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Abstract

The mafic rocks (basait-hawaiite-mugearite-benmoreite) of Ascension island form four
distinct groups: low Zr/Nb hawaiite, high Zr/Nb basalt, intermediate Zr/Nb basalt to
benmoreite, and Dark Slope Crater (DSC) hawaiite and mugearite.

The geochemical characteristics of the felsic rocks are largely consistent with an
origin by fractional crystallization of high Zr/Nb mafic magmas (identical “*Nd/*“Nd and
similar Pb isotopic ratios). Syenite, monzonite, and granite xenoliths are cumulate
rocks from, and intrusive equivalents of, fractionating felsic magmas. Internal (mineral)
isochrons for two granite xenoliths give ages of ~1.0 Ma. Most of the felsic voicanic
rocks and granite are also characterized by high ¥’Sr/*Sr (> 0.706) compared to mafic
rocks (*’Sr/*Sr < 0.703), although "*Nd/**“Nd of the felsic rocks is similar to that of the
low ¥Sr/**Sr mafic lavas; elevated *’Sr/®Sr suggests interaction of the felsic rocks with
geothermal fluids derived from seawater under subsolidus conditions. In addition,
evidence for the involvement of a high *'Sr/*®Sr component during magmatic
differentiation is also provided by the high initial *Sr/®Sr of the granitic xenoliths, and
of high *Sr/*Sr (> 0.704) in some of the feldspar phenocrysts from felsic rocks. d'°0
ranges of +5.5 to +8.1%o (whole rock) and +5.5 to +7.2%o (feldspar) in the felsic rocks
also indicate the involvement of a high d'*O component, and suggest that
hydrothermaliy-aitered pre-existing volcanic basement may have been cannibalized
during felsic magma differentiation.

Crystal fractionation controls compositional variation within each mafic group,
however, it cannot be the cause of the differences between the groups. The high and
intermediate Zr/Nb groups have similar Sr-Nd-Pb isotopic characteristics and were
derived from the same mantle source (HIMU-type). The low Zr/Nb and DSC groups

have different radiogenic isotopic characteristics due to contributions from enriched



mantle components (HIMU-type). The dominant component, present in the high,
intermediate, and low Zr/Nb groups, has the composition of the St. Helena hotspot and
has mixed to varying degrees with the depleted upper mantie. The more minor
component, present only in the DSC group and some intermediate Zr/Nb samples, has
higher 2*Pb/?*Pb relative to 2*Pb/"™Pb than the St. Helena hotspot. This component

may be of local lithospheric origin.



Chapter IA
Introduction

The majority of the world’s volcanism occurs at convergent or divergent plate
boundaries. A small yet significant amount of volcanism, however, occurs within the
interior of the continental and oceanic plates; that occurring on the oceanic plates forms
some of the world’'s largest voicanic structures in the Atlantic, Pacific, and Indian
Oceans. This intra-plate volcanism is associated with localized regions of anomalous
heat sources in the Earth’s mantle and voluminous magma production called hotspots
which can be situated under oceanic or continental lithosphere. Hotspot-related
volcanism, especially that occurring in the interior of oceanic plates, is one of the best
means to study the composition of the mantie of the Earth as those coming through the
oceanic plates are less contaminated as compared to the continental crust, during their
ascent from their deep mantle source through the thin oceanic lithosphere to the
surface of the Earth. The volcanic rocks of hotspot oceanic islands, called ocean island
basalt (OIB), have crystallized from mantle derived magmas produced by
decompression melting of upwelling “mantle plumes”. Questions still exist as to exactly
where “plumes” originate within the Earth, at the upper to lower mantie boundary or the
core-mantle boundary? Questions also exist about the nature of the “plumes” - are they
“thermal plumes” and/or “chemical plumes™?

Hotspot volcanic rocks have major chemical differences compared to mid-oceanic
ridge basalt (MORB). They typically are SiO, undersaturated and mildly alkaline with the
degree of undersaturation being very variable with rocks ranging from alkali basalt to
trachyte and comendite, and basanite to phonolite (Harris, 1983; Hoernle & Schmincke,

1993; le Roex et al., 1990). Tholeiite is erupted on some oceanic islands (e.g., Hawaii
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and Gran Canaria), however, the geochemistry is distinct from tholeiite erupted at mid-
oceanic ridges. The more evolved compositions (trachyte and phonolite) found on
oceanic islands generally are considered to be produced by low pressure fractional
crystallization from parental mafic magmas (Harris, 1983; le Roex, 1985; Weaver,

1990).

Mantle heterogeneity

Numerous studies in the last few decades on the major and trace element
geochemistry and isotope characteristics of hotspot-related magmatism have thrown
light on the chemical heterogeneities that exist amongst the mantle derived intra-plate
volcanic rocks from different parts of the world. Hart (1988) puts forward some
intriguing questions regarding mantle heterogeneity - how many discrete mantle
domains exist, where are they located, and how do they form? Are chemical
heterogeneities being created faster than they are being convectively destroyed? Do
primitive, chemically undifferentiated reservoirs still exist on Earth? There are many
models that have been envisioned to account for the sources of OIB magmas, ranging
from melting of a chemically primordial iower mantie (?), melting of ancient subducted
oceanic crust (Dupuy et al., 1989; Hofmann & White; 1982; Weaver, 1991; Weaver et
al., 1986; Weaver et al., 1987; Woodhead & McCulloch, 1989), melting of ancient sub-
continental lithosphere in the deep mantle (Davies et al., 1989; McKenzie & O’Nions,
1983), components of recycled sediment in OIB genesis (Weaver, 1991), or a
combination of some or all of the above mentioned processes.

White (1985) subdivided the mantle source for oceanic basaitic rocks into five
distinct groups based on their radiogenic isotopic (Sr, Nd, and Pb) characteristics.
These groups are represented by MORB, St. Helena, Keguelen, the Society Islands,

and the Hawaiian Islands and may represent different but internally heterogeneous
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mantle reservoirs or merely distinct groups within which chemical evolution has
proceeded in a similar manner (White, 1985). The primitive mantle is identifiable in the
Sr, Nd, Hf, and Pb isotope characteristics of only the Hawaiian source. The evolution of
St. Helena-type sources remains enigmatic. White (1985) acknowledges the existence
of multiple reservoirs in the mantie and that several processes have been involved in
their evolution.

Two contrasting models have been suggested for convection in the mantle; Loper
(1985) proposed a mantle-wide single cell convection model whereas independent
convection cells in the upper and lower mantle have been proposed by Richter &
McKenzie (1981). In the latter model, the upper mantle consists of depleted material
(the MORB source) and is underiain by a primitive lower mantle. The two layers are
convectively isolated, and chemical transfer between them is limited. Part of the
subducted oceanic crust (along with part of its sedimentary veneer) sinks to the bottom
of the upper mantle, where it becomes embedded in the convective boundary layer
between the upper and lower mantle. The remainder of the subducted oceanic crust is
recycled into the upper, depleted layer where it is eventually homogenized by
convective mixing, but small volumes may survive for upto 10° years. These small
heterogeneities may be the source of some anomalous regions of mid-ocean ridges
and isolated seamounts. Long-fived hotspots are the result of mantle plumes rising from
the convective boundary layer. These instabilities result from both internal heating (due
to a relatively high K, U, and Th abundance) and heating from below. More rarely,
plumes composed of primitive material may rise directly from the lower mantle.

OIB characteristically are enriched in incompatible trace elements, and have high
abundance of Rb, Ba, Th, Nb, etc., and generally are enriched in light rare earth

elements (LREE) relative to heavy rare earth elements (HREE). This enrichment

1-3



requires OIB magmas to be derived from an enriched mantle source very different to
the MORB source. Some distinctions in the trace element characteristics of the OIB
end-members have been recognized by Palacz and Saunders (1986), Weaver et al.
(1986, 1987), Loubet et al. (1988), Saunders et al. (1988) and Weaver (1991). Zindler
and Hart (1986), Hart (1988), and Weaver (1991a,b) report three distinctive OIB
sources (HIMU, EMI, and EMII) that exist in the suboceanic mantle. OIB with unusually
radiogenic Pb isotope ratios are derived from a source with a high **U/2*Pb (HIMU
source), whereas OIB with unusually radiogenic Sr and unradiogenic Nd isotope ratios
are derived from mantle sources (EMI and EMIl) enriched in large ion lithophile
elements (LILE) and LREE (Weaver, 1991a). Weaver (1991a) suggests that oceanic
crust subducted into the mantle forms the major component in the OIB magma source,
with HIMU OIB sources being pure basaltic crust compared to EMI and EMII OIB
sources which contain variable amounts of pelagic and terrigenous sediment,
respectively, together with the very old (1 to 2 Ga) recycled oceanic crust. in addition to
the three mantle sources for OIB, Hart (1988) identifies a fourth mantle component that
exists with unusually low ¥Sr/**Sr and high **Nd/'*Nd which is the MORB source, the
depleted MORB mantle (DMM).

Hart (1988) addresses the generation of the different mantle components. The
MORB source is depleted in incompatible elements, with the missing budget of these
elements now largely residing in the continental crust. The exact pathway(s) by which
these elements have migrated from the upper mantle into the crust involves both melit
removal processes occurring at spreading centers, and melt-fluid extraction processes
occurring in subduction zones.

Zindler and Hart (1986) proposed explanations for the existence of large-scale and

small-scale chemical heterogeneity in the mantle. Large-scale chemical heterogeneities



(similar in scale to the depth of the convecting layer) require very long time scales for
dispersal and will likely persist for the age of the Earth. Small-scale chemical
heterogeneities will be mixed over “regional” volumes on time scales significantly
shorter than the age of the Earth. Total destruction of even the smallest scale chemical
heterogeneities depends on chemical diffusion. Zindler and Hart (1986) contended that
convective isolation is not necessary to preserve ancient mantle heterogeneity. They
propose: (1) that kilometer-size chemical heterogeneities can survive diffusive
equilibration for billions of years, even in the presence of a meit phase. The situation
for the rare gases is not drastically different than that for other elements. (2) The mantie
is chemically heterogeneous on both very small (10 m) and very large (>1000 km)
scales. (3) Isotopic heterogeneities in the mantle require the existence of four “end-
member” components (DMM, HIMU, EMI, and EMII) and are consistent with the
existence of at least two additional components, bulk silicate Earth (BSE) and prevalent
mantle (PREMA). BSE is defined as the primitive, undifferentiated segment of the
Earth’s mantle and PREMA represents isotopic compositions of ocean islands and
enriched MORB, which are intermediate between the DMM, BSE, HIMU, and EM
components (Zindler & Hart, 1986).

The Azores hotspot in the North Atlantic Ocean is an example of heterogeneity on a
single island scale. Davies et al. (1987) propose that away from the influence of
hotspots, the isotope composition of MORB tends to be relatively constant. In the
proximity of hotspots, MORB develops the chemical and isotopic signatures of hotspot
volcanism (e.g., South Atlantic, Hanan et al.,, 1987). Davies et al. (1987) further
propose that MORB and hotspot reservoirs are generally isolated from each other. The
presence of Northern Hemisphere Reference Line (NHRL), HIMU, and DUPAL (Dupre

& Allegre) signatures in the Azores magmas demonstrates their source region to be




extremely heterogeneous. Woodhead and McCulloch (1989) present evidence from
Pitcaim Island in the southeast Pacific Ocean of small length-scale (~10 km) chemical

heterogeneities in ocean islands.

South Atlantic Ocean mantie heterogeneity

It is, therefore, well established that the Earth’s mantle in general is chemically
heterogeneous (Sun & McDonough, 1989; Zindler & Hart, 1986). Hotspot-related
magmatism produces rocks which are extremely diverse in their geochemistry. Volcanic
and plutonic rocks from the hotspot-related islands of the South Atlantic Ocean
illustrate this diversity in Sr-Nd space (Fig. 1.1). This chemical diversity suggests that
large-scale chemical heterogeneity on the scale of hundreds or thousands of kilometers
exists in the suboceanic mantle (White, 1985, Allegre et al., 1987, Hart, 1988). Major
geochemical diversity is also increasingly being noted in OIB from individual oceanic
islands, implying that heterogeneities also exist in OIB sources on small (kilometer)
scales (Dupre et al., 1982, Weaver et al., 1987: Woodhead and McColloch, 1989;
Barling and Goldstein, 1990; Halliday et al., 1992). The significant variation in the Pb
isotope composition of samples from individaul hotspot-related South Atlantic Ocean
islands (Fig. 1.1) substantiates the presence of small-scale chemical heterogeneities in

the mantle.

Ascension Island mantle heterogeneity

A substantial geochemical data base now exists for hotspot-related ocean island
basalt (OIB) from different parts of the world (Budhan and Schimtt, 1985; Bohrson and
Reid, 1995; Clague and Frey, 1982; Dupre et al., 1982; Harris, 1983, Hoemle and
Schmincke, 1993; Loubet et al., 1988; Harris and Sheppard, 1987; Weaver et al., 1991;

Weis, 1983; West and Leeman, 1994; White, 1985). Yet, prior to this study, Ascension




Island, situated at 7°56'S and 14°22'W in the South Atlantic Ocean, had not been
comprehensively studied. This is the first project that aims at a comprehensive
voicanological, geochemical, and petrogenetic study of the hotspot-related voicanic
rocks of Ascension Island. Some data exist on the surface and subsurface geology,
mineralogy, geochemistry, fluids associated with magmatism, and age of the different
varieties of rocks and plutonic xenoliths of Ascension Island (Atkins et al., 1964; Baker,
1973; Roedder & Coombs, 1967; Harris & Bell, 1982; Harris et al., 1982; Harris, 1983;
Weis, 1983; Harris, 1985; Sheppard & Harris, 1985; Harris & Sheppard, 1987; Weis et
al., 1987; Adams, 1996; Nielson & Sibbett, 1996; Nielson & Stiger, 1996). These
studies show there to be substantial diversity within the geochemical data. Volcanic
rocks from Ascension Island have radiogenic Nd isotope compositions (**Nd/***Nd of
0.5130 to 0.5131) which are similar to the compositions of MORB magmas erupted
from the MAR in the South Atlantic Ocean (Weis et al., 1987). Ascension volcanic rocks
have low ¥Sr®Sr similar to St. Helena, and Pb isotope compositions similar to
Fermmando de Noronha, Trindade, and Bouvet (Weis, 1983; Weis et al., 1987). A suite of
gabbroic xenoliths from Ascension have much lower “*Pb/"*Pb (17.9 to 18.8) than the
volcanic rocks and there is particularly wide isotépic diversity among the volcanic and
plutonic rocks of Ascension Island (Harris et al., 1982; Weis 1983). The present study
confirms the diversity that exists in the mantie and is directed to understand the cause
of this variation in the geochemical data and its implications for large-scale and small-
scale mantle chemical heterogeneities, as reflected in the petrogenesis of mafic and

felsic volcanic and plutonic rocks of Ascension Isiand.




Chapter 1B

Regional Tectonic Setting

Ascension Island is situated at 7°56'S and 14°22'W in the South Atlantic Ocean
(Fig. 1.2) and is located about 80 km west of the median valley of the Mid-Atlantic
Ridge (MAR) and about 50 km south of the Ascension Fracture Zone (AFZ, Fig. 1.2).
The AFZ is the first large right lateral offset of the MAR south of the equator. The
Ascension hotspot is lfocated 225 km southeast of Ascension Island at 9°50’S and
13°20'W (not under Ascension [sland) and has produced two seamount chains (Fig
1.3). One chain, to the east, follows the trend of Fracture Zone A and the small offset
slightly to the south and includes two seamounts near the MAR and a large topographic
builge 450 km east of the ridge. The second chain includes Ascension Island, which sits
on 5- to 6-Ma-old oceanic crust, and two large seamounts (Seamount A and Seamount
B) that are 300 km and 610 km west of Ascension Island, respectively, and sit on
oceanic crust that is 20 and 36 Ma old, respectively, and are on the same spreading
flow line (Fig. 1.4). The evidence for this hotspot includes: (1) the existence of
Ascension Island and the two seamounts to the west; (2) a 500 to 700 m positive ridge
crest anomaly and lack of a well defined rift valley in historical bathymetric data of this
region; (3) the marked lack of seismicity along the central anomaly, from 8°30'S to
10°S; (4) a seamount reaching to within 72 m of the surface located at 9°14'S 12°50'W
and several large seamounts to the east; and (5) a spike in La/Sm and Nb/Zr of MORB
dredge samples from the MAR at 9°45’S (Schilling & Thompson, 1983; Schilling et al.,
1985). The two seamounts are similar in size to Ascension Island. The three major

volcanic edifices were produced by the hotspot but do not mark the trail of the South



American plate over a fixed hotspot. The model requires that the spreading axis resided
relatively close to the hotspot for the past 36 Ma. The seamounts were produced by the
channeled subaxial fiow of the excess basaltic melt beneath the MAR. This flow is
dammed by the older and thicker crust encountered at the Ascension Fracture Zone
leading to an excess of volcanism at the intersection of the spreading axis and the
fracture zone. This mechanism explains why the seamounts are along a flow line close
to the fracture zone rather than marking a hotspot trail. The fact that the three lie along
a flow line requires the South American plate to have no north-south component of
motion over the mantle for the past 36 Ma or so, if the hotspot is under Ascension. This
would also leave the other seamount chain unexplained. Brozena (1986) proposes that,
taking into account ‘subsidence and ignoring erosion, seamounts A and B were both
islands approximately 1000 m high, similar to Ascension Island.

The hotspot influences the MAR for approximately 450 km from the Ascension
Fracture Zone to the Bode Verde Fracture Zone (Fig. 1.3). The effects of the hotspot
on the MAR include an anomalously shallow ridge axis with a poorly defined rift valley
and a lack of seismicity. The additional heat and magma available from the hotspot
give this section of the MAR a structure more typical of fast spreading ridges such as
the East Pacific Rise (Brozena, 1986).

Hotspots near, but not on ridge axes channel a portion of the upwelling
asthenosphere to the ridge crest. The effect once the material is channeled to the ridge
is the same as if the hotspot were located beneath the ridge, although the volume of
material may be reduced. Ascension Island may, in fact, be a third type of hotspot
island in which the hot plume material is first channeled along the base of the
lithosphere to a spreading axis and then flows along the axis to a fracture zone. The

flow is dammed at this point and a seamount is formed at a considerable distance from
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the hotspot. This process may be responsible for some of the many seamounts and
ridges which occur along fracture zones (Brozena, 1986). This feature is well
documented between 8°S and 10°S; the plume has a strong influence on the isotopic
and trace element ratios of N-MORB, especially Pb and Lay/Smy, which are much
higher in the plume source compared to the N-MORB (Fontignie & Schilling, 1996).
Ascension and the 20 Ma seamount were probably formed by the damming of
plume material which has been channeled along the ridge crest by the Ascension
Fracture Zone. Their locations therefore do not correspond to plate motion over a fixed
hotspot (Brozena, 1986). On the other hand, the 36 Ma seamount to the west was
probably formed over the hotspot (Brozena, 1986). The seamount chains oriented
along fracture zone trends can be produced only while the hotspot is sufficiently near
the MAR to supply excess melt. This period may be extended by flow toward the ridge
of hot material from the hotspot along the base of the lithosphere. The hotspot causes
temporal as well as spatial variability by episodic activity. Volcanic events seem to
occur for a few Ma separated by about 10 to 15 Ma of inactivity. This implies that the
ridge crest morphology and the topography which is rafted away from the ridge may
also be affected episodically, thus altemnating in type from normal slow spreading to fast

spreading (Brozena, 1986).
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Chapter IC

General Geology of Ascension Island

Introduction to Geology of Ascension Island

Ascension Island has a very varied topography (Fig. 1.4). The island has a steep,
rugged eastern half and much flatter, iess rugged westem haif. In the eastern half, the
island rises from the coast to the tallest peak of the island, Green Mountain (859 m
elevation) which is made up of massive, thick pyroclastic (mostly pumice) deposits with
the southwestern flanks mostly consisting of trachyte. The western half of the island is
covered by lava plains of mostly aa flows (only one pahoehoe flow was identified)
punctuated by scoria cones, some of which rise to considerable heights (Fig. 1.4).

The exposed volcanic rocks on the island comprise transitional to mildly alkaline
basaitic-trachytic series lava flows, trachytic domes, scoria cones, and pyroclastic
deposits. The geological map presented in this section (Fig. 1.5 and Fig. 1.6) is
modified after Nielson and Sibbett (1996). Essential modifications that were made
include adding geochemical classification of the different rock types from detailed
compositional data from the present study, and changing and adding a number of flow
boundaries to separate flows of different geochemical characteristics.

Ascension Island is a composite volcano with in excess of fifty scoria cones
scattered over the island (Fig. 1.7; Table 1.1). Pyroclastic (pumice and scoria) deposits
make up about 43% of the isiand’s total areal extent. Prior to this study, the pyroclastic
deposits have been uncharacterized. The largest scoria cones occur in the central to
southwestern to south-central parts of the island (Fig. 1.4). Some of the scoria cones

rise above 305 m in height, with the highest cone (Mountain Red Hill) reaching a height



of 546 m above sea level. The scoria varies in size, vesicularity content, and freshness.
Some scoria is extremely fresh, while other scoria is moderately to heavily oxidized.
The scoria generally is fine-grained, although phenocrysts can be identified in some
scoria deposits. In general, the scoria cones are asymmetric with a gentle northwestern
flank and a steep southeastern flank due to the South East trade winds that blow over
the island. At the waning stages of cone activity breach flows have erupted from the
thinned, weakened southeastem flank of some of the scoria cones. These breach flows
are of variable volume and areal extent.

Other than pyroclastic deposits, most of the island is covered by mafic lava flows
and felsic lava flows and flow domes. The mafic flows, wherever traceable, are found to
emanate from a scoria cone. Some of the smaller scoria cones are associated with
tongue-shaped flows of small spatial dimensions. The flows range in chemical
composition from basalt through hawaiite and mugearite to benmoreite. Basait and
hawaiite flows are more common than any other variety of mafic and feisic flows. Some
of the youngest geological features of the island are hawaiite flows related to the
Sisters Peak and South Gannet Hill and these flows may have been erupted within the
last few hundred years (Atkins et al., 1964). A few mugeaﬁte flows occur in the north-
central part of the island. In the northern part of the island three cones (Cones ; Fig.
1.7) form a linear NW-SE trending chain and have each erupted benmoreite breach
flows. The western most of these cones, termed Broken Tooth (Fig. 1.7) has erupted
both mugearite and benmoreite lava flows that contain xenocrysts disaggregated from
entrained syenite xenoliths (Harris & Bell, 1982). There are two distinctive felsic
eruptive centers on the island - 1) the central complex is comprised of the Middleton
Ridge felsic center and Green Mountain (Fig. 1.6). Middleton Ridge is composed

primarily of trachyte, pumice, and some rhyolite and rhyolitic obsidian; 2) the eastern
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part of the island is made up mostly by trachyte flows and lava domes (Fig. 1.6), most
noticeable of which is a voluminous trachyte flow in the northeastern part of the island

tha originated from Devil's Cauldron and flowed northward and eastward.

Previous work on Ascension Island

Ascension Island was discovered in 1501 but regular human settiement started only
in 1815. Since 1815, numerous expeditions have touched the shores of Ascension but
not untii Darwin visited the island was a scientific and geological investigation
conducted on Ascension. Darwin made some excellent scientific observations and this
classic work was published in 1844. Daly (1925) studied the island’s geology in great
detail and his article is the first detailed geological document on Ascension Island.
Since then various people have investigated the island’s geology in an attempt to
characterize the volcanic and plutonic rocks. They include Atkins et al. (1964), Roedder
and Coombs (1967), Baker (1973), Harris & Bell (1982), Harris et al. (1982), Harris
(1983), Weis (1983), Harris (1985), Sheppard and Harris (1985), Harris & Sheppard
(1987), Weis et al. (1987), Weaver et al. (1987), Adams (1996), Nielson and Sibbett

(1996), and Nielson and Stiger (1996).

Detailed geology of Ascension Island

The most widely exposed rocks of Ascension are basailt and hawaiite lava flows.
Compared to these more mafic rocks, lesser volumes of mugearite and benmoreite are
present on the island. Trachyte and rhyolite are more abundant than rocks of
mugearitic and benmoreitic compositions. A description of the detailed geology of the
exposed rocks of Ascension follows. For the location and characteristics of the scoria
cones refer to Table 1.1 and Fig. 1.7, for the distribution of the different mafic rocks

refer to Fig. 1.5, and for the distribution of the felsic rocks refer to Fig. 1.6.
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Mafic volcanic rocks (basalt-hawaiite-mugearite-benmoreite)

There are four distinct basait to benmoreite suites defined, based on trace element
characteristics: (1) in the southwestern part of the island there are hawaiite flows and
scoria cones which have Zr/Nb of 4.1; (2) in the southemn and the southeastern parts of
the island basalt flows and extensive lapilli deposits have Zr/Nb of 5.6 to 6.1; (3) over
the rest of the island basait and hawaiite flows and scoria cones have Zr/Nb of 4.5 to
5.6; and (4) hawaiite flows from Dark Slope Crater have Zr/Nb of 4.9 to 5.4, but have
unusually high Ni (28 to 52 ppm) and Sr (596 to 902 ppm) relative to Zr compared to
other hawaiite flows and scoria with similar Zr/Nb (Ni < 20 ppm and Sr < 540 ppm at
equivalent Zr content).

(1) Low Zr/Nb (4.1) hawaiite

Low Zr/Nb pyroclastic deposits and flows were erupted only locally from a few
eruptive centers, Cotar Hill, Horse Shoe Crater, and two unnamed nearby craters, Cone
37 and Cone 38 (Fig. 1.7) in the southwestern part of the island. All these cones are
hawaiitic in composition with aimost identical major and trace element chemistry and
radiogenic isotopic signature (Fig. 1.5). These are comparatively small scoria cones
and the flows associated with them flow in a west-southwest direction and are very
limited in spatial extent. The small tongue shaped flow from Cotar Hill is the youngest of
the low Zr/Nb flows.

(2) High Zr/Nb (5.6 - 6.1) basalt

High Zr/Nb pyroclastic deposits and flows are more widespread than low Zr/Nb
hawaiite occupying the southeastern part of the island. These mafic rocks are uniformly
basaltic in composition with one exception, a flow south of Sharp Cliff which is

hawaiitic. Associated with the high Zr/Nb flows there are only three scoria cones which



inciude the biggest scoria cone on the island, Mountain Red Hill reaching a height of
546 m (Fig. 1.7). South West Bay Red Hill in the southwestern part and Sisters Red Hill
(Fig. 1.7) in the northern part are the exceptions. These two high Zr/Nb cones are
located in the midst of intermediate Zr/Nb pyroclastic deposits and flows.

High Zr/Nb flows cover the southeastern part of the island (Fig. 1.5) and extend on
the coast line from southeast of South Red Crater (Fig. 1.7) in the southem part of the
island to Sharp CIiff in the eastern part of the island. Few apparent flow breaks and
little significant variation in geochemistry is noticeable over this area. The sources of
these flows are not visible but lie somewhere in the east-central section undemeath the
southern flank of Green Mountain (Fig. 1.4). Two flows in the cliff sequence of Cricket
Valley have a slightly evolved chemistry compared to the other high Zr/Nb flows.

