72.6 75.6 69.3 81.2 71.8 78.3 74.8 83.8 81.3 80.9

c—core, r—rim
¢ — A1po, r — nepudepus

The anorthite composition of the central
plagioclase cores in the diorites is fluctuating
between Ans; and Anss. The outer zones in part
of the complex twinned plagioclases is Angg.43
in the larger grains, but in the smaller ones the
rims are formed after a magmatic corrosion and
their composition reach to Any,s. The
presence of some intermediate  zones
overgrown by sharply more basic plagioclases
in the diorites is a specific feature indicating
not only rapid change in the crystallization
environment, but also the inflow of a mafic
pulse of gabbro magma and magma-mixing
process.

Amphibole is typical minor constituent for
the quartz-bearing varieties where it occurs
instead of clinopyroxene. All analyzed
amphiboles (Table 3) are of the calcic group.
According to Leake et al. (1997) the
amphiboles are high-Si magnesio-hornblendes.
The elongated anhedral prismatic crystals are
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brownish-green (along the Z axis of the
indicatrice) and pale-beige (along the axis X).
The ratio Mg# of the amphiboles is lower in
comparison  with  this ratio in the
clinopyroxenes (the average is 65). The
replacement of the magnesio hornblendes by
fibrous actinolite is often observed. The partly
chloritized amphibole crystals are probably
postmagmatic in origin and their ratio Mg# is
52-60.

The hollocrystalline groundmass consists
of clinopyroxene, plagioclase, magnetite, and
quartz or of granophyric quartz-feldspar
mosaic with well-developed finger-like inter-
growths. Usually the groundmass is altered to a
great extent.

Minor constituents taken as a whole are
less than 5%. They include quartz, K-feldspar,
magnetite. Accessory minerlas are apatite,
titanite, anatase, zircon. The secondary
minerals comprise epidote, chlorite, leucoxene,



Table 2. Chemical composition of selected plagioclases from plutonic bodies around False Bay, Livingston

Island
Tabmuua 2. Xumuuen cvcmas Ha u30panu nAdeUOKIA3u om naymonuunu meia okono @oac Beu, ocmpos
Jlusunecmon
Stock Pliska Peak Moores Cerro Mirador
Point | 13Plc | 16Plc| 15PLr | 28Pl<c | 29Pli | 30PLr | 31Plc | 30PLr | 25PLr
Sample Pl/1 PM-67 CM-5D
Rock Quartz diorite Microdiorite Basalt - dyke
Si0, 5427 5421 59.12 54.03 5226 61.36 4758 5796 5797
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.09 0.06
AlL,O3 2946 2879 25.05 2830 29.49 2382 3235  26.05 26.59
FeOt 0.26 0.13 0.15 0.55 0.74 0.28 0.64 0.54 0.55
MnO 0.10 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00
MgO 0.29 0.65 0.77 0.00 0.22 0.00 0.00 0.00 0.00
CaO 10.44 9.73 6.03 10.69 11.78 4.59 17.90 9.42 7.97
Na,O 5.26 6.12 8.37 5.42 4.66 9.27 1.47 5.62 6.50
K,0 0.03 0.30 0.39 0.30 0.69 0.12 0.00 0.18 0.13
Total 100.11  99.93 99.88 9938 99.84 99.44 100.07 99.86 99.77
An % 52.1 445 279 51.2 56.0 21.4 87.1 47.5 40.0
Ab % 479 53.5 70.2 47.0 40.1 77.9 12.9 51.4 0.8
Or % 0.0 2.0 1.9 1.8 3.9 0.7 0.0 1.1 59.1

c- core, i - intermediate zone of the crystal, r - rim

C - S7IpO, 1 - MeXXIMHHA 30Ha, I - IepUdepHst Ha KpUcTana

calcite, prehnite, scapolite, and clay minerals.
Copper and iron hydroxides are disseminated
close to the hydrothermal quartz veinlets
cutting the altered rocks.