(3) Intermediate Zr/iNb (4.5 - 5.6) basalt-hawaiite-mugearite-benmoreite

The intermediate Zr/Nb scoria and mafic flows are more ubiquitous than any other
type of mafic rocks. A number of scoria cones are associated with the flows. Most of
the flows are voluminous with younger flows covering older flows and making it difficult
to trace the origin of the older flows back to their eruptive centers.

Basalt and hawaiite

The major eruptive centers of intermediate Zr/Nb basalt and hawaiite in the westemn
half of the island include Sisters Peak, the second largest scoria cone on the island and
a complex eruptive center (Fig. 1.7). A young hawaiite flow from the north side of the
Sisters Complex (Fig. 1.5) flowed north and extends between North Point and Porpoise
Point. Two very young breach flows on the southern side are of much more limited
extent and volume (Fig. 1.5). A lava lake is found on the southern side of the Sisters
Complex. These two young flows are considered to have erupted within the past few

hundred years (Atkins et al., 1964).
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Mugearite and benmoreite

Only a few scoria cones and associated flows are of mugearite composition (Table
1.1, Fig. 1.7). There are some notable scoria cones and flows of benmoreite
composition (Figs.s 5 & 6). In the western part of the island are the small cones of Fort
Thomton, Fort Hayes, and Cat Hill (Fig. 1.7). Cat Hill has a breach flow (Fig. 1.5) and
the “Wireless station” flows (Daly, 1925; Fig. 1.5) from an unnamed cone (Cone , Fig.
1.7) are benmoreite. Benmoreite flows are relatively young as compared to other mafic
flows all over the island with the youngest fissure eruption flow being on South East
Head (Fig. 1.5). This flow only has a limited areal extent and is amongst some of the
youngest volcanic features on the island. This flow is probably no older than 1,000
years old (Atkins et al., 1964). In the northem part of the island three cones (Broken
Tooth, Hollow Tooth, and an unnamed cone (Cone 3; Fig. 1.7) have erupted breach
flows of benmoreitic composition. The cones have a northwest-southeast trend. Broken
Tooth erupted mugearitic and, subsequently, benmoreitic lavas. These flows contain
disaggregated xenocrysts from entrained syenite blocks.
(4) Intermediate Zr/Nb (4.9 - 5.4) hawaiite and mugearite flows of Dark Slope Crater

Hawaiite and mugearite flows from Dark Slope Crater (Fig. 1.7) occur in a very
localized area in the southwestern part of the island (Fig. 1.5). These flows have high
Ni (28-52 ppm) and Sr (596-902 ppm) with respect to Zr (318-558 ppm) and differ from
the other, more ubiquitous intermediate Zr/Nb hawaiite flows and scoria (Ni < 20 ppm

and Sr < 540 ppm at equivalent Zr content).
Felsic rocks

There are two distinctive felsic eruptive centers on the island, the central complex

and the eastern complex. The central complex is comprised of the Middleton Ridge
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felsic center and Green Mountain (Fig. 1.6). Middieton Ridge is composed primarily of
trachyte, pumice, and some rhyolite and rhyolitic obsidian. The highest peak on the
island, Green Mountain (859 m), is made up of massive, thick pyroclastic (mostly
pumice) deposits with the southwestern flanks mostly constituted of trachyte.

The eastern part of the island is made up mostly by trachyte flows and lava domes
(Fig. 1.6). A voluminous trachyte flow in the northeastern part of the island originated
from Devil's Cauldron and flowed northward and eastward. Devil's Cauldron is
interpreted to be an explosion crater with the trachyte dome of Weather Post occurring
on the southern side of the crater. Southeast of Devil's Cauldron and Weather Post is
the massive trachytic flow dome of White Horse, and to the east of White Horse is the
comenditic coulee of Little White Hill (Fig. 1.6). At the extreme eastern end of the
island, South East Head is constituted of trachyte. In the southeastern part of the island
trachyte occurs at Round Hill, Cocoanut Bay, Ragged Hill, and in Pillar Bay (Fig. 1.6).
Trachyte from Ragged Hill and Cocoanut Bay contains unusually high concentrations of
alkali feldspar phenocrysts.

In the western part of the island trachyte is found locally at Devil's Riding School,
Daly’s Crags, and Cross Hill (Fig. 1.6).

Rhyolitic compositions are relatively rare, being restricted to the rhyolite flow on
Middleton Ridge in the central felsic complex, and the Little White Hill flow dome and a

flow in the cliff section to the north of White Horse in the eastern felsic complex.
Plutonic and volcanic xenoliths

Felsic plutonic xenoliths (monzonite, syenite, and granite) and volcanic xenoliths
(trachyte and rhyolite) occur mainly in pyroclastic deposits on the western flanks of

Green Mountain. The granite, syenite, and monzonite xenoliths have been described in
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great detail by Roedder & Coombs (1967), Harris & Bell (1982), Harris et al. (1982),
Harris (1983), Sheppard & Harris (1985), and Harris & Sheppard (1987). The granite
xenoliths from Five Mile Post vary in size from extremely small (a few cm) to 25 to 30
cm in length and generally are fine-grained with a few which are more coarse-grained.
Monzonite xenoliths occur on Middleton Ridge and syenite xenoliths in the Broken
Tooth flows (Harris, 1983). Trachytic and rhyolitic xenoliths from the same general area

vary vastly in size and generally have a schistose texture.
Ages of the volcanic rocks of Ascension Island

Ascension Island sits on 5- to 6-Ma-old oceanic crust. A deep geothermal
exploration well records much of the history of the formation of the island (Nielson &
Stiger, 1996). Below 1966 m, the sequence is largely mafic and the felsic rocks mostly
occur above 887 m depth. Nielson & Stiger (1996) suggest that feisic volcanism is
relatively recent in the growth of the volcanic edifice, although felsic rocks are the
oldest exposed rocks on the island.

There is a distinct clustering of ages among the exposed rocks on the island (Fig. 9)
with the higher SiO, rocks being significantly older (range from 1.2 to 0.56 Ma) than the
mafic volcanic rocks (range from 0.47 to 0.12 Ma, with a basaltic dike from Middleton
Ridge dated at 0.80 Ma).

Felsic magmatism:

A limited number of age dates (K-Ar) for Ascension trachyte, rhyolite, and pumice
exist in the literature (Harris et al., 1982, Nielson and Sibbett, 1996); we have added
four new Ar-Ar age dates on feldspar phenocrysts. The first phase of felsic voicanism
occurred in the central part of the island. A rhyolite flow east of Middleton Ridge is

dated at 0.99+0.02 Ma; this is overlain by a trachyte flow with an age of 0.82+0.02 Ma,
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and this flow is overiain by a trachyte dome closely associated with a trachyte lava flow

dated at 0.65+0.02 (Nielson & Sibbett, 1996). From field and age relationships we

suggest that the build up of the Middleton Ridge felsic center started around 1 Ma ago
and continued until 0.65 Ma ago.

Felsic magmatism next occurred:

1) west of Middleton Ridge, where the Devil's Riding School trachyte is dated at
0.66+0.02 and is overlain by pumice with an age of 0.61+0.02 Ma;

2) east of Middleton Ridge, where build up of Green Mountain started around
0.65+0.02 Ma and ended around 0.56+0.06 Ma; and,

3) in the eastern felsic complex where (there is only one age date for this region) the
trachyte dome of Weather Post is dated at 0.67+0.02 Ma. The lack of age dates
from the eastern felsic complex makes it difficult to conclude its relationship with the
Middleton Ridge felsic center. The eastern felsic complex may be contemporaneous,
if not slightly younger than, the Middleton Ridge center.

These age dates suggest areal exposure of the central and the eastern parts of the
island was built up over a period of half a million years, from 1 Ma to 0.56 Ma. Nielson
& Sibbett'(1 996) suggest that, since the oldest dated rocks in both the felsic complexes
are rhyolite, with time silica content decreased with eruption of trachyte from a magma
chamber that initially tapped rhyolite from the top of the chamber with the chamber

being active for > 0.4 Ma.

Mafic magmatism:

Seven holes drilled for geothermal prospecting (GH1 to GH6, and LDTGH; Neilson
& Sibbett, 1996) recovered almost continuous core and penetrated the volcanic pile to
a maximum depth of 200 m below sea level. Basalt and hawaiite flows from the

deepest levels of three boreholes to the east and north of Devil's Riding School have
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higher Zr/Nb (7.4 to 7.7 in GH1; 6.8 to 7.1 in GH6; 6.6 in LDTGH) than any surface
basalt or hawaiite lava flows (maximum Zr/Nb of 6.1). This suggests that higher Zr/Nb
magmas were erupted earlier in the history of mafic magmatism followed by lower
Zr/Nb magmas.

The exposed mafic rocks on Ascension Island are somewhat younger in age
compared to the felsic rocks. Overlapping the end of the felsic volcanism, or starting
very shortly thereafter, high Zr/Nb basaltic lavas were erupted in the southeastern part
of the island. In the southwestem part of the island all four mafic magma types of
different ages are present. Field relationships of non-overlapping phases of eruption
provide an understanding of the change in the nature of mafic magmatism with time on
the island. The basalt flows on the flanks of Devil's Riding School were uplifted by
intrusion of trachyte magma which subsequently erupted through the basait carapace
(Atkins et al., 1964). These basait flows have high Zr/Nb, and as the K-Ar age of the
Devil's Riding School trachyte is 0.66+0.02 Ma (Nielson & Sibbett, 1996) there was
eruption of high Zr/Nb magma prior to this time. In addition, a high Zr/Nb basalt flow on
the southern flank of Green Mountain has a K-Ar age of 0.47+0.10 Ma (Harris et al.,
1982) and thick high Zr/Nb basalt flow exposed in the walls of Cricket Valley has a K-Ar
age of 0.35+0.03 Ma (Harris et al., 1982). Thus, high Zr/Nb magma may have erupted
over at least a 300,000 year period (Weaver et al., 1996).

Dark Slope Crater is adjacent to Devil’'s Riding School (Fig. 1.7), and flows on the
eastemn flank of Dark Slope Crater bank up against the westem flank of Devil's Riding
School (Fig. 1.5). In the cliff section exposed in South West Bay, low Zr/Nb flows
overlie flows with the chemical characteristics (high Zr and Ni relative to Zr) of Dark
Slope Crater lavas. The highly porphyritic intermediate Zr/Nb flow from Command Hill

cone (Fig. 1.6) ramps over the South West Bay cliffs, and aiso forms a pronounced
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flow front on the low Zr/Nb flow to the southeast of Cotar Hill (Fig. 1.5). Elsewhere on

the island, the youngest flows (e.g., Sisters flows, Fig. 1.5) are of intermediate Zr/Nb

type (Weaver et al., 1996).
Therefore in summary:

1) Borehole data suggest that higher Zr/Nb (> 6.6) mafic magmatism occurred earlier
in the history of the island followed by lower Zr/Nb (< 6.6) mafic magmatism.

2) The oldest exposed lava flows are of the high Zr/Nb basalt; limited K-Ar age dates
suggest that this magma type may have erupted between ca. 0.66 and 0.35 Ma.

3) Subsequently, there was localized eruption of the Dark Slope Crater magma type.

4) This was followed by equally localized eruption of the low Zr/Nb magma type.

5) The most recent eruptions (which have continued to possibly within the past few
hundred years, Atkins et al., 1964) have been much more widespread and of the

intermediate Zr/Nb magma type.
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Figure 1.5. Geological map of Ascension Island, somewhat modified from Nielson and Sibbett (1996). The four geochemically
distinct mafic rock types (high Zr/Nb, intermediate Zr/Nb, low Zr/Nb, and Dark Slope Crater) are identified and the compositions of
selected flows are indicated as: B basalt, H hawaiite, M mugearite, Be benmoreite.
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Figure 1.7. Map of Ascension Island showing the location and compositional
characteristics of the scoria cones listed in Table 1.1. Symbols used to designate the
composition of the cones are: A high Zr/Nb basalt, v low Zr/Nb hawaiite, O
intermediate Zr/Nb basalt and hawaiite, ™ intermediate Zr/Nb mugearite and
benmoreite, and O Dark Slope Crater hawaiite and mugearite.
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Table 1.1. Locations and chemical characteristics of Ascension Island scoria cones.

Cone Grid Sample
No. Name Reference Composition scoria flow
1 Broken Tooth 703258 Mugearite to benmoreite v v
2  Hollow Tooth 709251 Benmoreite v
3 unnamed 714247 Benmoreite v v
4  unnamed 689248 Mugearite v
5  unnamed 704247 Hawaiite (intermediate Zr/Nb) v
6  unnamed 706245 Hawaiite (intermediate Zr/Nb) v
7  Sisters Red Hill 700244 Basait (high Zr/Nb) v
8 unnamed 704242 Hawaiite (intermediate Zr/Nb) v
9  Street Crater 705238 Hawaiite (intermediate Zr/Nb) v
10  Butt Crater 704235 Hawaiite (intermediate Zr/Nb) v v
1" Perfect Crater 699239 Hawaiite (intermediate Zr/Nb) v
12  unnamed 687241 not known
13  Sisters Peak 693239 Hawaiite (intermediate Zr/Nb) v v
14  unnamed 699234 Hawaiite (intermediate Zr/Nb) v
15  Thistle Hill 705225 Mugearite v
16 Travellers Hill 697225 Hawaiite (intermediate Zr/Nb) v v
17  Lower Valley Crater 724243 Basalt (intermediate Zr/Nb) v
18 Upper Valley Crater 726234 Mugearite
19  unnamed 730221 not known
20 unnamed 743241 Hawaiite (intermediate Zr/Nb) v
21 unnamed 744233 Hawaiite (intermediate Zr/Nb) v
22  Fort Thomnton 647240 Benmoreite v
23 Fort Hayes 645236 Benmoreite v
24  Cross Hill 658233 Basailt (intermediate Zr/Nb) v v
25  unnamed 682222 not known
26  Lady Hill 681219 Hawaiite (intermediate Zr/Nb) v v
27 unnamed 674218 Benmoreite v v
28 unnamed 667213 Hawaiite (intermediate Zr/Nb) v
29 Table Crater 674209 Mugearite v
30 Cat Hill 648211 Benmoreite v v
31 South West Bay Red Hill 660209 Basalt (high Zr/Nb) v v
32 Command Hill 668202 Basalt (intermediate Zr/Nb) v
33  Dark Slope Crater 672198 Hawaiite to mugearite (DSC-type) v
34  Horse Shoe Crater 670193 Hawaiite (low Zr/Nb) v
35 unnamed 666193 not known
36 unnamed 670190 not known
37  unnamed 674190 Hawaiite (low Zr/Nb) v
38  unnamed 678192 Hawaiite (low Zr/Nb) v v
39 unnamed 679195 Hawaiite (intermediate Zr/Nb) v
40  unnamed 684196 Mugearite v
41 unnamed 681192 not known
42  Round Hill 664190 not known
43  CotarHill 661187 Hawaiite (low Zr/Nb) v
44  South Gannet Hill 671185 Basalt (intermediate Zr/Nb) v
45  Booby Hill 678186 Hawaiite (intermediate Zr/Nb) v
46  Spoon Crater 696198 not known
47  unnamed 694197 Hawaiite (DSC-type) v
48  Mountain Red Hill 705197 Basaitt (high Z2r/Nb) v
49  unnamed 701192 Mugearite v
50  South Red Crater 697181 Hawaiite (intermediate Zr/Nb) v
51 Green Top Crater 705187 Hawaiite (intermediate Zr/Nb) v
52  South East Crater 717190 Hawaiite (intermediate Zr/Nb) v
53 Coast Red Nipple 741188 not known
54  Round Hill 752193 not known
55  Crater Cliff 758202 not known
56  unnamed 763212 not known

Cone number has been assigned arbitrarily. Scoria cone names and grid references are from the 1:25,000 Ascension
Island topographic map., series G 892, edition 4-GSGS, 1992
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ABSTRACT

The basailt-hawaiite-mugearite-benmoreite-trachyte-rhyolite suite of Ascension Island
has much greater geochemical diversity than hitherto recognized. Among the mafic
(basalt to benmoreite) rocks four distinct groups are identified: low Zr/Nb hawaiite, high
Zr/Nb basalt, intermediate Zr/Nb basalt to benmoreite, and Dark Slope Crater hawaiite
and mugearite. Although crystal fractionation controls compositional variation within
each group it cannot be the cause of the differences between the groups. The high
Zr/Nb and intermediate Zr/Nb groups have similar Sr, Nd, and Pb isotopic
characteristics and were derived from the same mantle source which has undergone
lesser degrees of partial melting through time. The low Zr/Nb and Dark Slope Crater
groups have different isotopic characteristics (less radiogenic Nd, more radiogenic Sr
and Pb) due to contributions from enriched mantle components. In both cases the
enriched component is of HIMU type. The dominant component, present in the high
Zr/Nb, intermediate Zr/Nb, and low Zr/Nb groups, has the composition of the St. Helena
hotspot and has mixed to varying degrees with the depleted upper mantle. The more
minor component, present only in the Dark Slope Crater group and some intermediate
Zr/Nb samples, has higher **Pb/™Pb relative to **Pb/*™Pb than the St. Helena

hotspot. This component may be of local lithospheric origin.

Fractional Crystallization / Mantle Heterogeneity / Pb-Sr-Nd isotopes / REE / Zr/Nb

INTRODUCTION

Hotspot-related volcanism, especially that occurring in the interior of oceanic plates, is
one of the best means to study the composition of the Earth’s mantle. These volcanic

rocks, termed ocean island basait (OIB), represent magmas derived directly from the



mantie and which are least contaminated during their ascent from the mantle through
the thin oceanic lithosphere to the surface. Zindler & Hart (1986), Hart (1988), and
Weaver (1991a,b) recognize three distinctive OIB mantle sources, HIMU, EMI, and
EMIIL. OIB with unusually radiogenic Pb isotope ratios are derived from a source with
high 2%U/”Pb (HIMU source), whereas OIB with unusually radiogenic Sr and
unradiogenic Nd isotope ratios are derived from mantle sources (EMI and EMII)
enriched in large ion lithophile elements (LILE) and light rare earth elements (LREE)
(Weaver, 1991a). Weaver (1991a) suggested that oceanic crust subducted into the
mantie forms the major component in the OIB magma source, with HIMU OIB sources
being pure basaltic crust compared to EMI and EMII sources which contain variable
amounts of pelagic and terrigenous sediment, respectively, together with the very old (1
to 2 Ga) recycled oceanic crust. In addition to the three mantle sources for OIB, a fourth
mantle component with low ¥Sr/**Sr and high "*Nd/'*Nd is the source for mid-oceanic
ridge basalt (MORB) (Hart, 1988).

Numerous studies in the last few decades on the major and trace element
geochemistry and isotope characteristics of hotspot-related magmatism have thrown
light on the heterogeneities that exist between and among intra-plate volcanic rocks
from different parts of the world. The substantial differences in Sr, Nd, and Pb isotopic
compositions between volcanic and plutonic rocks from the various hotspot-related
islands of the South Atlantic Ocean (Fig. 2.1) illustrate this diversity and suggests the
existence of large-scale chemical heterogeneity on the scale of hundreds or thousands
of kilometers (Zindler & Hart, 1986) in the suboceanic mantle. Major geochemical
diversity is also increasingly being noted in OIB from individual oceanic islands,
implying that heterogeneities also exist in OIB sources on small (kilometer) scales

(Weaver et al., 1987; Woodhead & McCulloch, 1989; Barling & Goldstein, 1990;



Halliday et al., 1992). The significant variations in Sr, Nd, and Pb isotopic compositions
(Fig. 2.1) among the OIB from individual South Atlantic Ocean islands substantiate the
presence of small-scale mantle heterogeneities.

This is the first project that aims at a comprehensive geochemical and petrogenetic
study of the hotspot-related volcanic rocks of Ascension Island. Although a substantial
geochemical database exists for hotspot-related ocean island basalt (OIB) from
different parts of the world, Ascension Island has not previously been comprehensively
studied. Some data exist on the geology, mineralogy, major, minor and trace element,
and isotope geochemistry, fluids associated with magmatism, and age of the different
varieties of rocks and plutonic xenoliths of Ascension island (Atkins et al., 1964;
Roedder & Coombs, 1967; Harris & Bell, 1982; Harris et al., 1982; Harris, 1983; Weis,
1983; Harris, 1985; Sheppard & Harris, 1985; Harris & Sheppard, 1987; Weis et al.,
1987; Adams, 1996; Nielson & Sibbett, 1996; Nielson & Stiger, 1996). These studies
show that a substantial diversity is present within the geochemical data. The present
study confirms and extends this diversity and is directed to understand the cause(s) of
the variation of the geochemical data and its implications for mantle heterogeneity and

the petrogenesis of the mafic volcanic rocks.

GENERAL GEOLOGY OF ASCENSION ISLAND

Ascension Island, situated at 7°56'S and 14°22'W in the South Atlantic Ocean, is
located 80 km west of the Mid-Atlantic Ridge and 50 km south of Ascension Fracture
Zone (Fig. 2.2) on oceanic crust which is 5- to 6-Ma-old. The island rises about 2700 m
from the ocean floor and has a maximum elevation of 860 m above sea level and an
areal exposure of about 98 km®. The oldest dated volcanic rocks from the island are

about 1 Ma (Harris et al., 1982; Nielson & Sibbett, 1996) and volcanism possibly has
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continued to within the past few hundred years (Atkins et al., 1964).

Ascension is a composite volcano and the exposed volcanic rocks on the island
comprise basalt-trachyte series lava flows, flow domes, scoria cones, and pyroclastic
deposits (Fig. 2.3). Pyroclastic (pumice and scoria) deposits make up about 43% of the
surface area of the island (Harris, 1983). There are in excess of fifty scoria cones
(Table 2.1 and Fig. 2.4) distributed over the island with some of the largest cones
occurring in the central to southwestern to south-central parts of the island with the
highest cone (Mountain Red Hill) reaching a height of 546 m above sea level. A more
detailed geology of the mafic rocks is presented in the geochemistry section of this
paper. Prior to this study, the pyroclastic deposits have been largely uncharacterized. In
this study we geochemically and petrogenetically characterize the voluminous mafic

lava flows and scoria deposits.

SAMPLING AND ANALYTICAL TECHNIQUES

For details on sampling techniques and analytical procedure for major and trace
element analyses obtained at the University of Oklahoma refer to Weaver et al. (1996),
for radiogenic isotope analysis performed at University of California, Los Angeles refer
to Davidson et al. (1993), and for oxygen isotope analysis performed at Southern

Methodist University to Borthwick & Harmon (1982).

GEOCHEMISTRY

Alteration of lava flows and scoria

The climate of Ascension Island is (at the present day) quite arid and most of the
sampled lava flows have no to little petrographic evidence of alteration and there is
unlikely to have been any significant modification of primary chemical characteristics.

Scoria samples, however, invariably are oxidized. Sampling of the scoria and lava flow




erupted from the same vent allows assessment to be made of chemical changes due to
oxidation (Table 2.2) aithough there may be slight chemical differences due to degree
of fractionation (based on immobile incompatible element abundance, Al-208 is slightly
more evolved than Al-211 and Al-179 is more evoived than Al-180; Table 2.2).
Oxidized (brown) scoria is hydrated as indicated by elevated H,O- and LOI (Table 2.2,
data for Cones 38 and 16) and, compared to a fresh flow sample from the same vent,
there is loss of Na,;O (0.75 to 0.90 wt% for Al-208 and Al-180). Scoria from Cone 44 is
not oxidized (black lapilli were sampled from a quarry in the cone) and is not
significantly hydrated compared to samples of the flow from this cone, but has ~0.40
wt% depletion in Na,O (Table 2.2). The massive bomb from Cone 44 petrographically is
fresh and has low H,0- and LOI but has ~0.20 wt% depletion in Na,O compared to flow
samples (Table 2.2). The K,O content of the scoria samples is unchanged but, because
of Na,O loss, Na;,0+K,O and Na,O/K,O are low in scoria compared to the cogenetic
flow (Table 2.2). In addition to Na,O loss, CaO is lower and MgO higher in scoria
relative to flow for Cones 38 and 16 (Table 2.2), and the loss of Na,O and CaO results
in a significant apparent increase in SiO; in Al-208 and Al-180 (Table 2.2).

There are also noticeable alteration effects on some trace element abundances. Sr
is slightly depleted and Rb slightly enriched in scoria Al-180 and Al-26 relative to flow
samples and Ba is slightly depleted in scoria Al-208 and Al-180 relative to flow
samples. Th and Pb are constant within analytical error. Zr and Nb are immobile
elements in hydrous fluids and Zr/Nb is constant between the scoria and lava flow

samples.

Chemical homogeneity of lava flows
Multiple samples were taken from a number of lava flows, allowing assessment of the

chemical homogeneity of individual flows (Table 2.3). In many cases, scoria from the
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associated vent was aiso sampled. The flow from Command Hill (Fig. 3, Fig. 4) is quite
extensive and forms some 2.5 km of the coast line which is as far as 3 km from the
vent. This flow is very distinctive as, unusually for Ascension flows, it is moderately
phyric. There are only very small variations in the chemistry of the five samples (Table
2.3); for example, limited variation in MgO probably reflects slightly variable
concentration of olivine phenocrysts. Incompatible element ratios are constant (Table
2.3), with the exception of the bomb from the cone (Al-1) which has slightly different
ratios to the four flow samples. Nonetheless, despite the phyric nature of this flow there
is no significant indication of chemical variability due to flow differentiation.

An extensive hawaiite flow issued from a breach high on the northeast side of
Sisters Peak have flowed around Broken Tooth and its flows (Fig. 2.3). This flow
apparently is relatively young and very fresh (low H,O- and negative LOI, Table 2.3).
The chemical compositions of the four samples from this flow (Table 2.3) are very
consistent, for major and trace elements and for incompatible element ratios.

A benmoreite flow from (unnamed) Cone 27 (Fig. 3, Fig. 4) extends for ~3.5 km to
the coast (this is the older of the two “Wireless Station” flows described by Daly, 1925).
Although only sampled in two places the chemical analyses are almost identical (Table
2.3) demonstrating that the more evolved flows also are compositionally very uniform.

A number of other flows were sampled in muiltipie locations. In all such instances
the indication is that the lava flows on Ascension are compositionally very
homogeneous and, therefore, that a single sample of a flow is well representative of

the composition of that flow.

Major and trace element geochemistry
The Ascension volcanic rocks are a transitional to mildly alkaline fractionation series

from basalt through hawaiite, mugearite and benmoreite, to the highly fractionated



products of trachyte and rhyolite (Fig. 2.5). Basalt and hawaiite are the most common
eruptive products, with lesser volumes of mugearite and benmoreite flows and scoria.
Representative chemical analyses of the mafic rock types are presented in Table 2.4.
Trachyte flows and domes are volumetrically more abundant than mugearite and
benmoreite flows.

in the Ascension basalt to rhyolite suite the major element variations conform to
those expected from crystal fractionation of the observed phenocryst phases from a
basalt parent magma (Harris, 1983); variation of Al,Os, TiO,, and MgO with respect to
SiO; define segmented linear correlations indicating fractionation of olivine, feldspar,
clinopyroxene, and titanomagnetite. Here we consider the petrogenesis of the mafic
(basalt to benmoreite) rock types of Ascension Island which are geochemically more
diverse than hitherto recognized (Table 2.4). For petrogenesis of Ascension felsic rocks
and their relationship to the mafic rocks refer to Kar et al. (Felsic MS). All of the
Ascension mafic rocks have undergone significant crystal fractionation; none have MgO
> 7 wt% (Fig. 2.6) and those with > 6 wt% MgO have accumulated olivine +
clinopyroxene phenocrysts. SiO; is < 50 wt% for rocks with 7 to 4.5 wt% MgO but then
increases with greater dégrees of fractionation (Fig. 2.6). Fe,O; and TiO, increase from
7 to 4.5 wt% MgO then decrease with decreasing MgO (Fig. 2.6) whereas Al,O,
behavior is the opposite, although with considerable scatter in the data (Fig. 2.6). Ca0
constantly decreases and K,O constantly increases with fractionation (Fig. 2.6).