Dark-grey, nearly black and usually
aphanitic dykes with massive structure cut the
subvolcanic body of Moores Peak. Sometimes
rare phenocrysts 1-3 mm in size of euhedral
clinopyroxene and zonal plagioclase are
observed. The matrix is fine-grained and
consists of clear short plagioclase laths,
frequent  anhedral  clinopyroxene  and
magnetite. The intersertal and micro-granular
textures are characteristic. The mafic minerals
are chloritized, and there occur also secondary
actinolite, leucoxene, epidote and abundant Fe-
oxide aggregates. The petrographic no-
menclature of the dykes is potassium-
trachybasalt, according to the new-obtained
silicate analyses.
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2. The plutonic bodies near to Pliska Peak
and nunataks Willan and Dell Castillo

The plutonic stocks around the nunataks Willan
and Dell Castillo were objects of casual
mention by Hobbs (1968), Smellie et al. (1984,
1995), Willan (1994), but the petrographical
information for them is poor and imperfect.
The role of these rocks in the general
geodynamic evolution of the island is not
explained and with the exemption of the
nunatak Willan, their age is not supported by
isotopic studies. Together with the exposures
around Pliska Peak all these outcrops have
been targets of the Bulgarian geological teams
since 1993.

The stocks comprise mainly biotite-
hornblende quartz-diorite, medium-grained and
equigranular in structure. Granitic texture is the
most frequently observed. The principal rock-
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forming minerals are plagioclase and quartz
and the minor ones include amphibole, biotite
and K-feldspar. The accessories are titanite,
apatite, magnetite, zircon, anatase. The early-
crystallized mineral association is composed by
fine-grained and euhedral zircon, apatite’,
magnetite', plagioclase' (1* generation). The
main mineral association comprise amphibole,
plagioclase”, anatase, apatite'’, magnetite" (2™
generation). The late-crystallized minerals are
plagioclase, titanite, biotite, quartz, and K-
feldspar. Epidote, chlorite (pycnochlorite type),
zeolites and sericite replacements are common.

Plagioclase (60-75 vol.%) is with patchy
extinction, cracked and sometimes replaced by
a thin net of sericite. The core (P1') is corroded
and unevenly replaced by the intermediate
zones (P1") while the rim is distinctly with an
abrupt transition to the last plagioclase
generation (P1"™"). Frequently the normal zoning
is as follows: cores (PlI - Anyg_s6), intermediate
Zones (PlII - Anjs49) and rims (PlIII - Angg.og).
The intermediate plagioclase zones may show
several oscillations between Anss and Anys.
The outer plagioclase zones contain euhedral
inclusions of very small amphibole grains,
clinopyroxene, ilmenite and rarely apatite' and
magnetite' arranged along the zones of crystal
growth. Reverse zoning is also observed in
some of the plagioclase crystals. Micromyr-
mekite structures occur at the contacts of
plagioclase with K-feldspar and quartz.

Quartz (less than 5-10 vol.%) is predo-
minantly fine-grained.

Amphiboles (8-10 %) are assigned to the
edenite and magnesio-hornblende species. The
ratio Mg# is 72-75 in the larger crystals and
69-75 in the smaller ones. ALO; (wt. %) is
average 6 %. Weak zoning from the cores
(Mg# 74) to the rimes (Mg#72) is revealed.
The oxidation degree ranges 0.18-0.30. The
mineral inclusions within the amphibole
crystals are plagioclase, anatas, magnetite', and
titanite.

K-feldspar (2-3 %) is rarely observed and
it is orthoclase type having over 70 % Or. The
chemical composition from one analysis is
AngOrg; sAb 65Cn .
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Biotite (3-5 %) is brown and has an
average ratio Mg# 56 (range 54-58).

Magnetite (2-4 %) is Ti-poor variety.

Cr-bearing spinel is observed very rarely.
Ilmenite (TiO, 48-49 wt.%) is exceptionally
scarce accessory mineral. Sometimes it is
coated by ilmeno-rutile and rutile.

The two and more populations of
plagioclase, some of which show zoning rever-
sals, overgrown dissolution surfaces, sieve-
textured zones or cores, intergrowths with
other grains, or polycrystalline clots with mafic
crystals provide evidence for multi-stage
thermal and ascent histories, generally evolving
magma-mixing and remobilisation of stalled
crystallizing batches (Singer et al., 1995).