The Ascension mafic flows and scoria have a significant range in Zr/Nb, from 4.0 to
6.0 (Fig. 2.7). There are four distinct mafic rock types that are identified based on trace

element variations (Table 2.3 and Fig. 2.7):

(1) High Zr/Nb basalt

Basalt lava flows (SiO, 47.6 to 50.6 wt%) from the southeastern part of the island and
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extensive basaltic lapilli deposits on Green Mountain (Fig. 2.4) have relatively low Zr
(160 to 248 ppm) but high Zr/Nb (5.6 to 6.1; Fig. 2.7). Only three scoria cones have
high Zr/Nb; Mountain Red Hill and South West Bay Red Hill in the southwestern part of
the island, and Sisters Red Hill in the northern part of the island (Table 2.2.1, Fig. 2.4).
This latter cone is anomalous as it occurs distant from the major surface exposures of
high Zr/Nb flows. Ni contents are high (30 to S0 ppm) for Ascension mafic rocks (Fig.
2.8) and incompatible element contents are relatively low (Fig. 2.8). REE patterns are
moderately LREE enriched (Ceyn/Ybn 4.7 to 6.1; Fig. 2.9). Incompatible element
normalized pattens are typical for OIB with pronounced enrichment in Nb (and Ta)
relative to other highly incompatible elements (Fig. 2.2.10). P/Zr is low (normal) in the
high Zr/Nb basalt group (P/Zr=7.7 to 12.9).

The high Zr/Nb basait flows are sparsely to moderately phyric with a phenocryst and
microphenocryst assemblage mostly of plagioclase and olivine, the relative abundance

varying from flow to flow, together with titanomagnetite and rare patchy clinopyroxene.

(2) Low Zr/iNb hawaiite

Localized hawaiite lava flows in the southwestern part of ‘he island (Fig. 2.3) have a
restricted range of compositional variation (SiO, 47.3 to 47.9 wt%; Zr 235 to 259 ppm)
and have low Zr/Nb (4.1; Fig. 2.7). These flows originated from a number of small
scoria cones, e.g., Cotar Hill, Horse Shoe Crater, and two unnamed cones (Table 2.1,
Fig. 2.4) to the south and southwest of Dark Slope Crater. The low Zr/Nb flows also
have higher Ba/Zr and Rb/Zr than the other mafic rock types (Fig. 2.8) and REE
patterns (Fig. 2.9) that are more fractionated (e.g., Cen/Yby 6.2 to 6.6 compared to 4.7
to 6.1 in high Zr/Nb basalt). A very distinctive feature of the low Zr/Nb group is a strong
enrichment in P relative to other incompatible elements, manifest in elevated P/Zr (16.8

to 19.0 compared to 7.7 to 12.9 in the high Zr/Nb group) and a P “spike” in the



incompatible element normalized pattems (Fig. 2.10).
The low Zr/Nb hawaiite flows are aphyric with rare plagioclase phenocrysts and
some are moderately vesicular with small vesicles scattered throughout the

groundmass.

(3) Intermediate Zr/Nb basalt-hawaiite-mugearite-benmoreite

Most of the western and northem parts of Ascension Island (Fig. 2.3) are covered by
basalt to benmoreite lava flows (SiO, 47.25 to 60.95 wt%) with a wide range in Zr (140
to 610 ppm) and intermediate Zr/Nb (4.5 to 5.6). Most of the scoria cones on the island
are of intermediate Zr/Nb composition (Fig. 2.4). A description of the intermediate Zr/Nb

mafic rocks follows.

Basalt and hawaiite

Basalt and hawaiite flows and scoria have 47.3 to 51.6 wt% SiO,, 140 to 387 ppm Zr,
and a range in Zr/Nb of 4.6 to 5.6 (Fig. 2.7), although Zr/Nb < 4.8 or Zr/Nb > 5.2 is rare.
The only intermediate Zr/Nb samples with Zr < 221 ppm (Fig. 2.7) are from highly phyric
basalt flows associated with the Command Hill cone. Some of the youngest lava flows
on Ascension, for example those from South Gannet Hill and Sisters Peak (Atkins et
al., 1964), are of intermediate Zr/Nb basalt and hawaiite. Sr is buffered in the 400 to
500 ppm range (Fig. 2.8), although hawaiite flows from Bears Back have higher Sr
(close to 650 ppm); these flows aiso have somewhat lower Y than the other
intermediate Zr/Nb flows. REE pattems have Cen/Yby of 5.3 to 6.5 (slightly more
fractionated than the high Zr/Nb group) although highiy phyric samples from Command
Hill have lower Cey/Yby of 4.5 to 4.7. P behavior is highly variable in intermediate Zr/Nb
basalt and hawaiite; P/Zr ranges from 8.1 to 24.0 and there are large P spikes in the
incompatible element patterns (Fig. 2.10) of samples with high P/Zr.

The intermediate Zr/Nb basalt flows typically are sparsely phyric and contain
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plagioclase and common olivine phenocrysts that rarely form glomerocrystic clusters
with plagioclase. Hawaiite flows mostly are aphyric and slightly to moderately vesicular
although some flows are massive; they contain rare microphenocrysts of plagioclase,
olivine, and clinopyroxene with the crystals embayed and resorbed. Titanomagnetite

microphenocrysts are also present.

Mugearite and benmoreite

Mugearite flows and scoria have 50.2 to 55.3 wt% SiO,, 333 to 470 ppm Zr, and Zr/Nb
of 4.7 to 5.9 whereas benmoreite flows and scoria have 54.7 to 61.0 wt% SiO,, 429 to
610 ppm Zr, and Zr/Nb of 4.9 to 6.0.

Only a few scoria cones (Fig. 2.4) and associated flows (Fig. 2.3) are of mugearite
composition (Fig. 2.7). There are some notable scoria cones (Fig. 2.4) and flows (Fig.
2.3) of benmoreite composition; in the westem part of Ascension are the small cones of
Fort Thornton, Fort Hayes, Cat Hill (which has a breach flow), and the “Wireless station”
flows (Daly, 1925) from an unnamed cone, and at the eastern end of the island is the
young benmoreite fissure flow on South East Head. In the northern part of the island
three cones form a Iinear NW-SE trending chain (Fig. 2.4) and have each erupted
benmoreite breach flows. The westernmost of these cones is Broken Tooth which
erupted both mugearite and benmoreite lava flows that contain xenocrysts
disaggregated from entrained syenite xenoliths (Harris & Bell, 1982).

The mugearite flows are aphyric to moderately phyric and contain variable
proportions of feldspar, plagioclase, and titanomagnetite phenocrysts and olivine
microphenocrysts and phenocrysts. Feldspar phenocrysts are rare and olivine
microphenocrysts are very rare. The groundmass is medium grained with feldspar laths
defining patchy, irreguiar flow alignment. The benmoreite flows are aphyric with

plagioclase, olivine, and titanomagnetite forming the rare microphenocrysts and vary
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from massive to highly vesicular. The groundmass plagioclase laths show some
development of flow alignment. The benmoreite fissure flow on Letterbox is moderately
phyric and vesicular and contains plagioclase phenocrysts and clinopyroxene, olivine,
and titanomagnetite microphenocrysts. The flows from Broken Tooth are
petrographically distinctive in that they contain aikali feldspar xenocrysts derived by

desegregation of entrained syenite inclusions.

(4) Dark Slope Crater
Hawaiite and mugearite flows (SiO, 48.2 to 52.1 wt%) originating from Dark Slope
Crater (Fig. 2.4) have intermediate Zr/Nb (4.9 to 5.2; Fig. 2.7) but have high Ni (28 to
52 ppm) and Sr (596 to 902 ppm) relative to Zr (318 to 558 ppm) compared to other
intermediate Zr/Nb hawaiite flows and scoria (Ni < 20 ppm and Sr < 540 ppm at
equivalent Zr content; Fig. 2.8). To the east of Dark Slope Crater, a small unnamed
cone (Fig. 2.4) which is partially covered by Spoon Crater has similar characteristics; a
dyke exposed on the flank of the cone and a small breach flow are hawaiite, and to the
south of this cone is a mugearite flow (Fig. 2.3) which likely originated from the cone. In
the Dark Slope Crater group, Sr increases with increasing Zr, as opposed to the other
rock types where Sris buffered at around 500 ppm (Fig. 2.8), implying lesser amounts
of plagioclase fractionation from the Dark Slope Crater magmas. The Dark Slope Crater
flows also have low Y (Fig. 2.7) and more fractionated REE patterns (Cen/Yby 8.0 to
12.4; Fig. 2.9) compared to the other mafic rock types. P behaviour is not anomalous;
P/Zris low (11.0 to 13.0 in hawaiite; lower in mugearite due to apatite fractionation) and
there is no P spike on incompatible element normalized patterns (Fig. 2.10).

The Dark Slope Crater flows are aphyric (rare olivine microphenocrysts) and

moderately vesicular.
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DISCUSSION

The wide variation of Zr/Nb observed for the mafic Ascension rocks could be generated
by: (1) crystal fractionation, particularly involving clinopyroxene and Fe-Ti oxide
fractionation, (2) by variable low degrees (<10%) of partial melting of the mantle source
of the mafic magmas, (3) by magmas being tapped from mantle sources of different

Zr/Nb with or without source mixing, or (4) a combination of these processes.

Crystal fractionation

Low to moderate degrees of fractional crystallization do not strongly fractionate
ratios of incompatible trace elements. Of the observed phenocryst phases in the mafic
lava flows, olivine and plagioclase fractionation will not change Zr/Nb (as both elements
are highly incompatible in these phases), whereas clinopyroxene fractionation will
decrease Zr/Nb in evolved liquids (as Dz, > Dny) and Fe-Ti oxide fractionation will
increase Zr/Nb in evolved liquids (as Dz < D). In the highly phyric flows from the
Command Hill cone, Zr/Nb is slightly higher (5.4 to 5.5) than in other intermediate Zr/Nb
flows (average Zr/Nb of 5.0), most likely due to accumulation of clinopyroxene
phenocrysts. However, co-crystallization of clinopyroxene and titanom.agnetite will
produce little change in Zr/Nb and this is evident from the Ascension mafic rocks; in the
high Zr/Nb group there is a slight increase in Zr/Nb with fractionation (Zr/Nb of 5.5 to
5.7 in rocks with 143 to 162 ppm Zr; Zr/Nb of 5.6 to 6.0 in rocks with 244 to 259 ppm
Zr) and in the Dark Slope Crater flows there is little change in Zr/Nb (range 4.9 to 5.2)
over a wide range in fractionation (Zr 318 to 583 ppm). Similarly, in the intermediate
ZriNb group there is little change in Zr/Nb over a wide fractionation interval (average
Zr/Nb of 5.0 in basalt and hawaiite, 5.0 in mugearite, and 5.3 in benmoreite).

A crystal fractionation controlied liquid line of descent can be quantitatively modeled

using least squares regression of major element data for parent and daughter liquids
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and phenocryst phases. The derived degree of crystallization and proportions of
phenocryst phases can be used to model trace element behaviour during Rayleigh
crystal fractionation (e.g., Davidson & Wilson, 1989).

There is wide chemical variation in the intermediate Zr/Nb group and fractionation
has been modeled from basalt to hawaiite, hawaiite to mugearite, and mugearite to
benmoreite (Table 2.5). The sum of squares of residuals (ER?) is very low in the models
(Table 2.5). The largest residual in each model is for Na.O (Table 2.5) and most likely
this reflects the mobility of Na,O even in apparently “fresh” samples. The phase
proportions of olivine, clinopyroxene, and plagiociase (ol:pig:cpx) change from 6:57:37
to 8:50:42 to 15:26:59 with increasing fractionation. Modeled incompatible trace
element abundance generally agree extremely well with observed abundance (Table
2.5) and there is little change in Zr/Nb over the large fractionation interval (66%
crystallization) from basalt to benmoreite.

The high Zr/Nb group is almost exclusively restricted to basaltic compositions; onfy
one sample (Al-128) from this group is hawaiitic. The least squares solution (Table 2.5)
is not as good as for the intermediate Zr/Nb group but the error in Na,O accounts for
77°/<; of the sum of squares of residuals. Calculated trace element abundances agree
well with observed abundances and there is no change in Zr/Nb with fractionation
(Table 2.5).

Fractionation of a Dark Slope Crater hawaiite composition to a mugearite
composition yields an excellent least squares result (Table 2.5) but there are some
notable discrepancies in the trace element model. In contrast to the other groups where
Sr is buffered with increasing fractionation, in the Dark Slope Crater group Sr increases
with increasing fractionation (Fig. 2.8). This suggests a less important role for

plagiociase in the fractionating phenocryst assemblage, but the least squares modei
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requires that plagioclase is the dominant phenocrysts phase (ol:pig:cpx 15:53:31) and
consequently the modelled Sr abundance is much lower than the observed abundance
in the mugearite composition (Table 2.5). A similar problem exists for Ni which also
does not decrease significantly in abundance with fractionation in the Dark Slope
Crater group (Fig. 2.8).

There is only very limited chemical variation within the low Zr/Nb group and least
squares modelling has not been done for these compositions.

The combined major element and trace element models therefore indicate that
crystal fractionation processes can adequately account for the chemical variation within
each of the distinct groups of mafic rocks. More significantly, can the different groups
be related to a common parent magma type by crystal fractionation?

From field evidence, eruption of lavas of the high Zr/Nb group preceded the
eruption of lavas of the other groups. Consequently, models were tested for the
derivation of the other magma types from a parental high Zr/Nb mafic magma (Table
2.6). The models for generation of an intermediate Zr/Nb basalt and a Dark Slope
Crater hawaiite yield very poor sums of squares of residuals; large residuals for a
number of individual oxides contribute to the high sum of squares of residuals (Table
2.6). The model for generation of a low Zr/Nb hawaiite has a better sum of squares of
residuals (Table 2.6), but is still inferior to the models for crystal fractionation within the
groups (Table 2.5). The trace element models do not account well for either the
absolute abundance of individual incompatibie elements or for the difference in Zr/Nb
between the groups (Table 2.6) and crystal fractionation processes are not the primary

control on the relatively wide range in Zr/Nb (4.1 to 6.0) in Ascension mafic rocks.

Partial melting

Variable extents of partial melting at low degrees of melting can significantly
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fractionate incompatible trace element ratios. For example, for an enriched mantie
source with 15 ppm Zr, 1.5 ppm Nb and Dz = 0.1, Dy = 0.01 during melting, magma
with Zr/Nb of 4.0 would be generated by 5% batch melting whereas magma with Zr/Nb
of 6.0 would be generated by 11% batch melting. Although none of the Ascension
mafic lava flows have the chemical characteristics of primary magmas, aspects of the
compositions of the high Zr/Nb group compared to the low Zr/Nb group are consistent
with the latter being derived from magmas produced by a lower degree of melting.
incompatible element abundances are generally higher in the low Zr/Nb group than in
the high Zr/Nb group (Fig. 2.8) and the more highly incompatible elements are more
strongly enriched relative to the less incompatible elements (Figs. 9 and 10). The low
Zr/Nb group also has higher Na,0 + K;O relative to SiO; (Fig. 2.5). The intermediate
Zr/Nb group might then be derived from magmas produced by a degree of melting
between those for the high and low Zr/Nb magmas. These general considerations do
not, however, necessarily imply a common mantle source for these three magma types.
The Dark Slope Crater lava flows are unusual in that they have intermediate Zr/Nb but
are substantially more enriched in the more incompatible elements (Fig. 2.8) than are
the other mafic rock types, suggesting a distinctive source. '

Combined with trace element data, Sr, Nd, and Pb isotopes can provide valuable
insights into the characteristics and mixing of the source components invoived in the
generation of OIB magmas. Previously reported Nd isotope data for Ascension is
limited (Weis et al, 1987, Halliday et al., 1992), but “*Nd/'"“Nd has only restricted
variation from 0.51299 to 0.51321 in all rock types. *’Sr/*Sr is uniformly low (about
0.7030), except in some trachyte and pumice samples where even age corrected ratios
are > 0.705 (Harris et al., 1982; Weis et al., 1987; Kar et al., Felsic MS).

Our Nd isotope data for Ascension island mafic rocks (Table 2.7) extend to less
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radiogenic compositions ('“Nd/***Nd 0.512918) than previously reported (lowest
“Nd/"**Nd 0.513000, Halliday et al., 1992) but we do not find **Nd/"*Nd as high as
the 0.51313 value reported for a basaltic tuff by Weis et al. (1987). There are
distinctions in the Nd isotope compositions of some of the four mafic groups recognized
from trace element data. The high Zr/Nb compositions have “*Nd/'““Nd of 0.512992 to
0.513066 (Table 2.3, Fig. 2.11) whereas "“Nd/'*Nd is lower in the low Zr/Nb group
(0.512969 to 0.512972) and, particularly, the Dark Slope Crater group (0.512918 to
0.512974). The intermediate Zr/Nb group mostly has *“*Nd/'“Nd within the range of the
high Zr/Nb group aithough three samples have lower '*Nd/'“Nd (Fig. 2.11). The
Broken Tooth flows have the highest “*Nd/"**Nd of the mafic rocks (Table 2.7, Fig.
2.11); this is not related to the presence of the disaggregated syenite xenoliths in these
flows, which have lower "*Nd/'*Nd (Table 2.7). The Nd data therefore suggests that
the high and (most) intermediate Zr/Nb magmas were derived from an isotopically
similar source whereas the low Zr/Nb and Dark Slope Crater magmas were derived
from a different, more enriched, source.

Ascension mafic rocks have a general trend of slightly increasing ¥Sr/**Sr with
decreasing '*Nd/'Nd (Fig. 2.12) aithough the range in ¥Sr/**Sr is not large. Dark
Slope Crater group rocks have the highest ¥Sr/**Sr (Fig. 2.12), with the exception of
samples which probably are altered and have secondary elevation of *’Sr**Sr (powders
analyzed for Sr isotopes were not leached). Sr isotope compositions of the high and
intermediate Zr/Nb groups largely overiap, and the low Zr/Nb group has ¥Sr/*®Sr at the
upper end of the range of the high and intermediate Zr/Nb groups (Fig. 2.12) from
0.702766 to 0.703263 and '*Nd/**Nd ranging from 0.512918 to 0.513066.

The Dark Slope Crater group has the most radiogenic Pb isotope compositions

**°Pb/"*Pb ~19.85; Fig. 2.12) and the high Zr/Nb group less radiogenic Pb



(***Pb/**Pb ~19.4 to ~19.6; Fig. 2.12). Pb isotope ratios for the intermediate Zr/Nb
group mostly overiap with the high Zr/Nb group, but extend toward the composition of
Dark Slope Crater flows (Fig. 2.12). The low Zr/Nb group has Pb isotope ratios slightly
higher than the high Zr/Nb group, but substantially lower than the Dark Slope Crater
group (Fig. 2.12).

The Dark Siope Crater magmas were therefore derived from an enriched source
having relatively radiogenic Sr and Pb and unradiogenic Nd (Fig. 2.12). Although the
low Zr/Nb magmas were erupted in close proximity to Dark Siope Crater and have
similar '*Nd/'“Nd to the Dark Slope Crater flows, they have significantly less
radiogenic *’Sr/**Sr and **Pb/**Pb (Fig. 2.12), requiring a distinct source. The low
Zr/Nb group lies at the enriched (low "“*Nd/"*“Nd, high *’Sr/**Sr and **Pb/”**Pb) end of
the isotopic arrays defined by the high Zr/Nb group and most of the intermediate Zr/Nb
group (Fig. 2.12), suggesting that the isotopic variation in the high Zr/Nb, intermediate
Zr/Nb, and low Zr/Nb groups is controlled by mixing between a depleted and a more
enriched source. A Dark Slope Crater source component is, however, present in some
of the intermediate Zr/Nb compositions (Fig. 2.12). There are, therefore, three distinct
source components represented in the compositions of Ascension mafic volcanic rocks,
a depleted source and two slightly different enriched sources. The overall similarity in
Sr, Nd, and Pb isotope ratios in the high Zr/Nb and intermediate Zr/Nb groups suggests
that the latter is derived from the same source region as the former but by a smaller
degree of melting. Field relationships suggest that the intermediate Zr/Nb flows are
younger than the high Zr/Nb flows, and data for shallow borehole samples (Kar et al.,
1995) shows that flows with higher Zr/Nb than, but similar ***Nd/**Nd to, any of the
surface flows are present in the subsurface; this indicates a temporal decrease in the

degree of melting during the more recent magmatic evolution of Ascension Island.
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Oxygen isotopes aiso provide an important tool for investigating the geochemical
characteristics of the mantle source regions of OIB and alteration they undergo during
their ascent and interaction with seawater. Sheppard & Harris (1985) report that whole
rock *O/*°0 of fresh alkali basalt, hawaiite, trachyandesite, trachyte, and comendite
from Ascension range from +6.0 to +6.9%o with 5'°O tending to increase with increase
in Si0,. Our data (Table 2.7) generally corresponds with that of Sheppard & Harris
(1985) but also shows a significant spread in 5'%0 values. Low Zr/Nb hawaiite have
5'°0 values ranging from +6.5 to +7.1%c, high Zr/Nb basalt have 50 from +5.7 to
+7 8%, intermediate Zr/Nb mafic rocks have 3'°0 between +5.0 and +7.8%o, and Dark

Slope Crater flows have §'20 between +6.8 to +7.5%o.

South Atlantic Ocean Mantle Heterogeneity and Ascension Island mafic rocks

The variable isotopic signatures of South Atlantic OIB suites (Fig. 2.1) suggests that the
suboceanic mantie under the South Atlantic Ocean is geochemically heterogeneous on
a large scale. However, this diversity also exists on a single island like Ascension (Fig.
2.1). The cause of this heterogeneity could result from; (1) mixing of different OIB
mantle source components (HIMU, EMI, EMII), (2) mixing during ascent of a plume with
the depleted upper mantie, and (3) interaction of magma with altered oceanic crust
during magma ascent and residence in high level magma storage reservoirs.

The HIMU end-member is represented by volcanic rocks from St. Helena and has
unusually radiogenic Pb (**Pb’™Pb > 20.3), radiogenic Nd ("*Nd/'““Nd 0.5128 to
0.5130), and unradiogenic Sr (*’Sr/®Sr 0.7027 to 0.7031) isotope compositions (Fig.
2.1). In marked contrast, voicanic rocks from the EMI islands of Tristan da Cunha and
Gough have relatively unradiogenic Pb (**Pb/**Pb 18.2 to 18.8), unradiogenic Nd

("“*Nd/**Nd 0.5125 to 0.5127), and radiogenic Sr (¥’Sr/*°Sr 0.7042 to 0.7057) isotope
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compositions (Fig. 2.1). Volcanic rocks from the islands of Fernando de Noronha,
Trindade, and Bouvet have isotopic compositions between these extremes. Volcanic
rocks from Ascension Island are distinctive in having radiogenic Nd isotope
compositions (**Nd/"**Nd 0.5130 to 0.5131) which are similar to the compositions of
mid-ocean ridge basalt (MORB) magmas erupted from the Mid-Atlantic Ridge in the
South Atlantic (Weis et al., 1987). Ascension rocks have low *'Sr/*®Sr similar to St.
Helena, and Pb isotope compositions similar to Fernando de Noronha, Trindade, and
Bouvet (Weis, 1983; Weis et al., 1987). In Sr-Nd space, the compositions of Ascension
mafic volcanic rocks plot between compositions typical of Mid-Atiantic Ridge basalt and
the compositions of St. Helena volcanic rocks (Weis et al., 1987). Weis et al. (1987)
suggested that the isotopic compositions of Ascension lava flows reflect mixing
between the N-MORB source and St. Helena-type (HIMU) OIB.

Ascension Island appears not to be hotspot-centered, the geophysical indications
being that the Ascension hotspot presently is located east of the Mid-Atlantic Ridge
(MAR) at approximately 10°S, some 225 km southeast of Ascension Isiand (Brozena,
1986). Hotspot derived magma would be channeled northward by sub-axial flow along
the MAR, then deflected and erupted upon encountering the Ascension Fracture Zone
(Brozena, 1986). Analysis of dredge samples from the MAR between 3°S and 15°S
shows the influence of the hotspot on MORB chemistry (Schilling et al., 1986; Hanan et
al., 1986; Fontignie & Schilling, 1996). North of the Ascension Fracture Zone is a typical
N-MORB domain (Lan/Smy ~0.5, **Pb/*Pb < 18; Fig. 2.13) and south of the Bode
Verde Fracture Zone the MORB is of fairly uniform composition but somewhat more
enriched (higher Lay/Smy, 2*Pb/**Pb) than typical N-MORB (Fig. 2.13). Between the
Ascension and Bode Verde Fracture Zones there is a geochemical gradient (best

defined by Lan/Smy) which suggests that the hotspot is located between 9°S and 10°S
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(Fig. 2.13).

MORB from the 3°S to 15°S MAR segment define linear arrays in Sr-Nd and Pb-Pb
space (Fig. 2.14) due to mixing between depleted, N-MORB source, mantle and an
enriched mantle component. In Sr-Nd space the enriched component could be a St.
Helena-type HIMU hotspot (Fig. 2.14), although it could also be a hotspot with higher
*7Sr/**Sr and lower *Nd/"“Nd than the St. Helena HIMU source. In Pb-Pb space (Fig.
2.14) the 3°S to 15°S MORB define a trend parallel to the Northern Hemisphere
Reference Line (NHRL; Hart, 1984) but displaced to higher 2*Pb/”*Pb (positive A8/4).
The enriched end-member is therefore a HIMU-type source, but one with higher
*®pp/**Pb relative to 2*°Pb/”*Pb compared to St. Helena OIB (which plot significantly
displaced to the right hand side of the NHRL and have large negative A8/4).

Ascension Island mafic rocks have Sr-Nd compositions that plot on the 3°S to 15°S
MORB array (Fig. 2.14) but have Pb-Pb compositions distinct from the 3°S to 15°S
MORB array, and which plot on the other side (negative A8/4) of the NHRL (Fig. 2.14).
Within the Ascension data there may be two subtle but distinct isotopic sub-sets. The
high Zr/Nb, low Zr/Nb, and most of the intermediate Zr/Nb group samples define a trend
from a depleted end-member toward the isotopic composition of St. Helena HIMU OIB
(Fig. 2.13, Fig. 2.14), as suggested by Weis et al. (1987), The Dark Slope Crater, and
some intermediate Zr/Nb, samples do not, however, fall on this trend, but rather define
a separate trend which is more parallel to the NHRL in Pb-Pb space and extends to
higher ®Sr/*Sr than St. Helena OIB in Sr-Nd space (Fig. 2.13, Fig. 2.14). The dominant
enriched component in Ascension magmas is the St. Helena HIMU OIB composition
(high Zr/Nb and intermediate Zr/Nb compositions volumetrically are predominant on
Ascension). The second, subordinate, enriched component (which is only manifested in

the Dark Slope Crater type flows erupted from just two scoria cones) is a HIMU
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component with higher 2*Pb/**Pb relative to 2*Pb/***Pb than the St. Helena HIMU
component.