3. The stock at Cerro Mirador Nunatak.

The nunatak Cerro Mirador is situated in the
southeastern part of Hurd Peninsula and offers
a plutonic exposure just next to the coast of
False Bay. A small stock-like plutonic body
cuts the weakly metamorphosed sandstones of
the Miers Bluff Formation. The visible size of
this body beneath the snow cover is 400 x 480
m. The plutonic rocks were described in some
of the regional geological studies (Caminos et
al., 1973; Willan, 1994; Smellie et al., 1984,
1995) as tonalites. The Tertiary age of the
pluton was accepted without any radioisotope
evidences. No published chemical analyses are
available and the petrographical nomenclature
was not supported in these publications.

Two fine-grained and equigranular, grey
in colour varieties, partly hydrothermally
altered, compose the stock. The mesocratic
variety is classified as biotite-hornblende
quartz-diorite.  The leucocratic one is
hornblende-biotite =~ microgranodiorite ~ and
forms separate vein-like irregular areas within
the quartz-diorite. Aplitic veins cut all other
magmatic rocks. The rocks have a granular
dioritic texture. The structure is massive.

The principle minerals are plagioclase and
quartz while the minor ones comprise biotite,
amphibole, and K-feldspar. In additions to the
usual accessories, allanite occurs in the rocks.
The secondary minerals are nearly the same as



in the other above-described stocks. Plagio-
clase is andesine type and sometimes is patchy-
zoned. The alteration is unevenly developed
and most of the plagioclase grains are nearly
entirely replaced by epidote, zoisite, albite,
chlorite or sericite. Quartz is with a wavy
extinction and of different grain size. Biotite is
brownish-green, with fine-grained flakes and
often with threadbare ends of its crystals. K-
feldspar is microperthitic orthoclase. Thin
chlorite and epidote veinlets cut the rocks. The
secondary leucoxene and allanite are very well
presented in the altered areas.

Geochemistry

A selection of new whole-rock analyses of
representative samples from relatively fresh
rocks of the stocks (Table 4) plotted on the
TAS-diagramme (LeMaitre et al., 1989) is
demonstrated in Fig. 3A. There the outline of
all analyzed plutonic rocks from Hurd
Peninsula is shown also for correlation
purpose. The field of the plutonic rocks from
Hurd Peninsula is composed of the chemical
analyses from the Hesperides Point Pluton K-
Ar dated as Late Cretaceous and of several
available from the literature (Smellie et al.,
1984) analyses from the Eocene in age Barnard
Point Batholith. It is clear that several clusters
of analyses are formed corresponding to the
following plutonic stocks: Moores Peak, Cerro
Mirador and a common set of the samples from
Pliska Peak and Nunatak del Castillo. All these
clusters are emplaced generally in the same
chemical trend. The analyses from Moores
Peak are located partly in the most basic end of
the general plutonic trend, but they also extend
the wvariation to still further primitive
compositions. In contrast the Cerro Mirador
analyses fall in the most evolved part of the
field of the Hurd Peninsula plutonic field.

The large variations in SiO, range,
together with the presence of magnetite,
titanite, amphibole and apatite inclusions in
biotite flakes are in support for I-type
geochemical characteristics. All rocks are
metaluminous and comprise Si-oversaturated
varieties. The studied samples belong to a calc-

76

alkaline medium-K series related to arc
magmatism (Fig. 3 B). The same series is
typical also for the volcanics from the Mount
Bowles Formation (Table 5).