The Dark Slope Crater gabbro xenoliths are not discussed in detail here. They have
Pb isotope compositions (Harris et al., 1982; Weis et al., 1987) which plot to the left of
the NHRL but have higher “®*Pb/Pb than the MAR MORB and define a mixing trend
toward a component with low 2°Pb/***Pb but elevated *’Pb/**Pb and ***Pb/*Pp,
although they have Sr and Nd compositions that plot within the range of the Ascension
mafic volcanic rocks. However, our Pb isotope data for the Dark Slope Crater gabbro
xenoliths is very similar to that for the lava flows and not as unradiogenic as previously
reported.

The isotopic systematics of the Ascension mafic volcanic rocks therefore suggest
that the hotspot component is of HIMU type with characteristics very similar to the St.
Helena hotspot. Although hotspots can influence the composition of the MORB
magmas at ridge axes over considerable distances from the hotspot (Schilling et al.,
1986), it is doubtful that the St. Helena hotspot, some 1000 km distant, could have a
significant effect on the mantle in the vicinity of Ascension Island. Rather, the
Ascension hotspot may be sanipling the same mantle source region as tapped by the
St. Helena hotspot, but subaxial flow of the hotspot-derived magmas along the MAR
results in greater interaction with the depleted upper mantle and dilution of the hotspot
signature.

The Dark Slope Crater group represents very localized, relatively small volume
volcanism. The different HIMU component present in the Dark Slope Crater group is
perhaps most likely to represent a local enriched lithospheric source. However, the
lithosphere under Ascension Island is very young (5- to 6-Ma-old) and even very high

U/Pb would not be able to generate 2*Pb/*®Pb of close to 20 in such a short period of
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time. The exact origin of this component remains somewhat uncertain.

CONCLUSIONS

1) Based on trace element characteristics, four distinct groups of mafic rocks are
identified on Ascension Island: a low Zr/Nb hawaiite group, a high Zr/Nb basalt group,
an intermediate Zr/Nb basalt to benmoreite group, and, a subset of the intermediate
Zr/Nb group, the Dark Slope Crater hawaiite and mugearite group.

2) Crystal fractionation controls the chemical variation within each group, but cannot
account for the chemical differences between the groups.

3) There are significant differences in the Sr, Nd, and Pb isotopic compositions of some
of the groups. Lava flows from Dark Slope Crater have the lowest "*Nd/"**Nd and the
highest ¥Sr/**Sr and *Pb/**Pb. The low Zr/Nb group has similar "*Nd/"**Nd to the
Dark Slope Crater group, but lower ¥Sr*Sr and **Pb/*Pb. The high Zr/Nb and
intermediate Zr/Nb groups have generally similar Sr-Nd-Pb systematics, with higher
“SNd/"Nd and lower ¥S/*Sr and **Pb/"™Pb than the Dark Slope Crater and low
Zr/Nb groups. These relationships can be explained by mixing between three mantle
components, one depleted component and two distinct enriched components.

4). The similarity of Sr, Nd, and Pb isotopic compositions between the younger
intermediate Zr/Nb group and the older high Zr/Nb group, and the presence in the
subsurface of flows with higher Zr/Nb but similar *“*Nd/'*“Nd, implies that the degree of
partial melting of the same overall mantle source has decreased over time.

5) In 2°Pb/™Pb - 2Pb/Pb space the Ascension volcanic rocks are displaced to the
right of the NHRL and define two mixing trends, one to a HIMU component with the
composition of the St. Helena HIMU source, the other also a HIMU component but with
higher 2Pb/**Pb relative to 2°°Pb/***Pb than the St. Helena source.

6) The St. Helena HIMU component represents the composition of the hotspot which



has mixed with the depleted upper mantle to varying degrees to produce the magmas
of the high Zr/Nb, intermediate Zr/Nb, and low Zr/Nb groups.
7) The second HIMU component is only represented in the volumetrically minor Dark

Slope Crater group, and this may represent a local enriched lithospheric source.
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8coria cones

e mafic ash

high Zr/Nb mafic flows
int. Zr/Nb mafic flows

: tow Zi/Nb mafic flows
IS Dark Slope Crater flows

Figure 2.3. Geological map of Ascension Island, somewhat modified from Nielson and Sibbett (1996). The four geochemically
distinct mafic rock types (high Zr/Nb, intermediate Zr/Nb, low Zr/Nb, and Dark Slope Crater) are identified and the compositions of
selected flows are indicated as; B basait, H hawaiite, M mugearite, Be benmoreite.
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Figure 4. Map of Ascension Isiland showing the location and compositional
characteristics of the scoria cones listed in Table 2.1. Symbols used to designate the
composition of the cones are: A high Zr/Nb basalt, v low Zr/Nb hawaiite, O intermediate
Zr/Nb basalt and hawaiite, ™ intermediate Zr/Nb mugearite and benmoreite, and O Dark
Slope Crater hawaiite and mugearite.
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Figure 2.5. Variation in SiO; (Wt%) vs. Na,0+K,;0 (wt%) for volcanic rocks from Ascension Island. The classification fields (B basait; H hawaiite;
M mugearite; Be benmoreite; T trachyte; R rhyolite) are those of Le Bas et al. (1986), A high Zr/Nb basait; O intermediate Zi/Nb basalit to
benmoreite; V low Zr/Nb hawaiite;, O Dark Slope Crater hawaiite and mugearite; © Broken Tooth mugearite and benmoreite; @ trachyte and
rhyolite pumice; @ trachyte and rhyolite flows and flow domes.
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mafic rocks (basalt to benmoreite) of Ascension Island. Symbols denote compositional
groups as defined in Fig. 2.5.
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Figure 2.7. Variation in Nb vs. Zr (both in ppm) for basalt to benmoreite volcanic rocks from Ascension Island. Symbols denote
compositional groups as defined in Fig. 5.
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benmoreite volcanic rocks from Ascension Island. Symbols denote compositional groups

as defined in Fig. 2.5.
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Figure 2.9. Rare earth element patterns (normalized to chondrite values of Nakamura, 1974) for mafic rocks from Ascension island.
For the high Zr/Nb group, the shaded field (also shown on the diagrams for the other groups) represents the range of REE patterns
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Slope Crater group only hawaiite compositions are plotted,
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Figure 2.10. Incompatible element patterns (normalized to primordial mantle values of McDonough & Sun, 1995) for mafic rocks
from Ascension island. For the high Zr/Nb group, the shaded field (also shown on the diagrams for the other groups) represents the
range of six high Zr/Nb basalt samples, Ai-14 (a highly phyric sample from South West Bay Red Hill) and Al-64 (Cricket Valley flow)
are distinguished separately. For the intermediate Zr/Nb group only basalt and hawaiite compositions are plotted and for the Dark
Slope Crater group only hawaiite compositions are plotted.
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Table 2.1. Locations and chemical characteristics of Ascension Island scoria cones.

Cone Grid ) Sample
No. Name Reference Composition scoria flow
1 Broken Tooth 703258 Mugearite to benmoreite v v
2 Hollow Tooth 709251 Benmoreite v
3 unnamed 714247 Benmoreite v v
4 unnamed 689248 Mugearite v
S unnamed 704247 Hawaiite (intermediate Zr/Nb) v
6 unnamed 706245 Hawaiite (intermediate 2r/Nb) v
7 Sisters Red Hill 700244 Basalt (high Zr/Nb) v
8 unnamed 704242 Hawaiite (intermediate Zr/Nb) v
9 Street Crater 705238 Hawaiite (intermediate Zr/Nb) v
10 Butt Crater 704235 Hawaiite (intermediate Zr/Nb) v v
1 Perfect Crater 699239 Hawaiite (intermediate Zr/Nb) v
12 unnamed 687241 not known
13 Sisters Peak 693239 Hawaiite (intermediate Zr/Nb) v v
14 unnamed 699234 Hawaiite (intermediate Zr/Nb) v
15 Thistle Hill 705225 Mugearite v
16 Travellers Hill 697225 Hawaiite (intermediate Zr/Nb) v v
17 Lower Valley Crater 724243 Basalt (intermediate Zr/Nb) v
18 Upper Valley Crater 726234 Mugearite v
19 unnamed 730221 not known
20 unnamed 743241 Hawaiite (intermediate Zr/Nb) 4
21 unnamed 744233 Hawaiite (intermediate Zr/Nb) v
2 Fort Thornton 647240 Benmoreite v
23 Fort Hayes 645236 Benmoreite v
24 Cross Hill 658233 Basalt (intermediate Zr/Nb) v v
25 unnamed 682222 not known
26 Lady Hill 681219 Hawaiite (intermediate Zr/Nb) v Ve
27 unnamed 674218 Benmoreite v v
28 unnamed 667213 Hawaiite (intermediate Zr/Nb) v
29 Table Crater 674209 Mugearite v
30 Cat Hill 648211 Benmoreite v v
31 South West Bay Red Hill 660209 Basalt (high Zr/Nb) v v
32 Command Hill 668202 Basalt (intermediate Zr/Nb) v
33 Dark Slope Crater 672199 Hawaiite to mugearite (DSC-type) v
34 Horse Shoe Crater 670193 Hawaiite (low Zr/Nb) '
35 unnamed 666193 not known
36 unnamed 670190 not known
37 unnamed 674190 Hawaiite (low Zr/Nb) v
38 unnamed 678192 Hawaiite (low Zr/Nb) v v
39 unnamed 679195 Hawaiite (intermediate Zr/Nb) v
40 unnamed 684196 Mugearite v
41 unnamed 681192 not known
42 Round Hill 664190 not known
43 Cotar Hill 661187 Hawaiite (low Zr/Nb) v
44 South Gannet Hill 671185 Basalt (intermediate Zr/Nb) v v
45 Booby Hill 678186 Hawaiite (intermediate Zr/Nb) v
46 Spoon Crater 696198 not known
47 unnamed 694197 Hawaiite (DSC-type) v
48 Mountain Red Hill 705197 Basait (high Zr/Nb) v
49 unnamed 701192 Mugearite v
S0 South Red Crater 697181 Hawaiite (intermediate Zr/Nb) v
51 Green Top Crater 705187 Hawaiite (intermediate Zr/Nb) v
52 South East Crater 717190 Hawaiite (intermediate Zr/Nb) v
53 Coast Red Nipple 741188 not known
54 Round Hill 752193 not known
55 Crater CIiff 758202 not known
56 unnamed 763212 not known

Cone number has been assigned arbitrarily. Scoria cone names and grid references are from the 1:25,000 Ascension
Island topographic map, series G 892, edition 4-GSGS, 1992.
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Table 2.2. Chemical analyses of scoria and lava flow pairs from scoria cones of Ascension Island.

Cone 38 Cone 16 Cone 44

Al-208 Al-2114 Al-180 Al-179 Al-26 Al-27 Al-28 Al-62

scorla flow scorla flow scoria bomb flow flow
SIO; 48.84 47.68 4911 48,67 47.61 47.40 47.28 47.38
TiOa 373 3.80 362 3.51 3.42 341 3.38 3.43
A0y 16.40 15,48 14.45 14,39 15.09 15.08 14.99 15,12
Fe203 13.42 13.61 14.04 13.62 13.92 13,99 13.76 13.93
MnO 0.21 0.19 023 0.21 0.21 0.20 0.20 0.20
MgO 457 3.69 4.67 4,48 5,22 5.21 517 612
CaO 7.98 8,60 8.37 8.67 9.24 9,28 9,50 913
Na20 3.25 4.00 3.07 3.97 3.21 343 3.69 3.63
K20 1.60 165 1.28 1.30 1.23 1.19 1.19 1.20
P205S 1.02 1.10 1.16 1.18 0.85 0,81 0.84 0.86
H,0- 190 0.76 1.27 0,10 0.42 017 0.30 0.30
LOI 213 062 0.40 -0.78 0.03 -0.20 -0.31 -0.76
Ni 8 10 7 9 30 32 29 29
Sc 30 27 29 26 29 29 28 30
\Y) 278 322 239 209 303 303 288 291
2Zn 116 122 132 111 118 108 108 115
Rb 38 34 27 27 25 23 23 21
Sr 596 584 452 480 455 464 469 466
Ba 413 433 291 346 260 268 262 268
Th S 5 3 4 4 2 3 3
Pb 2 2 <2 <2 2 <2 <2 <2
Zs 268 259 279 292 237 232 230 240
Nb 65 63 58 59 49 48 48 50
La 37 37 36 38 28 26 25 26
Y 42 42 52 56 42 42 42 44
NazO + K;0 485 5.65 435 5,27 444 462 488 4.83
Na;0/K,0 2.03 242 2.40 3.05 2.61 288 3.10 3.03
2Zr/Nb 41 4.1 48 49 48 48 48 48
Ba/Nb 64 69 5.0 59 §3 56 85 §4
Rb/Nb 0.58 0,54 0.47 0.46 0.51 0.48 0.48 0.42
K/Nb 204 217 183 183 208 208 206 199
Zriry 64 6.2 5.4 52 56 55 55 56

Major and trace element data obtained by XRF at the University of Oklahoma (see footnote to Table 2.4).

Al-208 lapilll, Al-211 lava flow from (unnamed) Cone 38; Ai-180 lapilll, Al-179 lava flow from Travellers Hill (Cone 16); Al-26 lapllli, Al-27 bomb, Al-28 and Al-62 lava flow from South
Gannet Hill (Cone 44).



Table 2.3. Chemical analyses of multiple samples from individual lava flows of Ascension sland.

Cone 32 Cone 13 Cone 27
Al-1 Al-100 Al-102 Al-158 Al-259 Al-269 Al-79 Al-85 Al-251 Al-272 Al-199
bomb flow flow flow flow block flow flow flow block flow
Si0, 47.39 4753 48,00 47.47 47.63 49.52 49.41 4978 49,42 56,63 58,17
TiO2 2.60 267 273 270 264 314 317 3.22 3.17 1.70 1.73
Al,0, 15.85 15.80 15.45 15.67 15.89 15.23 156.32 15.40 16,30 16.85 16,90
Fe0s 12,79 12.78 12.90 12.81 12,66 12.78 12,69 12,83 12,76 838 848
MnO 0.18 047 017 017 017 0.22 0.21 0.22 0.22 0.26 024
MgO 6.65 6.65 6.46 6.86 6.52 443 447 447 4,36 229 231
Cca0o 10.46 10.35 10.23 10,14 10.50 8.09 8.14 8.15 8.14 S.11 526
Na;0 277 281 277 294 278 417 4.09 348 418 5.61 575
K20 0.66 0.65 0.65 0.65 0.58 1.50 1.52 1.52 1.51 242 239
P20s 0.65 0.59 0.64 0.59 0.63 092 0.98 0.95 094 0.75 0.77
H,0- 0.30 033 0.36 0.22 0.38 055 017 0.18 0.09 0.31 044
Lol 0.10 ~0.44 ~0,04 -0,49 0,04 -0.54 -0.70 -0.86 -0.36 0.32 0.18
Ni 85 97 96 108 85 16 14 14 12 6 5
Sc 28 29 29 25 28 24 25 28 24 17 17
Vv 283 248 255 250 269 244 207 218 233 49 56
2n N 92 96 96 90 122 112 122 123 161 149
Rb 12 1" 12 12 10 32 32 30 30 49 48
Sr 386 385 381 382 401 502 506 502 503 496 495
Ba 155 144 149 152 159 346 351 345 362 538 522
Th <2 <2 2 2 <2 5 3 4 4 7 7
Pb <2 <2 <2 <2 <2 <2 <2 3 <2 3 3
2r 140 145 150 150 143 305 307 309 307 477 474
Nb 27 27 28 28 26 61 62 62 61 g5 95
La 17 16 18 17 15 7 38 39 40 55 54
Y 30 K} 32 32 3 48 48 49 49 67 71
Na;0/K,0 4.20 432 4.26 452 4.79 2,78 269 229 277 232 241
Zr/Nb 52 54 54 5.4 85 50 50 5.0 50 5.0 5.0
Ba/Nb 57 63 53 54 6.1 57 57 56 59 8.7 55
Rb/ND 0.44 041 043 043 0.38 0.52 0.52 048 0.49 0.52 0.51
K/Nb 203 200 193 193 185 204 204 204 205 211 209
ZiY 47 47 47 47 46 6.4 6.4 6.3 6.3 71 6.7

Major and trace element data obtained by XRF at the University of Oklahoma (see footnote to Table 2.4). Al-1, Al-100, Al-102, Al-158, Al-259 are samples from the Command Hill

cone (Cone 32) and associated flow; Al-1 Is from a bomb on the north flank of Command Hill and Ai-100, Al-102, Al-158, and Al-259 are flow samples from ~400 m NNW, ~1 km NW,

~2 km WSW, and ~2.4 km SW, tively, of Command Hill. Al-269, Al-79, Al-85, and Al-251 are samples from Sisters Peak (Cone 13) and associated flow; Al-269 Is from a

massive biock In the vent area close to the top of Sisters Peak and Al-79, Al-85, and Al-251 are flow samples from ~1.9 km NE, ~3.2 km NNE, and ~3.2 km N, respectively, of Sisters

geak. Al-272 and Al-199 are samples from (unnamed) Cone 27 and associated flow; Al-272 Is from a scoria block from the cone and Al-199 Is a flow sample from ~2.7 km WNW of
e cone,
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Table 2.4. Representative chemical analyses of basalt to benmoreite lava flows from Ascension Island.

High Zr/Nb Low Zr/Nb Intermediate Zr/Nb Dark Slope Crater
Al-107 Al-37 Al-64 Al-60 Al-157 Al-100 Al-161 Al-171 Al-176 Al-4 Al-2 Al-6
B B 8 H H 8 H M Be H H M

Si0. 48.55 47.59 50.58 47.94 47.69 47.53 49.58 63,39 57.30 48.49 4851 62,12
TiO. 3.00 2,98 2,52 3.64 383 2,67 3.2 219 1.52 2.89 272 1.83
Al,Os 15.28 15.43 15.61 14.67 16.54 15.80 15.42 15.41 16.64 16.22 15.73 16.71
Fe:0s 13. 13.43 11.98 13.37 13.84 12,78 12.62 10,79 8.31 13.23 12.88 10.44
MnO 0.16 0.18 017 0.21 0.20 017 0.21 0.24 0.23 0.18 0.18 0.18
MgO 533 5,55 523 490 3,88 6.65 4.43 327 230 4.21 5.20 343
cao 9.46 974 8.56 9.12 832 10.35 8.16 744 4,85 847 8.13 6.15
Na;O 3.34 3.42 361 372 3.96 2.81 3.88 4.3 5.55 374 392 5.20
K20 0.94 1.06 1.29 1.41 1.65 0.65 1.50 1.66 2,56 1.62 1.82 269
P20s 0.46 0.62 0.45 1.02 1.09 0.59 0.99 1.30 0.74 0.95 0.91 1.25
H.0- 0.42 0.3 0.31 0.4 0.70 033 0.34 116 017 0.70 0.72 053
Lol 0.18 -0.20 -0.40 0.54 0.61 -0.44 ~0.30 046 0.13 0.40 0.18 0.28
NI 39 48 34 12 13 97 12 8 5 50 52 31
Cr 28 27 26 1.8 156 6.7 2,0 20 4 52 12
Sc 335 28.1 289 279 28.8 30.0 246 206 13.7 245 21.7 13.1
\ 304 248 201 294 287 248 214 83 44 245 221 90
Zn 93 101 87 132 140 92 119 147 139 142 131 154
Ga 26 24 26 24 24 23 24 27 28 27 25 30
Rb 18 19 28 27 32 1 30 32 56 34 66
Sr 436 551 414 551 533 385 498 479 431 721 782 1105
Ba 201 259 9 379 395 144 343 374 584 720
Th 233 294 3.69 4.06 4.67 1.70 4.14 4.58 6.56 4.67 544 8.93
Pb <2 <2 <2 <2 <2 <2 <2 3 3 <2
Zr 188 237 244 235 256 1 306 530 320 558
Hf 4.88 5.72 596 5.36 5.67 3.51 6.61 7.87 113 6.92 7.83 116
Nb 33 42 4 58 63 27 62 69 97 64 72 110
Ta 2.27 3.09 303 3.85 4.06 2.02 3.91 4.27 577 395 4.64 7.
La 233 285 299 353 73 17.5 36.3 44.0 56.4 434 45.0 732
Ce 53.4 65.7 65.5 752 83.1 429 87.1 104 118 923 97.2 158
Nd 314 M7 327 39.3 46,0 24,0 428 56.8 627 51.7 48.2 67.0
Sm 7.36 8.34 813 8,98 106 5.95 108 13.3 136 10.7 103 143
Eu 244 2,67 267 3.12 3.54 220 3.56 4.62 4.30 3.76 330 475
Tb 1.08 1.21 1.23 1.30 1.50 1.09 1.41 1.84 204 1.60 1.57 1.90
Yb 2.90 273 316 2.88 338 243 3.49 4.65 4,84 295 2,58 3.23
Lu 0.36 0.34 0.47 0.38 0.45 0.29 0.44 0.59 0.66 0.38 0.34 0.38
Y 40 40 1M 40 47 3 48 64 63 43 37 46
ZriNb 57 5.6 6.0 4.1 4.1 5.4 49 §3 8.5 5.0 S1 5.1
Ba/Nb 6.1 6.2 7.0 6.5 6.3 5.3 85 54 6.0 7.0 6.4 6.5
Rb/Nb 0.55 0.45 0.68 0.47 0.51 0.41 0.48 0.46 0.58 0.53 0.57 0.60
K/Nb 236 210 261 202 217 200 201 200 219 210 210 203
Th/Nb 0.071 0.070 0.080 0.070 0.074 0.063 0.067 0.066 0.068 0.073 0.076 0.081
La/Nb 0.71 0.68 0.73 0.61 0.59 0.65 0.59 0.64 0,58 0.68 0.63 0.67
P/Ze 107 1.4 8.0 18.9 18,6 17.8 14.1 156 6.1 13.0 109 98
2y 47 59 6.0 59 5.4 47 6.4 5.7 8.4 74 9.8 12.1
Cew/Yby 47 6. 5. 6.6 6, 4, 6.3 5, 6, 8, 9, 124

B basalt; H hawaiite; M mugearite; Be benmoreite. Al-107 flow in Grazing Valley; Al-37 flow an south flank of Devil's Riding Schoal; Al-64 flow exposed in walls of Cricket Valley; Al-60 flow lobe from
Cotar Hill; Al-157 flow in cliff section at South West Bay; Al-100 flow from Command Hill; Al-161 young flow from Sisters Peak; Al-171 flow along English Bay Road; Al-176 fissure flow on Letterbox;
Al-4 flow on southeast rim of Dark Slope Crater; Al-2 bomb from northwest flank of Dark Slope Crater; Al-6 flow on southeast flank of Dark Slope Crater, Marﬂnr glement oxides are recalculated to
sum to 100% on an anhydrous basis, H,O- Is weight loss after drying for 12 hours at 110°C, LOI is weight loss after ignition at 950°C for 1 hour (oxidation of Fe** to Fe™ in near-anhydrous samples
results in weight gain, expressed as negative LOI). Trace elements are in parts per million; Ni, V, Zn, Ga, Rb, Sr, Ba, Pb, Zr, Nb, and Y determined by XRF, other trace elements determined by INAA.
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Table 2.5. Major element least squares and trace element Rayleigh crystal fractionation
models for the liquid line of descent for compositions within different mafic rock groups.

Intermediate Zr/Nb group
basalt (Al-28) to hawalite (Al-118)
SiO; TiO2 Al20; FeO MnO Mgo Ca0 Na;0 K20 P20s
Al-28 47.94 3.43 15.20 12.56 0.20 524 9.63 3.74 1.21 0.85
Al-118 48.63 3.66 14.81 12.76 0.21 4.73 8.86 3.92 1.38 1.03
R -0.04 0.00 0.00 0.00 -0.01 0.01 0.03 0.11 0.03 -0.01
0.008 Fogs + 0.084 Anes + 0.055 Cpx1 + 0.016 Mt1 + 0.835 Al-118 IR*=0.02
Th Rb Sr Ba Zr Nb La Y ZriNb
Al-28 27 23 469 262 230 48 30.0 42 4.8
Al-118 observed 3.8 26 454 312 281 59 36.1 50 48
Al-118 calculated 33 27 464 308 271 57 354 48 4.8
hawaiite (Al-118) to mugearite (Al-101)
Sio; TiO, AlOx FeO MnO MgO Ca0 Na:0 K0 P20s
Al-118 48.63 3.66 14.81 12.76 0.21 473 8.86 3.92 1.38 1.03
Al-101 51.60 2.65 156.59 10.85 0.23 3.85 7.60 437 1.79 1.47
R -0.07 0.00 -0.02 0.00 -0.06 0.03 0.05 0.24 0.03 -0.05
0.018 Fozs + 0.107 Angs + 0.088 Cpx3 + 0.027 M6 + 0.023 lim1 + 0.738 Al-101 TR%*=0.08
Th Rb Sr Ba Zr Nb La Y ZriNb
Al-118 38 26 454 312 281 59 351 50 48
Al-101 observed 48 34 475 402 367 78 49.9 66 47
Al-101 calculated 51 35 475 412 367 77 46.6 62 48
mugearite (Al-101) to benmoreite (Al-130)
Sio; TiO2 Al203 FeO MnO MgO Ca0o Na;O K0 P20s
Al-101 51.60 2.65 15.59 10.85 0.23 3.85 7.60 437 1.79 147
Al-130 55.87 1.88 16.25 9.01 0.25 2.56 5.49 5.48 236 0.85
R 0.06 0.00 0.04 0.00 -0.03 -0.03 -0.04 -0.28 0.04 0.05
0.033 Foga + 0.127 Ans; + 0.057 Cpx6 + 0.029 Mt1 + 0.015 lim1 + 0.019 Ap + 0.721 Al-130  =R*=0.09
Th Rb Sr Ba Zr Nb La Y ZriNb
Al-101 48 34 475 402 367 78 499 66 47
Al-130 observed 6.3 46 433 5§59 468 94 55.5 64 5.0
Al-130 calculated 6.6 47 400 540 487 101 60.2 69- 48
High Zr/Nb group
basalt (Al-124) to basalt (Al-128)
SiO2 TiO2 Al20, FeO MnO MgO Ca0 Na,0O K0 P:0s
Al-124 48.61 285 15.82 11.66 0.17 6.14 10.07 3.16 0.86 046
Al-128 49.71 268 15.67 11.34 0.17 5.61 9.18 405 112 046
R 0.13 0.00 -0.03 0.00 -0.01 -0.08 -0.09 -0.34 -0.05 0.09
0.011 Fosa + 0.087 Anp + 0.071 Cpx1 + 0.023 Mt1 + 0.004 Iim1 + 0.806 Al-128 TR*=0.15
Th Rb Sr Ba Zr Nb La Y ZrINb
Al-124 24 14 444 189 192 32 20.9 34 6.0
Al-128 observed 3.3 20 418 237 227 38 254 39 6.0
Al-128 calculated 3.0 17 451 230 233 39 255 40 6.0
continued ...
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Table 2.5 continued

Dark Siope Crater group
hawaiite (Al-2) to mugearite (Al-6)
Si0; TiO; ARO; FeO MnO Mg0 Ca0 Na,0 KO0 P05

Al-2 49.14 2.76 15.94 11.74 0.18 5.27 8.24 3.97 1.84 0.92
Al-6 52.67 1.85 16.89 9.50 0.18 3.47 6.21 5.25 2.72 1.26
R 0.02 ) 0.00 0.01 0.00 -0.05 -0.01 -0.01 -0.09 0.04 0.01
0.046 Foze + 0.163 Angs + 0.096 Cpx3 + 0.031 Mi6 + 0.019 lim1+ 0.002 Ap + 0.644 Al-2 TR?=0.02
Th Rb Sr Ba Zr Nb La Y ZriNb
Al-2 5.4 4 782 458 364 72 45.0 37 51
Al-6 observed 8.9 66 1105 720 558 110 73.2 46 51
Al-6 calculated 8.3 63 800 681 542 108 67.3 51 50

Major element analyses recaiculated to 100% with all Fe as FeQ. Mineral compositions from Harris (1983):
Fogs, Fors, Foga, and Fos from Table 3, analysis 1, 5, 2, and 8, respectively; Anzs, Angs, Ansp, and Anaz from
Table 1, analysis 6, 1, 7, and 3, respectively, Cpx1, Cpx3, Cpx6, and Cpx7 from Table 2, analysis 1, 3, 6,
and 7, respectively; Mt1 from Table 6, analysis HDSAS, Mt6 from Table 11; lim1 from Table 6, analysis
HDSAS; Ap is stoiciometric apatite, CasP301(OH). R is the residual (observed minus calculated oxide
concentration in the parent magma) from the least squares model; IR? is the sum of squares of residuals.
Trace element concentrations in daughter magma calculated for Rayleigh crystal fractionation using the
phenocryst assemblage and fraction of liquid remaining from the least squares solution and the distribution
coefficients in Appendix 1.
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Table 2.6. Major element least squares and trace element Rayleigh crystal fractionation
models for the liquid line of descent for compositions between different mafic rock

groups.

High Zr/Nb group to intermediate Zr/Nb group
basalt (Al-124) to basalit (Al-28)

SiO, TiO. A0; FeO MnO Mg0 CaO NaO KO P,0;
Al-124 4861 285 1582 1166 017 614 1007 316 0.86 046

Al-28 4794 343 1520 1256 0.20 524 9.63 3.74 1.21 085
R 0.20 -0.22 -0.08 0.06 -0.03 -0.09 -0.13 -0.28 -0.19 -0.28
0.028 Foss + 0.083 Anyp + 0.029 Cpx1 + 0.003 Mt1 + 0.865 Al-128 TR?2=0.31
Th Rb Sr Ba Zr Nb La Y 2ZrNb
Al-124 24 14 444 189 192 32 209 34 6.0
Al-28 observed 27 23 469 262 230 48 30.0 42 438
Al-28 calculated 28 16 432 215 220 37 239 38 59

High Zr/Nb group to low Zr/Nb group
basalt (Al-124) to hawaiite (Al-60)

SiO, TiO2 ALO: FeO MnO Mg0 CaO Na,O0 KO P;0s
Al-124 4861 285 1582 1166 017 614 1007 316 086 046

Al-60 48.59 3.69 14.87 12.20 0.21 4.97 924 3.77 143 103
R 0.08 0.15 -0.01 -0.03 -0.09 -0.01 -0.06 -0.17 -0.16 -0.24
0.061 Fogs + 0.192 Angs + 0.062 Cpx7 + 0.012 Mt4 + 0.677 AI-60 IR?*=0.15

Th Rb Sr Ba 2r Nb La Y  ZriNb
Al-124 24 14 444 189 192 32 20.9 34 60
Al-60 observed 4.1 27 551 379 235 58 353 40 4.1
Al-60 calculated 35 21 411 266 277 47 30.1 47 59

High ZriNb group to Dark Slope Crater group
basalt (Al-124) to hawaiite (Al-2)

SiO2 TiO2 Al2Os FeO MnO MgO Ca0 Naz0 K:0 P05
Al-124 48.61 285 1582 11.66 0.17 6.14  10.07 3.16 0.86 046

Al-2 47.94 343 15.20 12.56 0.20 524 9.63 3.74 121 085
R 0.17 0.13 -0.07 -0.02 0.01 -0.06 -0.12 -0.11 0.3 -0.23
0.005 Fozs + 0.103 Anzo + 0.118 Cpx5 + 0.030 M2 + 0.751 Al-124 IR?=0.42

Th Rb Sr Ba 2r Nb La Y  ZriNb
Al-124 24 14 444 189 192 32 20.9 34 60
Al-2 observed 54 41 782 458 364 72 45.0 37 51
Al-2 caiculated 3.2 19 463 246 247 42 272 41 59

b o —— S
See footnote to Table 2.5. Additional mineral compaositions in this table from Harris (1983). Cpx5 from Table
2, analysis 5; Mt2 and Mt4 from Table 6, analysis H7(5) and H95(7), respectively.
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Table 2.7. Sr, Nd, Pb, and O isotopic compositions of mafic rocks from Ascension Isiand.

Si0;
High Zr/Nb basait
Al-40 flow 47.55
Al-107 flow 48.55
Al-128 flow 49.09
Al-14 (apilli 49.27
Al172 lapilli 49,64
Al-64 flow 50.58
Low Zr/Nb hawaiite
Al-212 flow 47.34
Al-157 flow 47.69
Al-60 flow 47.94
intermediate Zr/Nb basalit to benmoreite
Al-28 flow 47.28
Al-100 flow 47.53
Al-159b (low 48,09
Al-182 flow 48,28
Al-132 flow 48.53
Al-72 flow 48.54
Al-123 lapilli 48.87
Al-274 scoria block 49,40
Al-24 flow 49.82
Al-166 flow 50.68
Al-139 lapill 51.01
Al-143 lapilli 51.90
Al-165 flow §5,29
Al-130 flow §5.31
Al-122 lapilli §5.59
Al-176 flow 67,30
Al-137 flow 60.06
Broken Tooth mugearite and benmoreite
Al-87 flow 54.75
Al-76 flow 60.05
Al-187e xenolith 61.74
Dark Slope Crater hawaiite and mugearite
Al-154 flow 48.33
Al-2 bomb 43,59
Al-6 flow 5212
Al-288 flow 52.26

l's
Sr

0.702892 £ 10
0.702811 £ 10
0.702814 ¢ 11
0.703035 ¢ 11
07029129

0.702766 £ 12

0,702921 2 11
0702829 ¢+ 9
0703130 £ 14

0702942 £ 11
0.702831 £ 15
0.702766 £ 9
0.702791 ¢+ 9
0.702790 £ 10
0.702951 £+ 9
0.702941 ¢ 9
0.703263 £ 10
0.702845 14
0.703011 £ 11
0.702861 + 11
0.702945 + 10
0.702844¢ 9
0.702838 £ 9
0.702836 ¢ 10
0.702861 + 10
0.702798 £ 10

0.702859 £ 10
0.702868 ¢ 10
0.702860 £ 10

0703024+ 10

0.703106 £ 10
0.703130 = 11
0.703107 £ 9

B3¢

-25.7
-26.8
-26.8
-23,6
-25.4
-27.4

-25.2
-25.1
-22.3

-24.9
-26.5
-27.4
-27.1
-27.1
-24.8
-25.0
-20.4
-26.3
-24,0
-26.1
-24.9
-26.3
-264
26,5
-26.1
-27.0

-26.1
-26.0
-26.1

-23.8
-22,6
-22.3
-22.6

143
“‘Nd

05129928
0513028 £ 12
0513060+ 8
05130367
0.513006 £ 7
0513066+ 8

0.5129721 9
0512969 £ 12
0512971 £ 11

0513008 £ 7
0513018+ 10
05130139
05130157
0.513038 £ 9
0512960 £ 12
05130407
0513011 +8
051207829
0513028 ¢ 7
0.513015 ¢ 22
0513004 £ 7
0513016 £ 11
0.513021 £ 8
0513024 £ 7
0.513006 * 14
051298217

0.513077 £ 11
0.513091 £ 12
0.513020 9

0.512974 £ 10
0.512967 + 8

0512918 £12
0512951 £ 10

ENd

+6.91
+7.61
48,23
+7.76
+7.18
+8.35

+6.52
+6.46
+6.50

+7.22
+7.41
+7.32
+7.35
+7.80
+6.28
+7.84
+7.28
+6.63
+7.61
+7.35
+7.14
+7.37
+7.47
+7.53
+7.18
+6.71

+8.56
+8.84
+7.45

+6,55
+6.42
+5.46
+6.11

206
Pb
®™pp

19.566
19.451

19.421
19,389

19.630

19.740
19.482
19.445

19,580
19.658
19.446

19.610
19.517
19.564
19.516
19.602
19.587
19.605
19.496

19.599
19.593

19.850
19.863
19.840

207,
Pb
4pp

15,605
15,599

15.616
15,626

16,622

15.685
15.607
15.594

15.620
15.641
15.623

15.629
15.609
15.617
15,603
15.605
15,605
15.6256
15.639

15,605
15.588

15.649
15.665
15.667

208
*ipp

30,106
39,014

39,017
39,027

39.140

39.370
39.062
39,000

39,160
39,290
39,008

39.178
39,060
39,160
39,054
39,133
39,107
39,202
39,141

39,128
39,085

39.443
39,456
39.497

+
o]

+
o

0t 1
R

11 1111 31
1 1 [ 3
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ABSTRACT

The first phase of felsic magmatism on Ascension Island, in the form of trachyte and
rhyolite domes, coulees, lava flows, and pyroclastic deposits, created the central and
eastern parts of the island between about 1 and 0.56 Ma ago. The geochemical
characteristics of the felsic rocks are largely consistent with an origin by fractional
crystallization of high Zr/Nb mafic magmas as evidenced by identical "*Nd/"“Nd and
similar Pb isotopic ratios. The high Zr/Nb basalt flows constitute one of the four distinct
basalt and hawaiite suites identified from Ascension based on trace element
characteristics. Syenite, monzonite, and granite xenoliths associated with the felsic
magmatism are interpreted as cumulate rocks from, and intrusive equivalents of,
fractionating felsic magmas. Internal (mineral) isochrons for two granite xenoliths give
ages of 0.92 and 1.22 Ma, with initial *’Sr/**Sr > 0.705. Most of the felsic volcanic rocks
and granite are also characterized by high *Sr/*°Sr (> 0.706) compared to mafic rocks
(*’Sr/Sr < 0.703), although "*Nd/"*Nd of the felsic rocks is similar to that of the low
*7Sr/**Sr mafic lavas that constitute most of the areal exposure of the island. Such high
¥Sr/#sr and high “*Nd/***Nd signatures do not correspond to known suboceanic
mantle reservoirs. The elevated *Sr/**Sr suggests interaction of the felsic rocks with
geothermal fluids derived from seawater which likely took place under subsolidus
conditions. Fluids with high Sr contents have been recovered from fractures in a deep
(3126 m) geothermal well. In addition, evidence for the involvement of a high *'Sr/*°Sr
component during magmatic differentiation, however, is also provided by the high initial
*7Sr/*°Sr of the granitic xenoliths, and of high ¥Sr/*Sr (> 0.704) in some of the feldspar
phenocrysts separated from felsic rocks. 5'°0 ranges of +5.5 to +8.1%. (whole rock)

and +5.5 to +7.2% (feldspar) in the felsic rocks also indicate the involvement of a high
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50 component, and suggest that hydrothermally-altered pre-existing volcanic

basement may have been cannibalized during differentiation of the felsic magmas.

Felsic Magmatism / Fractional Crystallization / Oxygen Isotopes (5'°0) / Radiogenic

Isotopes / Rock-Magma Interaction

INTRODUCTION
Felsic volcanism on ocean islands is typically interpreted as the product of fractional
crystallization of mafic magmas derived from hotspot-related plume sources (e.g., Le
Roex, 1985; Storey et al., 1989). Closed system fractionation processes do not modify
incompatible element and isotopic ratios unless carried to extreme. These systematics
therefore provide a “window” into the geochemical characteristics of the mantle source
region(s). Nevertheless, extreme care is necessary in understanding processes that
can modify trace element and isotopic ratios, particularly in highly evolved felsic rocks.
Extremely low Sr contents in some feisic magmas may result in the compromise of Sr
isotopic systematics by shallow level crustal and post-magmatic alteration processes.
This may potentially occur by subsolidus interaction with fluids, incorporation of fluids
into the magma, or assimilation of hydrothermally altered crust. The involvement of
fluids at any of these stages may also affect oxygen isotope compositions. Sr-O
coupled signatures can provide information on isotopic equilibrium of crystallizing
mineral phases and the magma, or disequilibrium between a phenocryst and the matrix
and post-magmatic modification. Pb-Nd ratios are not significantly disturbed by post
magmatic alteration processes as seawater contains insignificant amounts of
radiogenic Pb or Nd relative to the high concentrations in the evolved magmas.
Ascension Island (7°56’S, 14°22'W) in the South Atlantic Ocean, is a hotspot-

related intra-plate volcanic island. Trachyte and rhyolite compose approximately 14% of
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surface exposures (Nielson & Sibbett, 1996) and pyroclastic (scoria and pumice)
deposits make up about 43% of the island’s total areal extent (Atkins et al., 1964;
Harris, 1983). Also present are plutonic (granite, syenite, and monzonite) xenoliths
which represent fractionation products of felsic volcanic rocks. Most of the felsic
volcanic rocks and plutonic xenoliths have high initial *’Sr/**Sr compared to the mafic
rocks on the island. The present study is directed to understand the petrogenesis of the
felsic (>60% SiO,) rocks and the cause of high ¥’Sr/*®Sr in these felsic volcanic and
plutonic rocks from Ascension Island. A more detailed consideration of the interactions

involved during differentiation will be presented elsewhere.

GENERAL GEOLOGY OF ASCENSION ISLAND

Ascension Island is a composite volcano with in excess of fifty scoria cones scattered
over the island. The exposed volcanic rocks comprise transitional to mildly alkaline
basalt-hawaiite-mugearite-benmoreite-trachyte-rhyolite series lava flows, trachytic
domes, scoria cones, and pyroclastic deposits (Fig. 3.1). Prior to this study, the
pyroclastic deposits have been largely uncharacterized. In this study we geochemically
and petrogenetically characterize the voluminous pumice deposits, trachyte domes,
felsic lava flows, and plutonic and volcanic xenoliths.

There are two distinctive felsic eruptive centers on the island, the central felsic
complex and the eastern felsic complex. The central felsic complex is comprised of the
Middleton Ridge felsic_: center and Green Mountain (Fig. 3.1). Middleton Ridge is
composed primarily of trachyte, pumice, and some rhyolite and rhyolitic obsidian. The
highest peak on the island, Green Mountain (859 m), is made up of massive, thick
pyroclastic (mostly pumice) deposits with the southwestern flanks mostly constituted of

trachyte. The eastern felsic complex is made up of numerous trachyte flows and lava
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domes (Fig. 3.1). A voluminous trachyte flow originated from Devil's Cauldron and
flowed northward and eastward. Devil's Cauldron is interpreted to be an explosion
crater with the trachyte dome of Weather Post adjacent. Southeast of Devil’'s Cauidron
and Weather Post is the trachytic flow dome of White Horse, to the east of which is the
comenditic coulee of Little White Hill (Fig. 3.1). At the extreme eastern end of the
island, South East Head is constituted of trachyte. In the southeastern part of
Ascension small trachyte bodies occur at Round Hill, Cocoanut Bay, Ragged Hill, and
Pillar Bay (Fig. 3.1). Trachyte from Ragged Hill and Cocoanut Bay contains unusually
high modal abundance of alkali feldspar phenocrysts. (n the western part of the island
trachyte is found locally at Devil's Riding School, Daly’s Crags, and Cross Hill (Fig. 3.1).
Rhyolitic compositions are relatively rare, being restricted to the rhyolite flow on
Middieton Ridge in the central felsic complex, Little White Hill, and a flow in the cliff

section to the north of White Horse in the eastern felsic complex.

Plutonic and Volcanic Xenoliths

Felsic plutonic xenoliths (monzonite, syenite, and granite) and volcanic xenoliths
(trachyte and rhyolite) occur mainly in pyroclastic deposits on the western flanks of
Green Mountain. The granite, syenite, and monzonite xenoliths have been described in
great detail by Roedder & Coombs (1967), Harris & Bell (1982), Harris et al. (1982),
Harris (1983), Sheppard & Harris (1985), and Harris & Sheppard (1987). The granite
xenoliths from Five Mile Post vary in size from a few cm to 25-30 cm in length and
generally are fine grained with a few which are coarser grained. Monzonite xenoliths
occur on Middleton Ridge and syenite xenoiliths in the flows from Broken Tooth (Harris,
1983). Trachytic and rhyolitic xenoliths from close to Five Mile Post vary vastly in size

and generally have a schistose texture.



Ages of evolved rocks on Ascension Island

A limited number of age dates (K-Ar) for Ascension trachyte, rhyolite, and pumice exist

in the literature (Harris et al., 1982, Nielson and Sibbett, 1996); we have added four

new Ar-Ar age dates on feldspar phenocrysts. There is a distinct clustering of ages
among the exposed rocks on the island (Fig. 3.2 ) with the higher SiO, rocks being
significantly older (range from 1.2 to 0.56 Ma) than the mafic volcanic rocks (range from

0.47 to 0.12 Ma, with a basaltic dike from Middleton Ridge dated at 0.80 Ma).

The first phase of felsic volcanism occurred in the central part of the island. A
rhyolite east of Middleton Ridge is dated at 0.99+0.02 Ma; this is overlain by a trachyte
flow with an age of 0.82+0.02 Ma and this flow is overiain by a trachyte dome closely
associated with a trachyte lava flow dated at 0.65+0.02 (Nielson & Sibbett, 1996). From
field and age relationships we suggest that the build up of the Middleton Ridge felsic
center started around 1 Ma ago and continued until 0.65 Ma ago.

Felsic magmatism next occurred:

1) west of Middleton Ridge, where the Devil's Riding School trachyte is dated at
0.66+0.02 and is overiain by pumice with an age of 0.61+0.02 Ma;

2) east of Middieton Ridge, where build up of Green Mountain started around
0.65+0.02 Ma and ended around 0.56+0.06 Ma; and,

3) in the eastern felsic complex where there is only one age date for this region, the
trachyte dome of Weather Post being dated at 0.67+0.02 Ma. The lack of age dates
from the eastem felsic complex makes it difficult to conclude its relationship with the
Middleton Ridge felsic center. The eastem felsic complex may be contemporaneous,
if not slightly younger than, the Middieton Ridge center.

These age dates suggest areal exposure of the central and the eastern parts of the

island was built up over a period of half a million years, from 1 Ma to 0.56 Ma. Nielson
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& Sibbett (1996) suggest that, since the oldest dated rocks in both the felsic complexes
are rhyolite, with time silica content decreased with eruption of trachyte from a magma
chamber that initially tapped rhyolite from the top of the chamber with the chamber

being active for > 0.4 Ma.

SAMPLING AND ANALYTICAL TECHNIQUES

For details on sampling techniques and analytical procedure for major and trace
element analyses obtained at the University of Oklahoma refer to Weaver et al. (1996),
for radiogenic isotope analysis performed at University of California, Los Angeles to
Davidson et al. (1993), and for oxygen isotope analysis performed at Southern
Methodist University to Borthwick & Harmon (1982). Representative data are presented

in Tables 3.1 and 3.2.

PETROGRAPHY

Trachytic rocks vary from being aphyric to very sparsely phyric to strongly phyric and
are mostly massive although some are slightly vesicular. The most abundant
phenocryst phase is alkali feldspar, with olivine, clinopyroxene, and titanomagnetite
forming the other phenocryst or microphenocryst phases. Weaver et al. (1996) reported
trachyte that from Ragged Hill and Cocoanut Bay has unusually high contents of alkali
feldspar phenocrysts (25 to 35%). The sizes of the phenocrysts varies: feldspar
phenocrysts are up to 2 mm, olivine up to 1.5 mm, and titanomagnetite and
clinopyroxene are up to 0.5 mm and occur as rare clusters. Plagioclase phenocrysts
are rare and tabular in shape, and range up to 2.5 mm. Some trachytic rocks contain
small (0.5 mm) rounded crystals of amphibole with reaction rims. Overall the
groundmass in the trachyte is fine grained with plagioclase laths ranging between 0.1

and 0.2 mm, and rarely up to 1 mm and exhibiting a patchy, weak flow alignment.



Rhyolitic rocks mostly are aphyric to sparsely phyric and massive in general;

microphenocrysts are alkali feldspar.

DISCUSSION

Whole Rock Geochemistry

Major Element Geochemistry
Ascension rocks are transitional to mildly alkaline and are a continuous fractionation
series of alkali basait-hawaiite-mugearite-benmoreite, to the highly fractionated
products of trachyte and rhyolite (Weaver et al. 1996; Kar et al., Mafic MS). For felsic
rock compositions (> 60 wt% SiO,; Table 3.1) with increase in SiO;, Al,O3; constantly
decreases due to crystallization of feldspar, Fe,O; decreases as a consequence of
olivine, clinopyroxene, and titanomagnetite crystallization, K,O increases but becomes
buffered between 65 and 70 wt% SiO, probably with crystallization of alkali feldspar,
and Na,O shows a slight decrease at high (> 65 wt%) SiO, content with crystallization
of alkali feldspar (Fig. 3.3). Most of the pumice samples have moderate to extreme
depletion in Na,O and, in general, a lower abundance of K.O compared to the similarly
differentiated lava flows and dome§ (Fig. 3.3) which is interpreted as an alteration
effect (Weaver et al., 1996).
Trace Element Geochemistry

For Ascension felsic rocks with an increase in SiO, there is a wide variation in large
low-valence cations with Ba and Sr both decreasing as a result of plagioclase and alkali
feldspar crystallization. On the other hand Rb contents increase continuously with SiO,.
The same trend is observed when the low-valence cations are plotted against Zr.
Weaver et al. (1996) observed that trachyte from Ragged Hill and Cocoanut Bay has

high Ba and KO with respect to Zr compared to the rest of the Ascension suite and



interpreted this as due to accumulation of alkali feldspar (Fig. 3.4), as evidenced by the
high phenocryst content. Large variation in trace element ratios, for example, Zr/Nb and
Zr/Y in the felsic rocks as compared to the mafic volcanic rocks is likely due to the
crystallization of alkali amphibole and zirconium- and rare-earth-rich accessory phases
found in the intermediate and granitic plutonic xenoliths (Harris, 1983, Weaver et al.,
1996). Rhyolite compositions have high SiO,;, Rb, Zr, and Y contents but in more
evolved rhyolite compositions Zr/Nb and Zr/Y are lower than in the trachyte flows,
probably due to fractionation of a zirconium silicate accessory phase (Weaver et al.,
1996).

Weaver et al. (1996) and Kar et al. (Mafic MS) show that Ascension mafic rocks
have a wide variation in Zr/Nb, from 4.0 to 6.0. There are four distinct basalt and
hawaiite suites - (1) in the southwestern part of the island hawaiite flows and scoria
have Zr/Nb of 4.1, (2) in the southern and the southeastern part of the island basalt
flows and scoria have Zr/Nb of 5.6 to 6.1, (3) for the rest of the island basalt and
hawaiite flows and scoria have Zr/Nb of 4.7 to 5.4, and (4) hawaiite and mugearite
flows from Dark Slope Crater have intermediate Zr/Nb (4.9 to 5.4) but are distinguished
by high Ni and Sr relative to other trace elements. Borehole data suggest that older
Ascension mafic flows have higher Zr/Nb of up to 7.7 (Kar et al., 1995).

The felsic volcanic rocks from Ascension (both surface and those from the
boreholes) have a range of Zr/Nb between 4.6 and 9.4 (Fig. 3.4), although the majority
of the trachyte and rhyolite samples have Zr/Nb within the range of the high Zr/Nb
mafic flows (6.0 to 7.7). The highest Zr/Nb felsic rocks are in the central part of the
island: Devil's Riding School trachyte (Zr/Nb = 9.1 to 9.4), Middleton Ridge rhyolite

(Zr/Nb = 7.0 to 8.6), and one trachyte from the eastern part of the island (Zr/Nb = 8.7)



(Fig. 3.4). All the borehole felsic rocks have Zr/Nb ranging between 5.8 and 7.4, with
one exception, a trachyte with Zr/Nb of 9.1.

In the plutonic rocks Zr/NDb is extremely variable (Fig. 3.4): 4.0 to 13.4 in syenite, 4.0
to 8.6 in monzonite, and 5.1 to 9.0 in granite. Trachyte xenoliths have Zr/Nb (6.0 to 9.2)
similar to the surface felsic volcanic rocks. The trends in Zr/Nb vs. SiO, (Fig. 3.4) show
that, with increasing SiO,, Zr/Nb first increases and then decreases. K/Nb shows a
continuous decrease from the plutonic xenoliths (syenite and monzonite) at low SiO, to
the surface flows and volcanic xenoliths to the granite xenoliths at high SiO,.

The age relationship of the felsic and mafic rocks, their geographical distribution on
the island, and their geochemistry, enable determination of which mafic magma type -
high Zr/Nb, low Zr/Nb, intermediate Zr/Nb, or Dark Slope Crater - was parental to the
felsic magmas on Ascension Island.

A deep (3126 m) geothermal exploration well records much of the history of the
formation of the island (Nielson & Stiger, 1996). Below 1966 m, the sequence is largely
mafic and the felsic rocks mostly occur above 887 m depth. Nielson & Stiger (1996)
suggest that felsic volcanism is relatively recent in the growth of the volcanic edifice,
although felsic rocks are the oldest exposed rocks on the istand. Overlapping with the
end of felsic volcanism, or starting very shortly thereafter, high Zr/Nb basaltic lavas
were erupted in the southeastem part of the island. The low Zr/Nb and Dark Slope
Crater mafic flows are younger than the felsic rocks and are extremely limited in spatial
distribution and volume; it is therefore difficult to appeal to these magma types having
produced through fractionation the voluminous felsic magmas erupted on Ascension.
Although of substantial volume, the intermediate Zr/Nb basalt to benmoreite flows are
the most recent eruptive products and are highly unlikely to represent magmas parental

to the much earlier felsic volcanism.
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The majority of trachyte and rhyolite samples have Zr/Nb within the range of the
high Zr/Nb mafic rocks (5.6 to 7.7). Since incompatible element ratios do not change
with low to moderate degrees of fractionation, the majority of the felsic magmas are
considered to be crystal fractionation products of high Zr/Nb mafic magmas. Higher (>
7.7) ZrINb in the felsic rocks is the result of greater degrees of crystal fractionation
involving the removal of a cumulate assemblage with low Zr/Nb as represented by
some of the syenite and monzonite xenoliths (Fig. 3.4). Therefore, from the
geographical distribution, age, and behavior of incompatible element ratios of the felsic
and high Zr/Nb mafic volcanic rocks it is highly likely that a genetic link between these
two types of magma exists. No intermediate products of high Zr/Nb affinity have been
found, suggesting that intermediate magmas either encountered shallow low pressure
cotectics such that copious mineral precipitation drove compositions rapidly from basalt
to felsic over a small temperature range, or that intermediate composition magmas
encountered a density maximum in the liquid line of descent inhibiting eruption.