The characteristic trace-element features
of representative samples are demonstrated in
Fig. 4 as a series of multi-element plots
normalized to average tholeiitic N-MORB.
Pointing out that only a few variables carry
most of the discrimination power, we chose for
the list and sequence of the highly
incompatible elements the approach of Pearce
(1996). Fig. 4 shows the typical patterns that
result when these most discriminatory elements
are plotted for some type examples for
comparison. All patterns coincide perfectly
with a volcanic-arc setting. The key feature is
the significant Nb negative anomaly with
respect to Th and Ce. The absolute depletion
relative to N-MORB of Ti and Y is
characteristic for this setting also. The MORB-
normalized patterns of the selected samples
from the plutonic stocks (Fig. 4A) are very
much alike the patterns from the Late
Cretaceous Hesperides Point Pluton (Fig. 4B)
and from the assumed to be of Late Cretaceous
age Mount Bowles Formation (Fig. 4C). Even
the Quaternary extentional basalts of Inott
Point Formation (Fig. 4D) do not exhibit any
essential divergence in their geochemical
distributions. It is evident that the similarity
between the Late Cretaceous magmatic
products (Fig. 4B,C) and the plutonic rocks
from the nunataks around False Bay hardly
could contribute to the idea of their coeval age.
The prolonged subduction history of the
Antarctic Peninsula area and of the South
Shetland Islands particularly from the Late
Triassic to Tertiary is suggestive of many
episodes of magma and fluid contributions to
the mantle magma source. As a result, this
source has been enriched in L/LE and has
produced similar volcanic-arc geochemical
affinity of the magmas, even in the back-arc
setting of the Quaternary.

In terms of incompatible trace element
ratios the plutonic rocks from the studied
stocks exhibit some faint resemblance to an
OIB source. In the Rb/Nb vs. Ba/Nb plot



Table 4. Representative chemical analyses of rocks from the Tertiary plutonic stocks around False Bay,
Livingston Island (major oxides in wt. %, trace elements in ppm)

Tabnuua 4. IIpeocmasumennu XuMuyHU AHATU3U HA CKAAU OM mMepyuepHume NAYMOHUYHU UJOKOBE OKONO
Donc Beil, 0-6 JlugunecmvH (21aguume okcuou 6 me2iosHu %, eremenmume-cieou 8 ppm)

Stock Cerro Mirador Willan N.del Pliska Peak Moores
Nunatak | Castillo

Sample | cM-1 | eM2 | eM3 | oMms | w243 | Nea1 | Py | PMe65 | PM-67

Rock Quartz diorite Gd Quartz diorite Diorite
SiO, 65.90 67.30 68.70 65.20 60.90 60.01 58.81 53.21 54.23
TiO, 0.68 0.69 0.68 0.50 0.51 0.61 0.67 1.10 0.82
AlLO3 13.94 15.03 13.78 13.92 16.19 16.63 16.50 17.00 17.18
Fe, 04 6.45* 5.78* 5.69* 2.76 3.29 2.59 3.88 3.00 2.46
FeO - - - 4.47 3.32 3.65 3.73 591 5.36
MnO 0.11 0.12 0.13 0.13 0.13 0.17 0.13 0.17 0.15
MgO 1.43 1.35 1.36 2.70 3.00 3.31 3.48 4.97 5.91
CaO 3.63 1.89 2.23 3.71 6.85 6.96 7.62 7.91 6.90
Na,O 3.20 3.44 3.96 2.69 4.19 3.62 3.77 3.10 3.04
K,0 2.08 2.52 1.27 2.76 1.24 1.42 1.09 1.40 1.80
P,0s 0.18 0.19 0.18 0.13 0.13 0.06 0.16 0.39 0.31
H,O 0.28 0.27 0.66 0.09 0.12 0.03 0.07 0.15 0.15
LOI 0.82 0.96 1.04 0.50 0.55 0.56 0.46 1.52 1.35
Total 98.70 99.54 99.68 99.79 100.42 99.63 100.23 99.83 99.76
Cr 513 456 275 38 49 20 45 101 119
Ni 21.7 18.6 20 40 11 13 10 39 51
Co 104 8.6 6 16 12 15 16 18 20
\' 102 83 64 40 130 70 140 - 151
Rb 66 58 65 87 12 26 20 38 36
Ba 412 561 336 480 430 322 280 - 288
Sr 249 278 191 264 591 625 599 - 452
Zr 204 193 244 348 146 161 134 - 150
Y 27.7 26.5 65 45 25 27 26 - 21
Nb 7.2 7.2 8 17 8 3 9 - 12
Th 9.3 9.3 - 10 - 11.2 - - 6
Ce 54.2 55.8 22.6 - - 32.5 - - 33