The REE patterns of Ascension mafic and felsic volcanic rocks have variable
degrees of LREE enrichment with respect to HREE (Kar et al., Mafic MS) although the
LREE are uniformly strongly enriched compared to the HREE. Continuous crystal
fractionation involving olivine, plagioclase, clinopyroxene, and magnetite (Harris, 1983)
increases the total REE content of the more evolved magmas but does not produce
strong inter-element fractionation. The characteristic REE pattern of the basaltic rocks
is maintained in the more evolved rocks (Fig. 3.5A) although the absolute abundance
has increased and substantial feldspar fractionation has produced a negative Eu
anomaly. Rhyolitic compositions have a higher total abundance of REE and a larger

negative Eu anomaly compared to trachyte (Fig. 3.5B).



When the average trachyte is normalized to average high and intermediate Zr/Nb
mafic compositions (Fig. 3.5C, D) the MREE are strongly depleted relative to the LREE
and HREE. If intermediate Zr/Nb mafic magmas were parental to trachyte magmas then
Dwree > Duree is required (Fig. 3.5D), which is unlikely given the fractionating phenocryst
assemblage (Harris, 1983). On the other hand fractionation from a high Zr/Nb parent
(Fig. 3.5C) would require Dree < Duree Which is more probable and supports derivation

of felsic magmas from high Zr/Nb parental mafic magmas.

Isotopic Data

For the most part, trachyte and rhyolite flows and pumice are isotopically similar to
the mafic rocks, especially the high Zr/Nb mafic rocks (Table 3.2, Fig. 3.6). However,
the most evolved trachyte and rhyolite samples have low Sr contents, high Rb/Sr, and
very high Sr isotope ratios (Table 3.2). Undoubtedly, the high ®’Sr/*°Sr is in part due to
in situ decay, and those samples for which we have age data can be corrected for this
effect (Fig. 3.6). A maximum age correction of 1.0 Ma (consistent with K-Ar and Ar-Ar
age dates) brings the initial *’Sr/*°Sr down to the range between 0.702301 and
0.706548. Given an initial Sr/**Sr similar to the mafic rocks (0.7028 to 0.7030), ages in
excess of 7 Ma are required for some samples to account for the high ¥Sr/*®Sr. This is
more than the maximum possible age of the rocks since the volcanic edifice sits on 5-
to 6-Ma-old oceanic lithosphere.

Although many of the differentiated rocks typically are characterized by high
¥Sr*Sr (> 0.706), “*Nd/***Nd is similar to the mafic lavas that constitute most of the
areal exposure of the island (Fig. 3.6). Such high ¥Sr/*Sr and high '°Nd/'*‘Nd
signatures do not correspond to known suboceanic mantie reservoirs. Therefore, we
infer that radiogenic Sr was added through crustal or hydrothermal processes.

Assimilation of oceanic sediment (Harris et al., 1982) is precluded by the lack of
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variation in §'°O, Pb-isotopic compositions, and "*Nd/'“Nd (Weis et al., 1987). One
possible explanation for high *’Sr/**Sr is interaction of either the magma or the felsic
rocks with seawater, or assimilation of seawater-altered crust (Weis et al., 1987). This
possibility might be consistent with the general ¥Sr/**Sr-SiO, correlation if the more
felsic rocks are more glassy and more susceptible to hydration. Oxygen isotope data
for three pumice samples, two trachytic and one rhyolitic, have whole rock §'°0 values
greater than +13 (Table 3.2); these pumice samples are severely depleted in Na,O
(except one) and have very high water loss on heating (H.O-) as the resuit of post-
magmatic alteration (Weaver et al., 1996). These samples have high age corrected
whole rock initial ’Sr/*Sr (> 0.706; Table 3.2). Age-corrected feldspar ¥’Sr/*Sr for one
pumice sample (Ai-44) is much lower than the whole rock (0.7043); the apparent
isotopic disequilibrium is indicative of post-crystallization alteration. Cousens et al.
(1993) show that Rb, Sr, and O can be mobilized in felsic rocks during post-eruptive
processes aithough Pb-Nd isotopic systematics are not disturbed, and they stress that
extreme caution should be exercised when using Sr and O signatures as indicators of
mantle derived products. Leaching of the felsic volcanic rocks mobilises a radiogenic Sr
component, which is interpreted to bé of secondary origin. Alteration is confirmed by
analyses of feldspar phenocrysts that typically have significantly lower %’Sr/*°Sr, with
the feldspar-whole rock difference in ¥Sr*Sr too great to be explained by in situ
decay. Similar effects are reported by Bohrson and Reid (1997, and this volume) for
peralkaline felsic rocks of Socorro Island, Mexico. The susceptibility of these rocks to
secondary alteration of ¥Sr/**Sr is enhanced by their low Sr contents. Nevertheless,
secondary alteration cannot be the only process responsible for the high ¥7Sr*8Sr ratios
of some of the felsic rocks, as some of the feldspars and residues from leaching still

have ¥Sr/*Sr greater than the range of the basalts.
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Two granite xenoliths (Table 3.2) yield internal isochrons (Fig. 3.7) with ages of 0.94
Ma and 1.22 Ma, respectively, and with initial ¥Sr/**Sr (Fig. 3.7) of 0.705756 and
0.706067, respectively; '*Nd/**“Nd in one of the xenoliths is similar to the felsic
extrusive rocks (Table 3.2). Sheppard & Harris (1985) suggested that some granite
xenoliths with high *’Sr/**Sr compared to the 0.7029 initial ratio of basalt (Harris et al,
1983) are either significantly older (up to 4.5 Ma) than the volcanic rocks or the granite
magma was contaminated with radiogenic Sr from sea water, oceanic crust, or
sediment. The isochron ages preclude the former interpretation and implicates high
magmatic ¥Sr/*°Sr for at least some of the felsic rocks. The high ¥Sr/*®Sr of the granite
xenoliths may characterize potential contaminants capable of increasing the ¥Sr/*Sr of
the differentiated felsic magmas, but this begs the question of how the granitic rocks
acquired high ¥Sr/*Sr in the first place. The low Sr content of the granitic rocks limits
the leverage that they will have on Sr isotope ratios of contaminated liquids, unless 1)
contamination involves already differentiated (low Sr) liquids rather than basalt,
perhaps at the upper reaches of the magma chamber or/and 2) the assimilant is a high
Sr feldspar accumulate or residue rather than bulk granite.

In the absence of continental crust, the most plausible origin for a high ®’SrSr
signature is seawater (*’Sr/*°Sr = 0.709), which may interact directly with felsic magma,
with solidified rock, or provide a high *Sr/*Sr contaminant by interacting with the
basement lithologies through which felsic magmas ascend. Weis et al. (1987) reject the
seawater contamination hypothesis for higher ¥Sr®°Sr on the basis of lack of
petrographic evidence for high- or low-temperature seawater interaction (without
mentioning whether this interaction is with magma or rock). Assimilation of seawater-
altered oceanic crust (or older altered mafic rocks in the volcanic edifice) by the magma

in the late stages of the differentiation process may effect increases in *’Sr/**Sr (Weis



et al., 1987) but requires considerable accompanying feldspar fractionation to elevate
Rb/Sr. The model proposed by Weis et al. (1987) postulates that addition of less than
1% of high-temperature (> 400°C) altered oceanic crust (with 100 ppm Sr and ¥’Sr/*°sr
= 0.709) could account for the high 8Sr/%Sr in felsic rocks with very low Sr content.
Grant et al. (1976) propose for lavas from St. Helena that oceanic crust is not
involved in raising *Sr/*Sr as the oceanic crust is enriched in both ®’Sr and 0
whereas St. Helena volcanic rocks are enriched in #Sr but depleted in "0 (5'°0 ranges
between +6.3 and +10.1%o). Basait and gabbro, together with trachyte and syenite, in
general have 5'°0 ranging from +5.5 to +7.4%e (Faure, 1986). Kyser & O'Neil (1984)
report that fresh MORB have very consistent stable isotope composition (5'°0 ranging
from +5.5 to +6.0%0) and Eiler et al. (1996) report that unaitered OIB whole rocks and
glasses have 5'°0 of +4.6 to +7.5%.. Our oxygen isotope data correspond with that of
Sheppard & Harris (1985) and §'°0 values increase with increase in SiO, content (Fig.
3.8). However, our data also show a considerable spread in §"°0 values at a given
degree of differentiation (Fig. 3.8). The high Zr/Nb basalt presumed parental to the
felsic rocks have 3'°0 values of +5.7 to +7.8%., whereas whole rock §'°0 for trachyte
and rhyolite varies between +5.5 and +8.1%. The similarities in the ranges of 5'°0
further substantiates a genetic link between the high Zr/Nb mafic rocks and the felsic
rocks. Given the observed mineral assemblages, fractionation from basait to rhyolite
cannot elevate 5'°0 values much more than 0.6%. (Sheppard and Harris, 1985; Taylor
& Sheppard, 1986). Therefore the relatively large range in 5'°0, extending to values
significantly higher than the nominal +5.5 to +6.0%. that appears to characterize the
mantle, argues for interaction with water at low temperatures. The large range in 5'°0

reported for the basaltic rocks suggests that some of these effects may be inherited
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from earlier stages of differentiation. In pumice samples 50 ranges from +6.4 to
+16.8%s (Fig. 3.8), but the extremely high 5'°0 (> +10%) are not a magmatic signature
but a post-magmatic alteration effect. Eiler et al. (1996) report that low 5'°0 in olivine
from basalt (+4.5 to +5.0%o) is associated with a depleted mantle source whereas high
50 (+5.4 to +6.1%) is associated with an enriched source; the low values are
suggestive of hydrothermally aitered Pacific lower oceanic crust whereas high values
are indicative of incorporation of recycled sediment and/or oceanic crust in their
sources. On the other hand, Hoernle et al. (1996) show crustal contamination is
inconsistent with their model since at least 30% bulk assimilation of crust is required to
generate isotopic variations and mantle 5'°0 values (+5.7 to + 6.1%o for feldspar) for
Gran Canaria. For Ascension Island, Weis et al. (1987) model that the addition of small
amount (< 1%) of oceanic crust with 5'°0 of +3%. to mafic magma sufficient to influence
¥Sr/*°Sr would shift 80 values of the rocks by 0.02%. which is below detection limits.
Eiler et al. (1996) do not report a value for the amount of oceanic crust added and
hence it is difficult to assess if there is involvement of a crustal component. Ascension
basalt and hawaiite whole rock 5'®0 values range from +5.7 to +7.8% and feldspar
separates from +5.5 to +6.8%o0, values somewhat higher than the olivine values from
Hawaii but perhaps suggestive of derivation from a similarly enriched mantle source.

As an altemative to the model of Weis et al. (1987), we propose that the high
#Sr/®Sr in the felsic rocks of Ascension is generated by interaction of the feisic rocks
with geothermal fluids derived from seawater, similar to fiuids encountered in fractures
of the deep (3126 m) geothermal well (Ascension #1 well) (Adams, 1996). The
geothermal system below Ascension is hosted by faults and fractures (Nielson & Stiger,
1996), and two significant zones of fluid entry were encountered in Ascension #1, one

at 2475 to 2604 m depth and the other at 2889 to 2957 m depth, and both these fluids
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were derived from seawater with Sr content varying between 0.1 and 112 ppm (water
sample collected during drilling), and between 9.7 and 202 ppm (water sample
collected after drilling was completed); the 5'°0 of the geothermal and meteoric waters
measured ranged from -14.9 to +3.4%. (Adams, 1996). West & Leeman (1987) report
that the Holua trachyte (Hawaii) whole rock has an unusually radiogenic initial ¥Sr/*éSr
ratio (0.70426) which contrasts strongly with the ratio measured on fresh feldspar
phenocrysts (0.70367) and propose prolonged interaction of the trachyte magma with
migrating ground waters that had experienced mixing with seawater. The highest
¥S1/*°Sr values recorded on Ascension are 0.708917 for a rhyolite and 0.709250 for
the feisic component of a granite sample. Leachates from trachyte samples aiso record
high ¥Sr/**Sr (approaching that of seawater; up to 0.7086; unpublished data) whereas
feldspar phenocrysts from trachyte have ¥Sr/**Sr between 0.702896 and 0.703797 and
5'°0 between +6.3 and +7.8%.. The elevated *Sr/**Sr of the felsic plutonic and volcanic
rocks on Ascension Island suggests interaction of the felsic rocks with geothermal fluids
derived from seawater. This likely took place under subsolidus conditions, since
feldspar-whole rock pairs are not in Sr isotopic equilibrium, and leaching experiments
can be shown to remove a high Sr. high *Sr/**Sr component from the whole rock
powders.

We therefore concur with previous workers in recognizing the modification of
isotope characteristics in evolved ocean island magmas, and suggest that they cannot

be carelessly used to elucidate the mantle sources of ocean islands.

CONCLUSIONS
1) The felsic (>60% SiO,) rocks from the central and eastern parts of Ascension island

are the oldest; a rhyolite dated at 0.991+0.02 Ma (Nielson & Sibbett, 1996) from the
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central part of the island representing the evidence of first phase of felsic volcanism.
Felsic volcanism continued until at least 0.56+0.06 Ma with build up of the central
and eastern parts of the island and was closely followed by the eruption of high
Zr/Nb basalt lavas.

2) The geochemical characteristics of the felsic rocks are largely consistent with an
origin by fractionation of high Zr/Nb magmas as evidenced by similar trace element
ratios and Nd and Pb isotopic ratios.

3) Trace element and isotopic compositions indicate that syenite, monzonite, and
granite xenoliths found on Ascension are cumulates from felsic magmas that aiso
produced the felsic volcanic rocks. Internal Rb-Sr isochrons for two granite xenoliths
yield ages of 0.92 and 1.22 Ma, respectively.

4) 5"°0 in felsic rocks are slightly higher compared to the high Zr/Nb parent magmas
which is a resuit of fractionation combined with some open system interaction with
fluids.

5) Fluids recovered from a deep geothermal well drilled on Ascension show the
presence of seawater-derived geothermal fiuids with Sr content as high as 202 ppm;
interaction of these fluids with felsic rocks may generate high ¥Sr/*Sr under
subsolidus conditions as evidenced by leaching experiments and recorded in many
of the whole rock samples.

6) In addition, the involvement of a high ¥Sr/**Sr component during magmatic
differentiation is evidenced by high initial *’Sr/**Sr from the intemal isochrons of the
two granite xenoliths which have high initial *’Sr/**Sr (> 0.705); *“*Nd/*“Nd and 5'°0
in the granite are similar to the mafic extrusive rocks. Some feldspar phenocrysts
from the felsic volcanic rocks also have high ¥Sr/®Sr (> 0.704); "0 ranges of +5.5

to +8.1%o (whole rock) and +5.5 to +7.2%. (feldspar) in the felsic rocks also indicate
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the invalvement of a high §'°0 component, and suggest that hydrothermally altered
pre-existing volcanic basement may have been cannibalized during differentiation of

the felsic magmas.
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Figure 3.1, Simplified geological map of Ascension Island highlighting the distribution of felsic rock types. Mafic lava flow types are:
M, high Zr/Nb basalt; M, Dark Slope Crater hawaiite and mugearite; M; low Zr/Nb hawaiite; M, intermediate Zr/Nb basalt to
benmoreite. For a more detailed geological map see Kar et al. (Mafic MS).
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Figure 3.2. Variation in SiO, (Wt%) vs. age (Ma) for mafic and felsic rocks from Ascension Island. Whole rock K-Ar age dates (0)
are from Harris et al. (1982) and Nielson & Sibbett (1996) [note that for the Bears Back and Daly's Crags trachyte bodies the ages
from Nielson and Sibbett are preferred to those from Harris et al.], Ar-Ar feldspar age dates (O) are from this study (Middleton
Ridge trachyte 0.89+0.04 Ma; Weather Post trachyte 0.67+0.02 Ma; pumice in Devil's Riding School 0.61+0.02 Ma; trachyte NNE of
Mountain Red Hill 0.56+0.06 Ma); Rb-Sr isochron dates for granite xenoliths (A) are from this study (see Fig. 3.7).
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Table 3.1. Representative chemical analyses of felsic rocks from Ascension Island.

Trachyte Rhyolite Pumice Granite

Al-111 Al-109 Al-96 Al-91 Al-95 AlA77 Al-120 Al-146 A-174 Al-42 Al-213¢c
Si0; 63.91 65,35 68.82 67.39 69.32 73,75 63.59 66.68 67.38 7207 73.90
TiO, 0.65 047 0.40 0.35 0.29 0.14 0.52 0.45 0.52 0.23 0,19
Al20s 16,81 15.23 14.18 15.60 14.89 12.76 16.25 15.03 20,38 13.28 11.18
Fe;0, 493 5.63 475 432 4.04 297 571 5,02 458 438 4.55
MnO 0.2 0.16 0.19 013 017 0,08 0.19 0.16 022 012 0.16
MgO 0.44 0.05 0.22 0.09 0.07 0.02 0.60 0.41 041 0.25 <0.05
Ca0 1.62 0.76 0.68 0.40 0.73 0.32 2,00 1.46 1.14 042 0.18
Na,0 6.72 6.36 6.18 6.57 6.33 528 6.82 635 2,71 358 630
KO 4.46 5.00 452 5.10 413 465 4,20 5.13 254 566 449
P05 0.34 0.99 0.06 0.05 0.03 0.03 012 0.31 0.12 0.03 0.05
H,0- 0.27 042 0.29 0.47 0.23 0.12 1.16 277 5.98 2.35 0.07
LOI 095 058 -0.08 0.25 0.14 0.36 467 272 7.69 5,25 0.22
Ni <2 <2 <2 2 <2 <2 2 2 2 2 <2
Cr 20 21 1.7 32 nd 09 1.9 71 39 31 nd
Sc 132 140 96 57 nd 1.4 10.3 74 74 1.7 1
Vv 19 6 5 4 3 5 5 13 9 6 19
Zn 7t 110 167 155 148 189 149 160 n 256 150
Ga 28 30 34 33 30 3 28 31 35 38
Rb 63 69 87 109 82 161 75 102 73 188 157
Sr 184 24 10 15 1 114 47 74 5
Ba 1304 1183 516 219 686 24 868 220 799 21 32
Th 6.40 7861 149 143 nd 194 8.85 119 8,02 251 17
Pb 3 3 7 8 1 5 6 4 14 8
2r 398 532 954 1248 1003 766 1074 899 1743 1752
HI 7.88 105 201 223 nd 238 136 19.8 154 4
Nb 68 98 134 184 17 212 122 130 261 315
Ta 4.59 583 8.06 104 nd 136 6.87 7.63 547 156 nd
La 403 453 e 73.2 nd 91.9 62,6 728 100 139 269*
Ce 83.2 945 139 165 nd 189 128 142 142 254 479*
Nd 37.2 487 68.6 63.0 nd 81.0 59.8 67.1 100 113 289*
Sm 8.10 10.2 156 129 nd 191 125 14.6 219 24,2 nd
Eu 3.51 317 320 215 nd 1.21 3.61 210 5.59 231 nd
Tb 1.32 164 2.55 218 nd 3.59 1.94 233 364 395 nd
Yb 372 496 7.25 6.99 nd 1.9 5.96 7.81 1.0 1.2 nd
Lu 0.51 0.69 1.00 1.02 nd 1.56 0.84 1.11 153 1.66 nd
Y 45 56 as 84 91 137 69 87 151 148 242
Na;0 + K,0 11.18 11.36 10.70 11.67 10.46 993 11.02 1048 5.25 924 9.79
Na;0/K,;0 1.51 1.27 1.37 1.29 1.63 114 1.62 1.04 1.07 0.63 1.18
2Zr/Nb 59 54 7.1 6.8 8.6 4.6 6.3 83 93 8.7 56
La/Nb 0.59 0.46 0.54 0.40 - 0.43 Q.51 0.56 1.03 0.53 0.85
Rb/Nb 0.93 070 0.65 059 0.70 0.76 0.61 0.78 0.75 0.72 0.50
K/Nb 544 424 280 230 293 182 285 328 217 180 118
Th/Nb 0.094 0.078 0.083 0.078 - 0.092 0.073 0.092 0.083 0.096 -
ZtiY 8.8 95 1.2 149 1.0 7.9 1.9 123 6.0 11.8 72
Cen/Yby 5.7 48 49 6.0 - 4.0 6.5 4.6 3.3 58 -

Syenite

Al-187e
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Table 3.2. Sr, Nd, Pb, and O isotopic data for felsic rocks from Ascension Island,

SiO. s Rb Sr Y'Rb Vg € bt € Mpp ¥pp 200 da"o
’ w3 ppm  ppm *sr “§!r. ¥ " " eb "‘%: ’“Flba WR
Trachyte and rhyolite
Al-111 63.91 0.705038+ 9 63 184 0.9904 0.705024 +46 0513046+ 13 +7.96 19.665 15.668 39,332 +6.41
Al-79 66,00 0.703605+ 10 79 29 7.879 0703493 -174 0.513024+£10 +753 19669 15615 39232 +7.73
Al-41 66.93 0.703651+ 9 88 15 16.97 0703410 -18.3 0.51 E +7.22 19.567 15.606 39,031 +5.47
Al-175 66.84 0703117+ 8 94 24 11.33 0702956 -24.7 0513026+ 9 +757 19669 15624 39,194 +5.76
Al-9% 67.39 070718811 109 7 45,05 0.706548 +26,2 0512992+ 6 +691 19746 15644 39,339 +7.56
Al-109 65.35 0.705950 £ 11 69 24 87 0705832 +16.1 0513007+ 9 +7,20 19568 16602 39122 +8.11
Al-67 67.28 0.703716+10 117 7 48.34 0.703029 -23.7 0512999+ 10 +7,04 19693 15636 39 +6.57
Al-103 66.58 0.704755 £+ 11 81 4 58.57 0703923 -110 0513055211 +8.13 19503 15633 39,132 +6.91
Al-96 668.82 0.704053 = 87 10 25,16 0.703696 -14.2 0513026+ 8 +7.57 19,626 15.630 39.236 +6.30
Al-94 7253 0,708306+14 126 1 364.5 - - 0513027+ 8 +7.59 - - - -
Al-177 73.75 070891711 161 1 465.9 - - 0513026+ 7 +7.57 19516 15622 39.116 +6.52
Pumice
Al-120 63.59 0.703255¢ 9 75 114 1.903 0703228 -20.9 0513015+ 8 +7.35 19617 15609 39.125 +9,23
Al-121 60.99 0.702898 £ 10 64 270 0.6855 0.702888 -25.7 051302518 +7.55 19.569 15.608 39,118 +6.41
Al-44 68.72 070636815 115 16 20.79 0.706073 +195 0513027+ 9 +7.59 19.713 15.666 39,368 +15.6
Al-43 66.95 0.703498 £ 10 83 67 3.683 0.703447 -17.8 0513000+ 9 +7.06 - - - -
Al-42 72,07 0.707603+10 188 7 mnn 0706500 +25.6 0512998+ 8 +7.02 19687 15650 39330 +16.8
Granite
Al-213c WR  73.90 0706920+11 1527 496 8907 0705756  +15.0 - = - - = 45,80
Felsic minerais 0.709250+10 1099 118 2695 0.705729 +146 - - - - - -
Mafic minerals 0.705850 £ 10 277 8.51 9,403 0705727 +146 - - - - - -
Ai-213d WR 73.83 0.707210£ 10 86.7 380 66.00 0706067 +194 0512998+8 +7.02 - - - -
Felsic minerals 0.707560 £ 16 53,2 1.75 8787 0706038 +19.0 - - - - - -
Mafic minerais 0.706140 £ 10 144 741 5610 0,706043 +19.1 - - - - - -

Table 3.1 Footnote:

Al-111 Cocoanut Bay trachyte; Al-109 R Hill trachyte; Al-96 Middleton Ridge trachyte flow; Al-91 Daly’s Crags trachyte; Al-95 Middieton Ridge rhyolite flow; Al-177 Littie White Hill
rhyolite flow dome; Al-120 trachyte pumice Hummock Point; Al-146 trachyte pumice from NASA Road; Al-174 trachyte pumice from Green Mountain Road; Al-42 rhyolite pumice from
Devil's Riding School, Al-213c granite xenolith from Five Mile Post, Al-187e syenite xenolith from Broken Tooth flow,

Ma!w element gxides afe recaiculated to sum to 100% on an anhydrous basis, H,O- is weight loss after drying for 12 hours at 110°C. LOI is weight loss after ignition at 850°C for 1 hour
(o of Fe* to Fe™ In near-anhydrous samples results in weight E:lu. eug‘ressed as negative LOI). Trace elements are in parts per million; NI, V, Zn, Ga, Rb, Sr, Ba, Pb, Zr, Nb, and Y

determined by XRF, other trace elements determined by INAA except *La, Ce, Nd determined by XRF, nd - not determined.
Table 3.2 Footnote:

Sr, Nd, and Pb isotope ratios determined at UCLA, initfal *’Sr/°Sr for trachyte, rhyolite, and pumice samples was calculated using an age of 1 Ma which likely results in over-correction for
some samples (see Fig. 2). For the granite samples the isochron age (0.92 Ma for Al-213c¢ and 1.22 Ma for Al-213d) was used for age correction, O isotope compositions were determined at
SMU,

Rb and Sr abundance determined by XRF at OU except for granite samples for which Rb and Sr were determined by isotope dilution at UCLA, For Al-94 and Al-177 the determined Sr
abundance is at the detection limit of the XRF technique and there may be significant error in calculated *Rbr%sr,
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ABSTRACT

Exposed volcanic rocks on Ascension Island comprise a basalt to trachyte and
rhyolite suite with a high proportion of pyroclastic deposits (43%) relative to lava flows
(57%). Compositional variations in mafic (basalt and hawaiite) lava flows and scoria
reveal four distinct magma types which are best discriminated by Zr/Nb and isotopic
(Sr, Nd, Pb) composition.

Seven holes drilled for geothermal prospecting (GH1 to GH6 and LDTGH)
recovered almost continuous core and penetrated the volcanic pile to a maximum depth
of 200 m below sea level. The volcanic rocks recovered from the boreholes were
formed subaerially, suggesting substantial subsidence of the Ascension volcanic
edifice. Overall, the relative proportion of pyroclastic deposits (mafic to silicic) to lava
flows in the cores is similar to that of the exposed volcanic rocks although there are
large variations between boreholes.

A shallow hole (GH3, bottom depth at approximately sea-level) in the southwestern
part of the island reveals that low Zr/Nb (4.1) hawaiite flows overlie intermediate Zr/Nb
(5.5) hawaiite flows whic_h overlie hawaiite and mugearite flows of Dark Slope Crater
(intermediate Zr/Nb but high Sr and Ni relative to Zr), relationships inferred from the
surface geology. In the other six boreholes the mafic (basait and hawaiite) lava flows
do not display any systematic variation in geochemical characteristics with depth, most
of the flows being of the intermediate Zr/Nb (~5) type. However, basalt and hawaiite
flows from the deepest levels of three boreholes to the east and north of Devil’s Riding
School have higher Zr/Nb (7.4 to 7.7 in GH1 at 10 to -6 m relative to sea-level; 6.8 to
7.1 in GH6 at -122 to -194 m relative to sea-level; 6.6 in LDTGH at -113 to -142 m
relative to sea-level) than any of the surface basait or hawaiite lava flows (maximum

Zr/Nb of 6.1).
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Geochemical data for flows from the boreholes shows that there are no simple
temporal relationships between the different mafic magma types erupted on Ascension
Island. However, some boreholes may have penetrated close to the base of the slightly
more alkaline flows which likely overlie an earlier, more tholeiitic, shield phase of

magmatism on Ascension.