* Fe,Oj3 as total oxides. The major oxides are analysed by XRF in the EUROTEST Co, Sofia by the analysts
R. Deligeorgieva and A. Raicheva (samples CM-1, CM-2 and CM-3) and by wet silicate method in the
Geochemical Laboratory of Sofia University, Faculty of Geology and Geography by the analysts E. Landjeva
and T. Kurteva (the rest of the samples). The trace elements are analyzed by ICP-MS method in ETH, Zurich
on the Excimer Laser Ablation (Elan 6000) on pellets (samples CM-1 and CM-2) and by XRF in the
EUROTEST Co. The trace elements of sample PM-65 are obtained by Atomic Absorption Analyses only.
Rock abbreviations: Gd — granodiorite. Rock nomenclature after LeMaitre et al. (1989)

*  Fe,O3 karo cymapno. I'maBHute oxcuau ca ananusupanu upe3 POA B EBPOTECT Co, Codus ot
aHanmutuimre P. Jlemureopruesa u A. PaifueBa (mpodu CM-1 u CM-2) u upe3 MOKBP CHIIMKATCH aHaIH3 B
T'eoxummunara mabopatopus Ha Coduiickus yHHBEpCUTET, [ 'eonoro-reorpadgcku GakynTeT OT aHATUTULATE
E. Jlanmxesa u T. Kypresa (ocrananmure npobu). Enemenrture-crienu ca anamusupanu mo Meroga ICP-MS B
ETH, rp. Liopux Ha amapar Excimer Laser Ablation (Elan 6000) Bspxy neneru (mpoou CM-1 u CM-2) n
uype3 POA B EBPOTECT Co. Enementure-cienu Ha nmpoda PM-65 ca moiydenu camo ot AToMHa abcop0O-
st Chkparienus 3a ckanure: Gd — rpaHoaunoput. CkaiHata HOMEHKIaTypa e o LeMaitre et al. (1989)
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Fig. 3A) Samples from the studied plutonic stocks in Livingston Island on the plot SiO, vs. (Na,O + K,0)
after LeMaitre (1989). The fields of all Hurd Peninsula plutonic rocks and of the extensional Quaternary
basalts (Kamenov, 2004) are for comparison. B) SiO, vs. K,O plot (after LeMaitre, 1989)

@ur. 3A) IIpobu oT mIyTOHHYHUTE CKanu Ha miokoBere okoio Poinc Beil B quarpamara SiO, vs. (Na,O +
K;0) no LeMaitre (1989). Ilonmerara Ha BCHYKM IUIyTOHHYHH CKaJIH OT IIOJyOCTpOB XbpA M Ha
eKCTeH3MOHHUTE KBaTepHepHH Oaszantu (Kamenov, 2004) ca magenu 3a cpaBHenue. B) J{uarpama SiO, vs.
K0 plot (o LeMaitre, 1989)

(Fig. 5A) the analyzed samples from the stocks and the Hesperides Point pluton samples are
are located between the points for average crust  (Kamenov, 1997). The higher ratio Rb/Nb of
materials and EMI OIB source (Weaver, 1991),  the samples from the stocks distinguish them
like the cases in the Late Cretaceous (?) from the extensional Quaternary basalts from
volcanic rocks of Mount Bowless Formation Bransfield Strait (Kamenov, 2004). The crustal
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Fig. 4. MORB-normalized trace element patterns
(Pearce, 1996) for the studied stocks (A), compared
to data from: Hesperides Point Pluton (Kamenov,
1997) (B), Mount Bowless Formation (Smellie et al.,
1995) (C), and Quaternary basalts in Livingston
Island (Kamenov, 2004) (D)

Table 5. Representative new chemical analyses from
the Bowles Formation volcanic rocks in Peak
Moores around False Bay, Livingston Island (major
oxides in wt. %, trace elements in ppm)

Tabmuna 5. IlpeOocmasumennu HO8U ~ XUMUUHU
amanusu Ha GYAKAHCKU CKAau om gopmayusima
boynec om Ilux Mypec oxono @Donc beu, 0-6
Jlusunecmvn (2nagnume okcuou 6 meanosuu %, a
eneMeHmume-cieou 6 ppm)

Site Peak Moores
Sample | 54-A 51 52 53 PM-31
Rock B B BA B KTB
SiO, 48.79 48.69 52.88 48.55 47.78
TiO, 0.66 0.74 0.63 0.58 0.80
AlLO; 17.37 17.09 16.52 17.18 16.95
Fe,0; 4.15 6.37 4.37 4.96 278
FeO 6.09 4.19 6.74 6.13 6.37
MnO 0.17 0.19 0.17 0.18 0.17
MgO 7.48 7.47 5.55 7.51 7.68
CaO 10.69 10.36 7.10 9.66 9.92
Na,O 1.88 266 2.56 2.05 1.94
K,0 0.52 0.60 1.41 0.84 4.18
P,05 0.15 0.12 0.09 0.11 0.24
H,O- 0.19 0.18 0.17 0.17 0.13
LOI 1.62 1.75 1.44 1.87 1.85
Total 99.76  100.41 99.66 99.79 100.79
Cr 160 130 220 170 123
Ni 48 41 55 48 43
Co 34 30 38 46 29
Rb 4 4 24 11 14
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Rock abbreviations: B — basalt, BA — basaltic
andesite, KTB — potassium trachybasalt. Wet silicate
analyses and Atomic Absorption Analyses — Sofia
University, Geochemical Laboratory, Faculty of

Geology and Geography

Cekpamienust 3a ckanmute: B — 0Oazanr, BA -
annesurobazant, KTB — kammeB Tpaxuba3anr.
Moxkpure  CHUIMKaTHU  aHaJIM3M U aTOMHO-

abcopbumonnust ananusz — Coduiicku yHHBEpCHTET,
leoxumuuna nabopatopus, Ieonoro-reorpadcku
¢axynrer

@dur. 4. MORB-nopmamm3upann mozenmu (Pearce,
1996) 3a npobu OT W3yueHHTEe IOKOBe (A), cpaB-
HEHM ¢ JaHHU oT IutyToHa Ecnepunec IloiHT
(Kamenov, 1997) (B), dopmarmsta Mayut Boynec
(Smellie et al., 1996) (C) u xBarepHepHuTe 6a3antu
ot o-B JIuBuarcThH (Kamenov, 2004) (D)
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Fig. 5. Trace element variation diagrammes for Hurd
Peninsula stocks (filled circles) compared to samples
from the Quaternary basalts from the Antarctic
Peninsula (outline after Hole et al., 1993), Bransfield
Strait area (outline after Kamenov, 2004), Mount
Bowless Formation (empty triangles, outline after
Smellie et al., 1995) and Hesperides Point Pluton
(crosses, HPP, Kamenov, 1997); A, Rb/Nb vs.
Ba/Nb plot and B, Rb vs. Ba/Nb plot. Continental
crust (CC), upper crust (UC), lower crust (LC) —
after Weaver, Tarney (1984), the field of EM I —
after Weaver (1991), N-MORB - after Saunders,
Tarney (1984), Antarctic Peninsula basalts — after
Hole et al. (1993)

@ur. 5. BapuanoHHu auarpamu 3a OTHOLLEHHS Ha
CJIEMEHTHU-CIICAX B MPOOU OT IIOKOBETE Ha IOJY-
ocTpoB XbpA (4epHH TOYKH) CPAaBHEHH C IPOOU OT
KBaTepHEPHUTE Ga3aliTu OT AHTAPKTHYECKHs IOJTy-
octpos (mostero e ot Hole et al., 1993), dpopmarusra
Maynt boynec (Kyxu TpUBI'BIHHLM W TOJE OT
Smellie et al., 1995), ot IIponuBa Ha Bpencduiinn
(mometo e or Kamenov, 2004) u ¢ mpobu oT
mwiytoHa Ecmepunec Ilouwnt (xpwsctuera, HPP,
Kamenov, 1997). A) luarpama Rb/Nb vs. Ba/Nb. B)
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contamination of the mantle source was pro-
bable because the samples fall close to the ave-
rage continental crust (Weaver, Tarney, 1984).