INTRODUCTION

Ascension Island, situated at 7°56’S and 14°22'W in the South Atlantic Ocean, is a
hotspot-related volcanic island. It is located 80 km west of the Mid Atlantic Ridge and
50 km south of Ascension Fracture Zone on oceanic crust which is 5 to 6 million years
old. The volcanic edifice covers about 2000 km? of the ocean floor and rises about
2700 m from the ocean floor with a little less than 860 m of the island exposed above
sea level (Brozena, 1986). The areal exposure of the island is about 98 km?.

Compositional variations in mafic (basalt and hawaiite) lava flows and scoria reveal
four distinct magma types which are best discriminated by trace element and isotopic
(Sr, Nd, and Pb) compositions (Kar et al., Mafic MS). Incompatible element ratios and
radiogenic isotopic systematics of Ascension also establish that large-scale chemical
heterogeneities occur in the mantle under the South Atlantic Ocean and small-scale
heterogeneities occur on a single-island basis (Kar et al., Mafic MS). Well established
data now exist on the surface geology, mineralogy, geochemistry and ages of the
volcanic and plutonic rocks, and also on the fluids associated with magmatism (Atkins
et al., 1964; Roedder & Coombs, 1967; Harris & Bell, 1982; Harri's et al.,, 1982; Harris,
1983; Weis, 1983; Harris, 1985; Sheppard & Harris, 1985; Harris & Sheppard, 1987;
Weis et al., 1987; Adams, 1996; Nielson & Sibbett, 1996; Nielson & Stiger, 1996;

Weaver et al., 1996; Kar et al., Felsic MS; Kar et al., Mafic MS). Geological data also
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exists on the large volcanic edifice of Ascension Island (Nielson & Sibbett, 1996).
Seven boreholes drilled for geothermal prospecting recovered almost continuous core
and penetrated the volcanic pile to a maximum depth of 200 m below sea-level (Neilson
& Sibbett, 1996; Kar et al., 1995). This paper is aimed at understanding the

geochemical nature of the subsurface of Ascension Island from borehole studies.
SURFACE GEOLOGY OF ASCENSION ISLAND

Ascension is a composite volcano and the exposed volcanic rocks comonrise
transitional to mildly alkaline basalt-hawaiite-mugearite-benmoreite-trachyte-rhyolite
series lava flows, trachyte domes and flows, scoria cones, and pyroclastic deposits.
Pyroclastic (pumice and scoria) deposits make up about 43% of the island’s total areal
extent (Harris, 1983). Other than pyroclastic deposits and the trachyte, most of the
island is covered by lava flows. The Ascension mafic flows and scoria have a significant
range in Zr/Nb, from 4.0 to 6.0 (see below). There are four distinct mafic rock types that
are identified based on trace element variations (Fig. 4.1):

(1) High Zr/Nb basalt

Basalt lava flows (SiO, 47.6 to 50.6 wt%) from the southeastern part of the island
and extensive basaltic lapilli deposits on Green Mountain have relatively low Zr (160 to
248 ppm) but high Zr/Nb (5.6 to 6.1). Only three scoria cones, in the southwestern and

northern parts of the island, have high Zr/Nb.

(2) Low Zr/Nb hawaiite
Localized hawaiite lava flows in the southwestern part of the island (Fig. 4.1) have a
restricted range of compositional variation (SiO, 47.3 to 47.9 wt%; Zr 235 to 259 ppm)

and have low Zr/Nb (4.1). These flows originated from a number of small scoria cones.
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(3) Intermediate Zr/Nb basait-hawaiite-mugearite-benmoreite

Most of the western and northem parts of Ascension island (Fig. 4.1) are covered
by basalt to benmoreite lava flows (SiO, 47.25 to 60.95 wt%) with a wide range in Zr
(140 to 610 ppm) and intermediate Zr/Nb (4.5 to 5.6). Most of the scoria cones on the

island are of intermediate Zr/Nb composition.

Basalt and hawaiite
Basalt and hawaiite flows and scoria have 47.3 to 51.6 wt% SiO,, 140 to 387 ppm

Zr, and a range in Zr/Nb of 4.6 to 5.6 although Zr/Nb < 4.8 or Zr/Nb > 5.2 is rare.

Mugearite and benmoreite
Mugearite flows and scoria have 50.2 to 55.3 wt% SiO,, 333 to 470 ppm Zr, and
Zr/IND of 4.7 to 5.9 whereas benmoreite flows and scoria have 54.7 to 61.0 wt% SiO,

429 to 610 ppm Zr, and Zr/Nb of 4.9 t0 6.0.
(4) Dark Slope Crater hawaiite-mugearite

Hawaiite and mugearite flows (SiO;, 48.2 to 52.1 wt%) originating from Dark Slope
Crater have intermediate Zr/Nb (4.9 to 5.2) but have high Ni (28 to 52 ppm) and Sr (596
to 902 ppm) relative to Zr (318 to 558 ppm) compared tb other intermediate Zr/Nb
hawaiite flows and scoria (Ni < 20 ppm and Sr < 540 ppm at equivalent Zr content).
Felsic Rocks

There are two distinctive felsic eruptive centers on the island, the central felsic
complex and the eastern felsic complex. The central felsic complex is comprised of the
Middleton Ridge felsic center and Green Mountain (Fig. 4.1). Middleton Ridge is
composed primarily of trachyte, pumice, and some rhyolite and rhyolitic obsidian. The
eastern felsic complex is made up of numerous trachyte flows and lava domes (Fig.

4.1).
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SAMPLING AND ANALYTICAL TECHNIQUES

Samples were taken from the core stored at the University of Utah Research
Institute, Salt Lake City. For details of the sample preparation technique and analytical
procedure for major and trace element analyses obtained at the University of Oklahoma
refer to Weaver et al. (1996) and for radiogenic isotope analysis performed at

University of California, Los Angeles refer to Davidson et al. (1993).
BOREHOLE STRATIGRAPHY AND GEOCHEMISTRY

Seven boreholes (GH1 to GH6 and LDTGH; Fig. 4.1) were drilled for geothermal
exploration on Ascension Island (Neilson & Sibbett, 1996). Boreholes GHS5, GH1,
LDTGH, and GH6 lie on a north-south line stretching a distance of about 3 km (Fig.
4.1). In addition to these seven boreholes, a deep exploration well (Ascension #1) was
drilled at the location of LDTGH to a depth of 3125 m but was not cored.

The overall proportions of rock types in the boreholes are similar to the surface
exposure, with a high percentage of silicic flows and pyroclastic deposits (Fig. 4.2).
Boreholes GH3, GH4, and GHS5 penetrated mostly mafic flows whereas GH6, LDTGH,
GH1, and GH2 penetrated significant thicknesses of silicic rocks (Fig. 4.2). The rocks
recovered from the seven boreholes (even the rocks recovered from below sea level)
have evidence of being erupted subaerially, implying subsidence of the volcanic edifice
by at least 200 m while surface eruptions continued (Neilson & Sibbett, 1996). The
deep exploration well (Ascension #1) was the only well that penetrated hyaloclastite
layers. The presence of hyaloclastite layers topped by subaerial basalt flows indicates
that the island has undergone at least three phases of emergence and subsidence
(Neilson & Stiger, 1996). More active phases of volcanism leading to the emergence of

the island above sea level were followed by more quiescent phases and subsidence of
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the volicanic edifice below sea level due to loading of the oceanic lithosphere. There
has been 1.5 to 2 km of subsidence since the onset of hyaloclastite formation (Neilson

& Stiger, 1996). A detailed description of the boreholes follows.
GH1, McTurk’s Culvert and RAF Base

GH1 was drilled to the southeast of Lady Hill and adjacent to the New Mountain
Road (Fig. 4.1). Fig. 4.2 shows the stratigraphy of the rocks cored. The surface
exposure in this area is a mugearite flow (Al-178). GH1 was drilled to a total depth of
177.7 m (top of the hole at +171.6 m rsl [relative to sea level], bottom of the hole at ~
6.1 m rsl) and predominantly penetrated pyroclastic deposits (mafic and silicic) and a
silicic flow with mafic flows only in the upper and lower parts of the hole (Fig. 4.3).

The two mafic flows cored in the interval 146.3 to 135.6 m rsl (GH1-1 and GH1-2,
separated by a soil horizon at 139.6 m rsl) are non-vesicular, aphyric (rare plagioclase
+ olivine + titanomagnetite phenocrysts) hawaiite of intermediate Zr/Nb (5.1 and 5.2)
with high P/Zr (17.2 and 19.8). The silicic flow cored in the interval 77.1 to 36.0 mrsl is
compositionally equivalent (UURI data) to the rhyolite flow exposed on Middieton Ridge
and also cored in GH6 and LDTGH. The mafic dyke(?) cored in the interval 32.3 to 28.6
m rsl is extensively altered and was not sampied. The mafic flows cored from 9.8 m rsl
to the bottom of the hole (GH1-3 to GH1-5) are sparsely to highly vesicular, highly-
phyric (plagioclase > olivine + clinopyroxene) basalt which have Zr/Nb (7.4 to 7.7) much
higher than any of the surface flows (maximum Zr/Nb 6.2). P/Zr is low (9.7 to 10.3),

similar to the surface high Zr/Nb flows.
GH2, east rim of Cricket Valley

GH2 was drilled on the eastern rim of Cricket Valley (Fig. 4.1) and the stratigraphy

of the rocks cored are shown in Fig. 4.2. The surface exposure in this area is of



volcanic breccia. GH2 was drilled to a total depth of 533.4 m (top of the hole at +478.5
m rsi, bottom of the hole at ~54.9 m rsl) and penetrated a sequence dominated by
mafic and silicic pyroclastic deposits and silicic flows with mafic flows only in the upper
and lower parts of the hole (Fig. 4.4).

The mafic flow cored in the interval 447.4 to 436.1 m rsl was not sampled. The
mafic flow cored in the interval 423.0 to 317.0 m rsl was sampied from the central
(GH2-1) and lower (GH2-2) parts of the unit; this is the flow exposed in the walls of
Cricket Valley sampled as Al-64 and AIl-65 from the upper part of the unit. This flow is
remarkably uniform in composition considering its unusual thickness (106 m); it is a
high Zr/Nb basalt with SiO, varying only between 50.58 and 51.33 wt% and MgO only
between 4.99 and 5.30 wt%; an unusual feature of this flow is the elevated Rb/Nb (0.67
to 0.72; range 0.40 to 0.68 in other high Zr/Nb flows). Beneath this very thick flow, in
the interval 312.4 to 303.5 m rsl (GH2-3), is a sparsely vesicular, sparsely phyric
(plagioclase + olivine + titanomagnetite phenocrysts) mugearite of intermediate Zr/Nb
(8.1).

Three trachyte flows are present; a flow with a faulted lower contact between 277.3
and 264.5 m rsl (GH2-4) and two thick flows between 185.6 to 124.9 m rsl (GH2-5) and
123.7 to 87.7 m rsl (GH2-6) with an intervening volcaniclastic layer.

The mafic flow (dyke?) cored in the interval 82.3 to 79.2 m rsl and the mafic flow
cored in the interval 79.2 to 65.8 m rsl (GH2-7, GH2-8) are sparsely vesicular and non-
vesicular, respectively, aphyric (rare plagioclase + olivine + titanomagnetite
microphenocrysts or phenocrysts) mugearite which are chemically very similar. The
mafic flows and dykes(?) cored in the interval 62.1 to 33.2 m rs| (GH2-9 to GH2-11) are
non-vesicular, aphyric (rare plagioclase + olivine + clinopyroxene + titanomagnetite

microphenocrysts or phenocrysts) mugearite which are more evolved (55.0 to 56.9 wt%




SiO,, 459 to 530 ppm 2Zr) than the overlying mugearite flows (GH2-7 and GH2-8; 52.4
to 563.2 wt% SiO,, 390 to 398 ppm Zr). The mafic flow cored in the interval 3.6 to -5.5 m
rsl (GH2-12) is a non-vesicular, aphyric (rare plagioclase + titanomagnetite
microphenaocrysts) hawaiite of intermediate Zr/Nb (5.5) and high P/Zr (17.1).

A rhyolite flow is present in the bottom of the hole (-16.2 to -54.9 m rsl; GH2-13).
GH3, north of Booby Hill

GH3 was drilled just to the north of Booby Hill (Fig. 4.1) and the stratigraphy within
the hole is shown in Fig. 4.2. This hole is an area where a number of geochemically
distinct magma types were erupted. The scoria cones of Cotar Hill [Cone 43], Horse
Shoe Crater [Cone 33], and nearby unnamed cones (Cone 36, Cone 37) erupted
hawaiite magma with low Zr/Nb (4.0 to 4.1). Dark Slope Crater [Cone 32] erupted
magma ranging in composition from hawaiite to mugearite that is of intermediate Zr/Nb
(4.9 to 5.2) but, compared to other intermediate Zr/Nb flows, has high Sr and Ni relative
to Zr.

GH3 penetrated to a total depth of 62.8 m (top of the hole at +64.6 m rsl, bottom of
the hole at —1.8 m rsl) through a sequence entirely composed of mafic lava flows with
intervening flow breccia (Fig. 4.5).

The two flows cored in the interval 59.1 to 50.9 m rsl (GH3-1 and GH3-2) are
aphyric (rare plagioclase + clinopyroxene + titanomagnetite + olivine microphenocrysts
or phenocrysts) hawaiite of low Zr/Nb (4.1 and 4.2).

The two flows cored in the interval 45.4 to 32.3 m rsl (GH3-3 and GH3-4) are
aphyric hawaiite of intermediate Zr/Nb (5.5) and moderate P/Zr (13.6 and 14.2), the
lower of the two flows is slightly more evolved. These flows are not similar in

composition to any exposed flows or scoria cones in this area.
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The flows cored in the interval 26.8 to 5.5 m rs| (GH3-5 to GH3-8) are aphyric to
sparsely phyric (olivine + plagioclase microphenocrysts or phenocrysts) hawaiite and
mugearite of Dark Slope Crater (distinctive high Sr and Ni relative to 2Zr) and are
increasingly evolved downhole.

The flow cored in the bottom 1.2 m of the hole is extensively altered and was not
sampled, and may be a substantially oider flow than those above it.

in the South West Bay cliff sections, low Zr/Nb flows directly overlie Dark Slope

Crater flows, without the intervening intermediate Zr/Nb flows found in GH3.
GH4, near Bear’s Back

GH4 was drilled to the southwest of Bear's Back (Fig. 4.1) and the stratigraphy
within the hole is shown in Fig. 4.2. The surface exposure in this area is of pyroclastic
deposits. GH4 was drilled to a total depth of 220.4 m (top of the hole at +178.6 m rs|,
bottom of the hole at —41.8 m rsl) and mostly penetrated mafic flows and intervening
flow breccia, although the uppermost 35.1 m comprises pyroclastic deposits (Fig. 4.6).

The two flows cored in the intervals 143.5 to 135.6 m rsl and 124.7 to 100.0 m rsl
(GH4-1 and GH4-2) are non-vesicular, aphyric (rare plagioclase + titanomagnetite +
olivine % clinopyroxene phenocrysts) benmoreite and trachyte.

The flow cored in the interval 94.5 m to 89.0 m rsl (GH4-3) is a sparsely vesicular,
sparsely phyric (plagioclase + olivine phenocrysts) basalt of high Zr/Nb (6.4; slightly
higher Zr/Nb than any of the surface flows) and with low P/Zr (8.3).

The flows cored in the interval 66.1 to -31.1 m rsl (GH4-4 to GH4-8) are non-
vesicular, aphyric (plagioclase + olivine + titanomagnetite microphenocrysts or
phenocrysts) hawaiite of intermediate Zr/Nb (5.3 to 5.5) and moderate P/Zr (12.9 to

14.1); these flows have distinctive high Sr (650 to 660 ppm) and are compositionally
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very similar to those exposed on Bear's Back, implying approximately 120 m uplift of

the flows in the formation of Bear's Back.
GHS5, old Mountain Road

GHS5 was drilled to the south-southeast of Sisters Peak, adjacent to the Old
Mountain Road (Fig. 4.1) and the stratigraphy within the hole is shown in Fig. 4.2. The
surface exposure in this area is of a basalt flow sampled as Al-167. GHS was drilled to
a depth of 271.9 m (top of the hole at +157.0 m rsi, bottom of the hole at -114.9 m rsi)
and mostly penetrated mafic pyroclastic deposits and mafic flows (Fig. 4.7).

The three flows cored in the interval 149.4 to 119.8 m rsi (GH5-1 to GH5-3) are
non-vesicular, sparsely phyric (plagioclase + olivine + titanomagnetite phenocrysts)
hawaiite of intermediate Zr/Nb (4.9 to 5.1) and high P/Zr (18.9 to 19.6); they are
compositionally very similar to surface flow Al-167.

The two flows cored in the interval 111.3 to 104.9 m rsl (GH5-4 and GHS5-5) are
non-vesicular and aphyric (rare plagioclase or titanomagnetite phenocrysts) mugearite
of intermediate Zr/Nb (5.4) and low P/Zr (10.3).

The thin flow cored in the interval 70.1 to 68.0 m (GH5-6) is a non-vesicular, aphyric
(rare plagioclase + titanomagnetite + resorbed amphibole phenocrysts or
microphenocrysts) benmoreite flow.

The two flows cored in the interval 42.7 to 19.2 m rsl (GH5-7 and GH5-8) are non-
vesicular, highly phyric (plagioclase + olivine clinopyroxene titanomagnetite
phenocrysts or microphenocrysts) basalt of high Zr/Nb (5.7) and low P/Zr (10.5 and
10.8).

The dyke(?) cored in the interval -10.0 to -76.2 m rsl (GH5-9) is a non-vesicular,

sparsely phyric (alkali feldspar + clinopyroxene + titanomagnetite phenocrysts or
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microphenocrysts) trachyte which is unusual in having low Zr, Nb, and Sr for the SiO,

compared to surface felsic flows.
GH6, Devil’s Riding School

GH6 was drilled to the east of Devil's Riding School adjacent to the NASA Road
(Fig. 4.1) and the stratigraphy within the hole is shown in Fig. 4.2. The surface
exposure in this area is of pyroclastic deposits. GH6 was drilled to a depth of 3944 m
(top of the hole at +189.0 m rsl, bottom of the hole at ~2054 m rsl) and mostly
penetrated pyroclastic deposits and silicic flows in the upper part of the hole and mafic
flows in the lower part of the hole (Fig. 4.8).

The trachyte flow cored in the interval 186.9 to 164.6 m rsl (GHB6-1) is non-vesicular
and sparsely phyric (K-feldspar + clinopyroxene phenocrysts or microphenocrysts) and
is the same flow as exposed on the northern and northeastern flanks of Devil's Riding
School.

The rhyolite flow cored in the interval 726 to 42.1 m rsl is compositionally
equivalent to the Middleton Ridge rhyolite (UURI data).

The mafic flows cored in the interval -121.6 to -193.8 m rsl (GH6-2 to GH6-4) are
non-vesicular to moderately vesicular, aphyric to sparsely-phyric (plagioclase + olivine +
titanomagnetite phenocrysts or microphenocrysts) hawaiite and basalt of high Zr/Nb
(6.8 to 7.1). GH6-2 is more evolved (hawaiite with 51.3 wt% SiO; and 293 ppm Zr) and
has moderate P/Zr (14.7), whereas GH6-3 and GH6-4 are less evolved (basalt with
48.3 and 48.5 wt% SiO, and 242 and 245 ppm Zr) and have low to moderate P/Zr (11.8
and 13.5)

The mafic flow cored in the interval -193.8 to -203.6 m rsl (GH6-5) is a moderately

vesicular, highly-phyric (plagioclase >> titanomagnetite + olivine phenocrysts or
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microphenocrysts) basalt flow of high Zr/Nb (6.2) and low P/Zr (10.6). This flow is

compositionally similar to those exposed on the flanks of Devil's Riding School.
LDTGH, west of Middleton Ridge

LDTGH was drilled to the west of Middleton Ridge and approximately 750 m north-
northwest of the site of GHE and 500 m south-southeast of the site of GH1 (Fig. 4.1)
and the stratigraphy within the hole is shown in Fig. 4.2. The surface exposure in this
area is of pyroclastic deposits. LDTGH was drilled to a depth of 339.9 m (top of the
hole at +174.7 m rsl, bottom of the hole at —165.2 m rsl) and mostly penetrated silicic
pyroclastic deposits and flows with mafic flows only in the lower part of the hole (Fig.
4.9).

The trachyte flow cored in the interval 138.7 to 101.9 m rsl (not sampled; UURI
data) is the same flow as exposed on Middleton Ridge and also found in GH1 and GH6
(Fig. 4.2).

The mafic flow cored in the interval -113.3 to -142.0 m rsl (LDT-1) is non-vesicular,
aphyric (no phenocrysts or microphenocrysts) hawaiite of high Zr/Nb (6.6) and
moderate P/Zr (14.9).

The flow cored in the interval -147.5 to -165.2 m rsl (LDT-2) is a non-vesicular,
aphyric (rare plagioclase + olivine + titanomagnetite phenocrysts or microphenocrysts)

trachyte. The low alkalis are due to alteration.

DISCUSSION

The first phase of felsic volcanism occurred in the central part of the Ascension
Island. The Middleton Ridge Rhyolite identified from boreholes GH1, LDTGH, and GH6
is dated at 0.99+0.02 Ma; this is overlain by a trachyte flow with an age of 0.8210.02

Ma and this flow is overiain by a trachyte dome closely associated with a trachyte lava
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flow dated at 0.65+0.02 (Nielson & Sibbett, 1996). From field and age relationships Kar
et al. (Felsic MS) suggest that the build up of the Middleton Ridge felsic center started
around 1 Ma ago and continued until 0.65 Ma ago. In the eastemn felsic complex, where
there is only one age date, the trachyte dome of Weather Post is dated at 0.67+0.02
Ma. The eastern felsic complex may be contemporaneous, if not slightly younger than,
the Middieton Ridge center (Kar et al., Felsic MS). These age dates suggest areal
exposure of the central and the eastern parts of the island was built up over a period of
half a million years, from 1 Ma to 0.56 Ma. Borehole GH2 was drilled on the eastern rim
of Cricket Valley to a total depth of 533.4 m and penetrated a sequence dominated by
mafic and silicic pyroclastic deposits and silicic flows with mafic flows only in the upper
and lower parts of the hole (Fig. 4.2). GH5, GH1, and LDTGH also contain evidence of
significant amount of felsic volcanism. Occurrence of felsic rocks throughout GH2
indicate that the eastem felsic complex was active over a long period of time.

Surface mafic flows show a range of Zr/Nb ranging between 4.1 to 6.0 whereas
mafic samples recovered from deeper parts of the boreholes have slightly higher Zr/Nb

(maximum 7.7) as compared to the surface flows (Fig. 4.10; Table 4.1).

Borehole GH1 is located about 1.5 km south of borehole GH5 (Fig. 4.1). The two
mafic flows cored in the interval 146.3 to 135.6 m rsl in GH1 and the three flows cored
in the interval 149.4 to 119.8 m rsl in GHS5 are compositionally very similar to each other
(hawaiite with Zr/Nb of 4.9 to 5.2 and high P/Zr of 17.2 to 19.8). These flows also are
similar to the surface flow (Al-167; Table 4.1) exposed in the same general area as
borehole GHS. Hence these flows can be traced over a kilometer in the subsurface and
this is the only instance where mafic flows can be correlated between boreholes. In
borehole GH1 the hawaiite flow overlies the Middleton Ridge rhyolite which has an age

of 0.99 Ma (Nielson & Sibbett, 1996). The correlation of the flows in GH1 and GH5

4-14



gives an upper limit of borehole GH5 at less than 0.9 Ma which is not a well
constrained age and necessitates more age dating for the volcanic rocks to well define
the phases of magmatism on Ascension Island.

The 106-m-thick high Zr/Nb basait flow from GH2 is remarkably uniform in
composition considering its unusual thickness; there is no flow breccia in the entire 106
m interval and no evidence of significant chemical variation that would result from
crystal settling in a lava lake. An unusual feature of this flow is the elevated Rb/Nb with
respect to the other high Zr/Nb flows. These flows contain numerous felsic inclusions
and hence indicate that the mafic magma was perhaps contaminated during their
ascent through felsic rocks as evidenced by the presence of latter rocks in the lower
portions of borehole GH2.

In borehole GH3 (Fig. 4.5) low Zr/Nb hawaiite flows overlie intermediate Zr/Nb
hawaiite flows which overlie Dark Slope Crater hawaiite and mugearite flows. The flow
cored in the bottom of this hole is heavily altered and may be a significantly older flow.
In ali the other six boreholes (except GH3) the basalt and hawaiite flows do not display
any systematic variation in geochemical characteristics with depth, most of the flows
being of intermediate Zr/Nb (~5.0) type. Basalt and hawaiite flows from the deeper
levels of three boreholes, however, have high Zr/Nb (7.4 to 7.7 in GH1 at 10 to -6m rsl;
6.8 to 7.1 in GH6 at -122 to -194 m rsl; 6.6 in LDTGH at -113 to -142, rsl) than any of
the surface flows (maximum Zr/Nb of 6.1). This suggests that there may have been
temporal evolution from eruption of high Zr/Nb lavas earlier in the growth of the volcanic
edifice to the eruption of the lower, and more variable, Zr/Nb lavas in more recent
times.

P/Zr is high in the low Zr/Nb flows and extremely variable in intermediate Zr/Nb

basalt, hawaiite, and some mugearite flows as compared with the high Zr/Nb and the
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Dark Slope Crater flows (Table 4.1), and is consistent with observations from the
surface flows (Kar et al., 1995). However, in borehole GH6 P/Zr shows a noticeable
increase within the magmas of the high Zr/Nb group from a depth of ~200 m (rsl) to a
depth —130m (rsl); P/Zr is 10.6 at the bottom of the borehole (-200 rsi) and increases
continuously to 14.7 at a depth of -130 m rsl. In boreholes GH1, GH3, GH5, and GH6
the flows at the top of the boreholes have higher P/Zr than the flows deeper in the
holes. In borehole GH2 a sequence of mugearite flows have decreasing SiO, and
increasing P/Zr (Fig. 4.4) suggesting that lavas were tapped from a stratified magma
chamber. In borehole GH6 there is a trend from low P/Zr (10.6) in the lower part of the
borehole to higher P/Zr (14.7) in the upper part of the borehole (Fig. 4.8). In borehole
GH3 (Fig. 4.5) the Dark Slope Crater type flows occur lowest in the stratigraphic column
followed sequentially up the column by intermediate Zr/Nb group and low Zr/Nb group
flows. Overali, the SiO, content decreases up the stratigraphic column within a
particular mafic group; within the Dark Slope Crater group a definite trend of decrease
in SiO; (mugearite to hawaiite) is noted, again suggesting perhaps the magmas were
erupted from a stratified magma chamber. However, between the mafic groups the P/Zr
content increases up the stratigraphic column. In all of the boreholes the mafic flows
below ~50 m rsl (except for one flow at ~0 m rsl in GH2) have P/Zr < 15 (closer to
normal value) whereas above S0 m rsl the mafic flows are anomalously enriched in P.
This indicates that the later magmas have been contaminated with phosphorous.