The geochemical differences between the
magmatic complexes in Hurd Peninsula are
expressed more distinctly on the plot Rb vs.
Ba/Nb (Fig. 5B). The stocks around False Bay
are notable for their higher Rb contents in their
samples and with their closer position to the
average continental crust.

Chondrite-normalized REE patterns for
representative samples from one of the stocks
(Cerro Mirador Nunatak) are in accord with an
enriched mantle source (Fig. 6). The patterns
resemble those of the typical island-arc calc-
alkaline rocks with moderately LREE-enriched
and HREE-depleted distributions. No any
difference in the enrichment degree between
the middle- and the heavy REE-normalized
values are revealed. The very weak negative
Eu-anomaly is in contrast to the lack of
whatever Eu anomalies in the Hesperides Point
pluton, for example. This feature points to the
probable involvement of plagioclase in the
fractionation history of the magma. The both
samples from Cerro Mirador stock are with
different degree of postmagmatic alteration, but
it is evident that their patterns are not the least
bit influenced by the secondary processes and
they are really indicative for the primary
geochemistry of the rocks.

Geochronology

A rather wide range may be possible for the
studied rocks in the stocks in Hurd Peninsula,
according to analogy with the dated hypabyssal
intrusions and volcanic sequences in the island.
Whereas the volcanics of the Mount Bowles
Formation are assumed to be Cretaceous
(**Ar/*°Ar isochron data of 111-106 Ma, Zheng
et al., 1997) and the Hesperides Point Pluton
was dated 73 Ma (K-Ar, Kamenov, 1997), the

Juarpama Rb vs. Ba/Nb. Cpennute CcbhcTaBH Ha
koHTUHeHTanHata kopa (CC), ropnata xopa (UC),
nonnata kopa (LC) ca or Weaver, Tarney (1984), na
N-MORB- ot Saunders, Tarney (1984), a noneto Ha
EM I - ot Weaver (1991)
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Fig. 6. Chondrite-normalized patterns for selected
samples from Cerro Mirador stock. Qd — quartz-
diorite

Our. 6. XOHIPUT-HOPMAIM3UPAHU MOAEIM Ha
m3bpanu npobu ot moka Cepo Mupagop. Qd —
KBapIIUOPUT

tonalite at Barnard Point in the mountainous
area in the southeastern end of the island is of
Eocene age (46 Ma, Smellie et al., 1996). All
small plutonic exposures on the eastern side of
Hurd Peninsula are adjacent to the Barnard
Point Batholith, but direct field relationships
are not available because of the thick snow
cover. The paucity of reliable age information
for these small plutonic stocks could be
surmounted partly by our attempt to present
new Ar-Ar results.

The analyses for “°Ar/’Ar step-heating
age were carried at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, by
the analyst H. Sang, following the procedure
described by Hu et al. (1985). A high
frequency oven was used to heat the samples
for 20 minutes in each step. Apparent ages
were corrected for mass discrimination,
memory effect, interference of K and Ca to the
Ar isotope, and *’Ar radioactive decay. A half-
life of 35.1 days was adopted to correct the
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radioactive decay of *’Ar. Uncertainty is
quoted at one sigma and does not include the
calculated J-factor error.

The “°Ar/*’Ar incremental heating results
carried out on 2 samples are presented with
their age spectra and *’Ar/°Ar-*Ar/*’Ar and
A/ Ar"Ar/*Ar isochrons (Fig. 7, 8, 9).
Sample 67/PM was collected from the northern
part of Moores Peak Nunatak (see Fig. 2). It is
slightly hydrothermally altered quartz-bearing
diorite with porphyroid structure. The mafic
minerals are clinopyroxene and hornblende.
Chlorite, prehnite, scapolite and epidote occur
amongst the rare secondary minerals. The
pronounced plateau (Fig. 7) over large portions
of its spectra (steps 3-7) yields an age of 43.34
+ 0.86 Ma. This age is supported by *’Ar/**Ar—
¥ Ar/°Ar isochron calculations that yield an
isochron age of 45 = 3 Ma and by **Ar/*Ar—
¥ Ar/*Ar isochron using only five full fusion
steps and yielding an age of 45 + 3.8 Ma.
Having in mind that the initial “*Ar/*°Ar ratio is
different to that of the atmospheric value
(295.5) and the rather high MSWD values
probably due to the weak alteration of the
sample, we prefer to rely more confidently to
the plateau age of around 43.3 Ma.

Sample BB/1 was taken from Cerro
Mirador Nunatak. It is even-grained and
coarse-grained, grey in colour Dbiotite
granodiorite. Hornblende occurs also rarely in
the mafic mineral assemblage. Minor
constituents are quartz and K-feldspar.
Secondary minerals are sericite and chlorite.
To obtain better results we separated and
measured monomineral fractions of biotite
(BB1-B) and feldspar (BBI-F). A plateau age
0f 49.99 + 0.88 Ma was obtained on the biotite
fraction, excluding the older ages of the first
and last three steps (Fig. 8). The released Ar
is sufficiently high compared to the totally
released. This age is confirmed by the isochron
calculations of *Ar/*“Ar vs. *Ar/°Ar and
A/ Ar vs. PAr/Ar. The yielded ages are
506 £ 1.2 Ma and 50.6 Ma £ 1.2 Ma
respectively. The MSWD values of these
isochrones are acceptable (4.5 and 9.7) and an
age of around 50 Ma should be well
constrained.
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Fig. 7. “Ar/*°Ar age spectra and *°Ar/*®Ar—*° Ar/*°Ar isochrons of sample 67/PM (gabbrodiorite from Moores
Peak)

Fig. 7. “Ar/*°Ar criexrpu 11 “°Ar/®Ar—*° Ar/** Ar msoxpomn 3a oGpaser; 67/PM (rabpommoput ot Mypec ITik)

The Ar-Ar results on the feldspar separate
(sample BBI1-F) are shown on the Fig. 9. The
plateau age of 42.15 + 0.62 Ma is younger than
that of the biotite, but the support from the
isochrones is more confident — 44.9 + 2.3 Ma

studied.
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and 44.9 + 2.3 Ma. The MSWD values of the
isochrones are rather high — 43 and 85 and we
use the dating of the feldspar fraction only to
confirm once more the Eocene age of the stock
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Fig. 8. “Ar/°Ar ciextpn u “Ar/* Ar—>’ Ar/** Ar m3oxporn Ha o6paser; BB1-B (GHOTHT OT rpaHOIHOpHTA Ha

Ceppo Mupazop)

Conclusions

Comparing the present results for the both
stocks fluctuating between 45 and 50 Ma with
the published already age of the Barnard Point
Batholith of 46 Ma and with the age of the
Willan Nunatak stock (43.3 Ma, Smellie et al.,
1995) we could support more firmly that all
studied small plutonic exposures along the
eastern side of the Hurd Peninsula are really
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apophyses of the larger Barnard Point
Batholith. Such a conclusion is already well
grounded also with the geochemical
correlations made here. This Eocene in age
episode of plutonic activity is wide-spread
everywhere in the South Shetland Islands, to
mention only the dykes in Livingston Island
with 42-45 Ma Zheng et al., 2003), which are
obviously  genetically related to  this
magmatism.
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granodiorite)

Fig. 9. “Ar/°Ar cnexrpu u *Ar/**Ar—*’ Ar/** Ar usoxporu na o6paserr BB1-F (kanues denmmar oT Chuius

TPaHOJOPHT)

The new petrological, geochemical and
radiometric results for the stocks under study
should provide a better understanding of the
arc-building process in the Livingston Island,
but also impose the necessity the attention to be
drawn on the closer searching study of the
petrology and geochemistry of the batholith
itself.
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