Kar et al. (Phosphorous MS) show that apatite has crystallized out of mafic magmas
(SiO, > 50 wt%) as evidenced by rapid decrease in P.Os in the more evolved (SiO,
between 55 to 60 wt%) mafic rocks of Ascension. High Zr/Nb group flows are the oldest
mafic rocks exposed. Dark Slope Crater magmas were erupted next, followed by the

low Zr/Nb mafic magmas. The youngest mafic magmas are the intermediate Zr/Nb
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group ranging from basalt to benmoreite (Kar et al., Mafic MS). The geochemical
characteristics of the felsic rocks are largely consistent with an origin by fractional
crystallization of high Zr/Nb mafic magmas as evidenced by identical “*Nd/*“Nd and
similar Pb isotopic ratios (Felsic MS). Fractionation to very evolved compositions is a
relatively late feature of the volcanic edifice on Ascension Isiand (Nielson & Sibbett,
1996; Kar et al., Mafic MS). Hence the earlier magmas (e.g., high Zr/Nb) which are aiso
low (normal) in P content did not interact with apatite-rich cumulate rocks. However,
certain later mafic magmas (e.g., low Zr/Nb and certain intermediate Zr/Nb)
experienced significant resorption of apatite-rich cumulate bodies during magmatism.
Resorption of these apatite-rich cumulates in the later mafic magmas could perhaps
have raised the P content of the [ater low Zr/Nb and certain intermediate Zr/Nb mafic
magmas that have anomalously high P content.

For the surface mafic volcanic rocks, 8’Sr/**Sr ranges from 0.702766 to 0.703263
and "*Nd/"“Nd ranges from 0.512918 to 0.513066. Flows from Dark Slope Crater have
the lowest “*Nd/"**Nd (0.512918 to 0.512974), although there is some overlap with the
low Zr/Nb flows (“*Nd/'““Nd range from 0.512969 to 0.512972), and the high Zr/Nb
flows have the highest “*Nd/'*‘Nd (0.512992 to 0.513066). The intermediate Zr/Nb
flows have a range of "“*Nd/"“Nd from 0.512960 to 0.513040 (Fig. 4.11). Two borehole
basalt and hawaiite flows with intermediate Zr/Nb (GH2-12, Zr/Nb 5.5; GH5-7, Zr/INb
5.7) have "*Nd/**“Nd of 0.513003 to 0.512971, values within the range of the surface
intermediate Zr/Nb flows (Fig. 4.11). Four borehole basait and hawaiite flows with high
Zr/Nb (GH4-3, Zr/Nb 6.4; LDT-1, Zr/Nb 6.6; GH6-3, Zr/Nb 6.9, GH1-3, Zr/Nb 7.6) have
'SNd/"Nd of 0.513009 to 0.513047, values within the range of the surface high Zr/Nb
flows (Fig. 4.11). This suggests that the oider high Zr/Nb flows were produced by

greater degrees of melting of the same source which produced the younger, surface
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high Zr/Nb flows. Overall, there are few systematic geochemical variations with depth in
the boreholes. The low Zr/Nb and Dark Slope Crater magma types have been erupted
only very locally and perhaps only during the most recent phases of activity. There
may, therefore, be smaller degrees of melting and a greater diversity in magma

compositions during the waning phases of magmatism on Ascension island.
CONCLUSIONS

1) The overall proportions of rock types in the boreholes are similar to the surface
exposure, with a high percentage of silicic flows and pyroclastic deposits.

2) Boreholes GHS5, GH1, LDTGH, and GH6 lie on a north-south line stretching a
distance of about 3 km. Only one correlation could be established between the
borehole flows other than the Middleton Ridge rhyolite which has been traced over
three boreholes from GH1 through GH6 (Neilson & Sibbett, 1996); hawaiite flows in
borehole GH1 can be correlated with flows in borehole GHS, over a kilometer and half
away.

3) The mafic flow in the upper part of GH2 is remarkably uniform in composition over a
thickness of >100 m with no flow breccia in the entire interval and no evidence of
significant chemical variation but has a high content of felsic inclusions . This is a high
Zr/Nb flow however the incompatible element ratio (e.g. Rb/Nb) is different from other
high Zr/Nb flows indicating contamination of the mafic magmas by felsic rocks during
the ascent of these mafic magmas.

4) In borehole GH2 a sequence of mugearite magma have decreasing SiO, with
decreasing depth and in borehole GH3 a sequence of hawaiite-mugearite magma
have decreasing SiO; with decreasing depth, suggesting magmas were tapped from

a stratified magma chamber.
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5) P/Zr is higher in the low Zr/Nb and extremely variable in the intermediate Zr/Nb
basait, hawaiite, and some mugearite as compared with the high Zr/Nb and the Dark
Slope Crater flows and is consistent with observations from the surface flows.
However, in borehole GH6 high Zr/Nb magmas at the base of the borehole a
noticeable increase in P/Zr from the bottom to the top. In borehole GH3 low Zr/Nb
hawaiite flows overiie intermediate Zr/Nb hawaiite flows which overlie four Dark Slope
Crater hawaiite and mugearite flows. P/Zr in the low Zr/Nb is high and in the Dark
Siope Crater group low, indicating the later magmas have been contaminated with
apatite-rich cumulate xenoliths.

6) In all the boreholes, except GH3, the basalt and hawaiite flows do not display any
systematic variation in geochemical characteristics with depth, most of the flows
being of intermediate Zr/Nb (~5.0) type. Basalt and hawaiite flows from the deeper
levels of three boreholes, however, have high Zr/Nb (maximum Zr/Nb 7.7) than any of
the surface flows (maximum Zr/Nb of 6.1), but have similar “*Nd/"“Nd, implying a
decreasing degree of melting of a common source with time in the production of the
high Zr/Nb magma type. The low Zr/Nb and Dark Slope Crater magma types have
been erupted only very locally and perhaps only during the mdst recent phases of
activity. This suggests that there may have been a temporal change from eruption of
high Zr/Nb lavas earlier in the growth of the volcanic edifice to the eruption of the
iower, and more variable, Zr/Nb lavas in more recent times. There may, therefore, be
smaller degrees of melting and a greater diversity in magma compositions during the

waning phases of magmatism on Ascension Island.
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scoria cones
mafic ash
high Zi/Nb mafic flows

int. Zr/Nb mafic flows

fow Z1Nb mafic flows
Dark Slope Crater flows
trachyte and rhyoite flows
fefsic pyroclastic deposits
Cricket Valley pyrociastics
superficial deposits

Figure 4.1. Geological map of Ascension Island, somewhat modified from Nielson and Sibbett (1996). The four geochemically distinct mafic flow
types (high Zr/NDb, intermediate Zr/Nb, low Zr/Nb, Dark Slope Crater) are identified and the compositions of selected flows are indicated as: B
basalt, H hawaiite, M mugearite, Be benmoreite. The locations of the seven boreholes, GH1 10 GH6 and LDTGH, are shown.
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Figure 4.5. Geochemical stratigraphy within borehole GH3. Symbols indicate composition of samples: V low Zr/Nb hawaiite, O intermediate
Zr/Nb hawaiite, O Dark Slope Crater hawaiite and mugearite.
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Figure 4.6. Geochemical stratigraphy within borehole GH4. Symbols indicate composition of samples: A high Zr/Nb basalt, O intermediate Zr/Nb

hawaiite, @ trachyte.
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Figure 4.7. Geochemical stratigraphy within borehole GH5. Symbols indicate composition of samples: O intermediate Zr/Nb hawaiite and
mugearite, B trachyte. The flow in the top of the hale was sampled at the surface as sample Al-167.
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Figure 4.10. Variation in Zr vs. Nb (both in ppm) for basalt to benmoreite volcanic rocks from the boreholes and the surface of Ascension island, A
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4-32



143Nd/144Nd

Figure 4.11. Variation in *“*Nd/**Nd vs. 8sr/*®sr for basalt to benmoreite volcanic rocks from the boreholes and the surface of Ascension Island.
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Table 1. Representative chemical anal  basalt to benmoreite surface and subsurface lava flows from Ascension Island.
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Table 1 continued
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Table 2. Sr and Nd isotopic data for subsurface rocks from Ascension Island.

GH1-3
GH2-12
GH4-3
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basait
basait
basalt
hawaiite
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+6.50
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ABSTRACT

The volcanic rocks of Ascension Island comprise a transitional to mildly alkaline
basalt-trachyte suite. Compositional variations in mafic (basalt and hawaiite) lava flows
and scoria define four magma types discriminated by Zr/Nb and isotopic (Sr, Nd, Pb)
characteristics: (1) in the southwestem part of the island hawaiite flows and scoria have
Zr/Nb of 4.1, (2) in the southem and the southeastern part of the island basalt and
hawaiite flows and scoria have Zr/Nb of 5.6 to 6.1, (3) for the rest of the island basalt
and hawaiite flows and scoria have Zr/Nb of 4.7 to 5.4, and (4) hawaiite and mugearite
flows from Dark Slope Crater have intermediate Zr/Nb (4.9 to 5.4) but are distinguished
by high Ni and Sr relative to other trace elements. The high Zr/Nb magmas are the
oldest mafic rocks exposed, Dark Slope Crater magmas were erupted next, followed by
the low Zr/Nb magmas. The youngest magmas are the intermediate Zr/Nb magmas.
Basalt and hawaiite compositions show an extreme variation in P/Zr of 7.7 to 23.8. P/Zr
ranges from 7.7 to 12.3 in the high Zr/Nb group; 16.6 to 19.0 in the low Zr/Nb group,
and 8.1 to 23.8 in the intermediate Zr/Nb group. The high Zr/Nb and DSC groups have
low (normal) P/Zr whereas the younger flows (low Zr/Nb and, particularly, the
intermediate Zr/Nb flows) have anomalously high P/Zr suggesting that the later mafic
magmas were enriched in P. Tholeiitic and mildly to moderately alkaline rocks from
oceanic islands typically have P/Zr close to, or only slightly above, the silicate earth
value of 8.6. No mantle processes can so strongly fractionate P/Zr. A number of
possible explanations exist for the high phosphorous in certain Ascension mafic rocks:
1) contamination of samples by guano, which is abundant on many of the lava flow
surfaces; 2) supergene processes, 3) variable P/Zr in the magma source region; 4)
accumulation in magmas of apatite phenocrysts or microphenocrysts; or 5) resorption

by magmas of apatite, perhaps during passage of magma through apatite-rich
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cumulate bodies. All these factors are evaluated to individually account for the high P

behavior in the mafic magmas.

INTRODUCTION

Far from the “geochemical madness” associated with crustal contamination and
assimilation of magmas in continental settings, oceanic magmatism is ideal for
investigating the characteristics of the mantle source region for hotspot-related
magmas. These hotspot magmas are least contaminated during ascent from their
mantle source through the thin oceanic lithosphere to the surface. However, recent
investigations have shown that in oceanic settings, contamination of magmas by
oceanic crust (Thiriwall, 1996; Eiler et al, 1996; Garcia et al., 1996; Lassiter and Hauri,
1996; Hofmann, 1996; Castellana and Wolff, 1992) and contamination of later products
of ocean island magmatism by assimilation of earlier products of magmatism (Bohrson
and Reid, 1995; Freundt and Schmincke, 1995) can alter the geochemical signature of
oceanic magmas by open system processes.

The volcanic rocks exposed on Ascension Island (7°56’S, 14°22'W; Fig. 5.1) in the
South Atlantic Ocean comprise a transitional to mildly alkaline basalt-trachyte suite.
Compositional variations in mafic (basalt and hawaiite) lava flows and scoria define four
magma types discriminated by Zr/Nb and isotopic (Sr, Nd, Pb) composition (Kar et al,
1996). Basalt and hawaiite compositions have unusual and extreme variation in P/Zr.
Lava flows of the older groups have normal P/Zr (7.7 to 12.9) whereas the younger
flows have highly variable P/Zr (8.1 to 24.0), with many flows having anomalously high
P/Zr (>15), suggesting that later mafic magmas were enriched in P while the early
magmas were unaffected. Tholeiitic and mildly to moderately alkaline rocks from

oceanic islands typically have P/Zr close to the silicate earth value of 8.5. No mantie
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processes can so strongly fractionate P/Zr. So what factors contribute to making P/Zr

so variable? An in-depth investigation is presented in this paper.

GENERAL GEOLOGY AND PETROGRAPHY OF ASCENSION ISLAND
VOLCANIC ROCKS

Lava flows ranging in composition from basalt to trachyte comprise 57% (Harris,
1983) of the exposed surface on Ascension Island (Fig. 5.2). Pyroclastic (scoria and
pumice) deposits, including more than fifty scoria cones (Table 5.1, Fig. 5.3), cover the
remainder (43%) of the island. The surface distribution of the scoria cones (Fig. 5.3)
shows that in the northern part of the island all of the basalt and hawaiite scoria cones
except one have P/Zr > 12, but cones with P/Zr of 12 to 16 and P/Zr > 16 are found in
close proximity to one another (Fig. 5.3). in the southern and southwestemn parts of the
island both low P/Zr (<12) and high P/Zr (>12) scoria cones are also found in close
proximity to one another (Fig. 5.3).

Four distinct mafic rock types are identified (Kar et al., 1995). 1) High Zr/Nb basalt
flows from the southeastermn part of the island (Fig. 5.2) and extensive basaltic lapilli
deposits on Green Mountain are sparsely to moderately phyric with a phenocryst and
microphenocryst assemblage of plagioclase + olivine + titanomagnetite =+
clinopyroxene, 2) low Zr/Nb hawaiite flows erupted locally in the southwestern part of
the island (Fig. 5.2) are aphyric with rare plagioclase phenocrysts, 3) hawaiite and
mugearite flows erupted locally from Dark Slope Crater in the southwestern part of the
island (Fig. 5.2) are aphyric (rare olivine microphenocrysts), and 4) most of the western
and northern parts of Ascension Island are covered by basalt to benmoreite lava flows
of intermediate Zr/Nb (Fig. 5.2). Basalt flows are typically sparsely phyric and contain

plagioclase + olivine phenocrysts. Hawaiite flows mostly are aphyric and contain rare
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microphenocrysts of plagioclase + olivine + clinopyroxene + titanomagnetite. The
mugearite flows are aphyric to moderately phyric and contain variable proportions of
plagioclase + titanomagnetite + olivine phenocrysts and microphenocrysts. The
benmoreite flows are aphyric with @ microphenocryst assemblage of plagioclase +
olivine + titanomagnetite. All of the flows from Broken Tooth are petrographically
distinctive in that they contain xenocrysts derived by disaggregation of entrained
syenite inclusions.

Trachytic rocks vary from being aphyric to strongly phyric with most abundant
phenocryst phase being alkali feldspar, with olivine + clinopyroxene + titanomagnetite
forming the other phenocryst or microphenocryst phases. Rhyolitic rocks mostly are

aphyric to sparsely phyric and have alkali feldspar microphenocrysts.

SAMPLING AND ANALYTICAL TECHNIQUES

For details of sampling techniques and the analytical procedure for major and trace
element geochemistry performed at the University of Oklahoma refer to Weaver et al.
(1996) and for radiogenic isotope analysis performed at UCLA to Davidson et ai.

(1993).

MAJOR ELEMENT GEOCHEMISTRY

Representative chemical analyses of the various mafic rock types showing the
range of phosphorous content are presented in Table 5.2. The Ascension voicanic
rocks are a transitional to mildly alkaline fractionation series from basalt through
hawaiite, mugearite, and benmoreite, to the highly fractionated products of trachyte and
rhyolite (Kar et al., Felsic MS). MgO, Fe,O,;, CaO, and TiO, decrease with increasing
SiO, over the entire compositional range as a consequence of olivine, clinopyroxene,

feldspar, and titanomagnetite crystallization and is consistent with crystal fractionation



from basalt to trachyte and rhyolite (Harris, 1983; Kar et al. Mafic and Felsic MSs).
AlO; and Na;O increase with increasing SiO, from basait to benmoreite, but then
decrease with increasing SiO, in trachyte and rhyolite compositions due to alkali
feldspar crystallization. K;O increases over entire range of SiO, composition.

Overall, P,Os initially increases with increasing SiO, to ~50 wt% but then decreases
(Fig. 5.4) with onset of apatite crystallization. There are, however, peculiarities in the
behavior of P,Os. P,0s is low (0.40 to 0.69 wt%) in the high Zr/Nb basalt group and
moderately low (0.78 to 0.99 wt%) in Dark Slope Crater hawaiite flows. P.Osis higher
(0.92 to 1.12 wt%) in the low Zr/Nb hawaiite group and extremely variabie (0.50 to 1.69
wt%) in the intermediate Zr/Nb group basalt and hawaiite (Fig. 5.4). In intermediate
ZrINb group mugearite and benmoreite flows, P,Os consistently decreases to ~0.40
wt% (Fig. 5.4) with onset of apatite crystallization. In trachyte, P,Os is low (0.99 to 0.06
wt%) and in rhyolite is extremely low (0.01 to 0.03 wt%).

A subset of the intermediate Zr/Nb group flows in the south-southeastern part of the
island (except Upper Valley Crater flows) have between 0.5 to 1.0 wt% P.Os and 50 to
55 wt% SiO, (Fig. 5.4). These flows do not conform to the trend of initially increasing
and then decreasing P,Os with increasing SiO. as described above but have a gradual
increase in P.Os (from < 0.50 wt% to ~1.0 wt%) over a wide SiO, range (~49 to 55

Wt%).

TRACE ELEMENT GEOCHEMISTRY

There are significant differences in P/Zr between the four mafic groups identified
(Fig. 5.5 and Fig. 5.6): 1) the high Zr/Nb basalt group has low P/Zr (7.7 to 12.9), 2) the
low Zr/Nb hawaiite group has strong enrichment in P relative to other incompatible

elements and elevated P/Zr (16.8 to 19.0), 3) the Dark Slope Crater hawaiite flows
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have moderately low P/Zr (11.0 to 13.0; lower in mugearite due to apatite fractionation),
and 4) the intermediate Zr/Nb basalt and hawaiite flows have highly variable P/zZr
ranging from 8.1 to 24.0.

In the high Zr/Nb and Dark Slope Crater groups incompatible element normalized
patterns are typical for OIB with pronounced enrichment in Nb and Ta relative to other
highly incompatible elements (Fig. 5.7). However, in the low Zr/Nb group, and in the
intermediate Zr/Nb basalt and hawaiite with high P/Zr, there is a pronounced P “spike”

in the incompatible element normalized patterns (Fig. 5.7).

DISCUSSION

The primordial mantie has P/Zr of 8.5 and N-MORB has average P/Zr lower (7.5)
than the primordial mantle value (Table 5.3) reflecting derivation from a depleted
source. Basaltic rocks from Hawaii (as represented by Mauna Kea) also have lower
average P/Zr (7.5) than the primordial mantie (Table 5.3). In contrast, alkaline rocks
from South Atlantic Ocean islands (St. Helena, Tristan da Cunha, Gough) have
average P/Zr which is slightly greater than the primordial mantle value (Table 5.3) due
to derivation from an enriched source and/or low degrees of melting with Dp < Dg,.
However, P/Zr in excess of 12 is extremely rare in OIB and found only in
undersaturated magmas which represent lower degrees of melting, such as basanite
from Tristan da Cunha (Table 5.3). Ascension island basalt and hawaiite compositions
are remarkable in that they have, over a moderate range of Zr (150 to 350 ppm),
extremely variable P.Os with many of the mafic rocks having P.Os > 1.0 wt% and up to
1.7 wt% (Fig. 5.4). In rocks of similar Zr concentration, P,Os varies by as much as 0.9
wt%. This variation in P,Os is also manifested by highly variable P/Zr, which ranges

from 7 to as high as 24 (Table 5.3; Fig. 5.5). Ascension high Zr/Nb and Dark Slope



Crater mafic rocks have normal P/Zr (Table 5.3). Ascension low Zr/Nb and intermediate
Zr/Nb basalt and hawaiite flows with P/Zr > 12 are anomalously enriched in P (Table
5.3).

No mantle processes can so strongly fractionate P/Zr unless residual apatite is
present during partial melt generation in the mantle. Rosenbaum et al. (1995) report
high phosphorous (P.Os ~26 wt.%) interstitial glass from alkali basalt hosted spinel
Iherzolite xenolith from the Massif Central with enriched REE (La ~50 ppm; Yb ~2ppm).
The Massif Central alkali basalt and basanite with anomously high phosphorous
abundance are attributed to interaction rising partial melts from the asthenosphere with
the high phosphorous rich melts within the lithosphere (Rosenbaum et al., 1995).
Experimental studies (Watson, 1980) show that depression of the upper mantle solidus
to ~1100°C in the presence of H,O results in apatite-saturated melts containing only 1-2
wt% P,0s (at 50 wt% SiO,) rather than the 3-4% required at 1250°C. If H,O-bearing
source regions do produce magmas at 1100°C, then residual apatite could occur in
greater abundance and to higher degrees of melting than is possible in dry source
regions (Watson, 1980). However, since the mantle contains much less than the
chondritic abundance of phosphorous, there is no reasonable way in which basic
magmas could be formed in the presence of greater amounts of residual apatite
(Watson, 1980). The factors that contribute to making P/Zr so variable in Ascension
mafic rocks are evaluated in the following section.

A number of possible explanations exist for the high phosphorous content of
certain Ascension mafic rocks: 1) contamination of samples by guano, which is
abundant on many of the lava flow surfaces; 2) enrichment in P due to supergene
processes, 3) variable P/Zr in the magma source region; 4) accumulation in magmas of

apatite phenocrysts or microphenocrysts; or 5) resorption by magmas of apatite,



perhaps during passage of magma through apatite-rich cumulate bodies.

Direct contamination of sampies by guano (~40 wt% P,Os) is extremely unlikely.
Guano contaminated flow surfaces were carefully avoided during sampling. Where
multiple samples were taken from a single vent, P/Zr is consistent for guano-covered
and guano-free flows and scoria. Also, a leaching experiment on a high P/Zr flow
sample showed the P,Os to be non-leachable and therefore primary magmatic. Harris
(1985) suggested that the secondary REE-rich phosphate found in some gabbro
xenoliths was deposited from a low-T aqueous fluid that had dissolved guano. We do
not see how such a process could contaminate large volumes of rock or magma. It is
possible such fluids may have circulated to depth where they may have interacted with,
and contaminated, mafic magma, perhaps also triggering eruption. It is highly
questionable, however, whether it is realistic to invoke sufficient volumes of fluid to
elevate P,Os by 0.5 to 1.0 wt% in magma (the range of P,Os observed in basait and
hawaiite of the intermediate Zr/Nb group), and there is no systematic disturbance of
5'°0 in the basalt samples as would be expected with low-temperature aiteration.

involvement of guano is aiso discounted for high-phosphorus basalt flows
containing abnormally high REE and Y concentrations from French Polynesia based on
Nd isotopic systematics (Cotten et al., 1994). Rather, the source of this enrichment is
considered to be from mobilization of REE and Y as phosphate complexes by meteoric
water from older basait flows. Anomalously high REE, Y, and Ba together with high P is
also documented from several Hawaiian islands, e.g. Kahoolawe (Fodor et al., 1992)
and Oahu (Roden et al., 1994); this enrichment is attributed to weathering of basalt
leading to soil formation with dissolution of primary igneous minerals liberating REE-
Y+Ba which complex with PO,, SO, and F in meteoric fluids and are precipitated as

secondary phosphates or adhere to clays in the basalt flows (Bohrson & Reid, 1995).
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On Ascension, there is evidence of anomalous enrichment of REE, Y and Ba in mafic
clasts occurring in trachyte (Kar et al., Mafic_Clast MS) which probably were enriched
by meteoric fluids. However, the anomaious (low to high) behavior of P in the mafic
rocks are primary igneous characteristics as there are no systematic disturbances of Sr,
Nd, Pb, and O isotope ratios in the mafic rocks with high P.

in the intermediate Zr/Nb group basalt and hawaiite compositions, P/Zr broadly
increases with Y/Zr suggesting that apatite may be the cause of P enrichment in the
high P/Zr rocks (Fig. 5.6). The Y content of the mafic rocks varies between 31 to 68
ppm. Harris (1983) reports that apatite occurs as a common fine-grained inclusion in
silicate minerals in monzogabbroic xenoliths, and that large, cumulus apatite occurs in
plutonic inclusions from Middleton Ridge, Crystal Bay, Pillar Bay, NASA Road, and
Green Mountain. Apatite also occurs as very fine needles in certain P,Os-rich voicanic
rocks but is not identified in trachytic and comenditic rocks (Harris, 1983). Our study
shows that apatite is absent in all types of basalt and hawaiite flows but occurs as
apatite needles in mugearite and benmoreite flows. Evolved rocks have very low P,0Os
contents and lack any evidence of apatite and hence have experienced significant
apatite crystallization.

Phosphorus, an incompatible element during much of the crystallization history of
basaltic magma, can reach concentrations of several weight percent before saturation
of phosphate minerais occurs (Toplis et al., 1994). Leeman et al. (1976) report 2 to 3
wt% P,Os concentration in natural basic magma. Experimental studies (Watson, 1980)
show that solubility of apatite in basic magmas is extremely high (3 to 4 wt% dissoived
P20s is required for saturation at 1250°C) and that even small degrees of melting will
result in apatite consumption; i.e., residual apatite in magma source regions is

uncommon. For Ascension lavas, the mafic rocks of the high Zr/Nb, low Zr/Nb, and
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Dark Slope Crater groups are undersaturated in apatite and show a slight increase in
P.Os for a narrow range (47 to 50 wt%) in SiO; within the individual groups (Fig. 5.4).
The compositional range in intermediate Zr/Nb group (basalt to benmoreite) shows that
apatite saturation occurs at ~50 wt% SiO, (Fig. 5.4); P.Os initially increases to 1.5 wt%
(maximum 1.69 wt%) until it reaches saturation at ~50 wt% SiO, and then decreases
rapidly subparallel to the apatite-saturation isotherms (Fig 4, Watson, 1980) for SiO, >
50 wt%. The P20s increase in the intermediate Zr/Nb group to abnormally high
concentrations for a certain SiO; content does not signify a “normal® crystal
fractionation trend but a build-up of P,Os in the undersaturated mafic magma. The
subset of intermediate Zr/Nb mafic flows (as described in the major element chemistry
section) erupted on the southern and southeastem parts of the island do not indicate
"normal” crystal fractionation trend involving apatite either (small increase in P,Os for a
large increase in SiO,). Magma mixing calculations between an intermediate Zr/Nb
hawaiite (Al-265; SiO, 48.43 wt%) with low P,Os (0.62 wt%) and an intermediate Zr/Nb
mugearite (Al-112; SiO, 54.43 wt%) with low P,Os (0.77 wt%) to produce an
intermediate Zr/Nb mugearite (Al-255; SiO, 52.29 wt%) low P,Os (0.67 wt%) do not
yield a good major element least squares residual and match for incompatible trace
elements and hence low P,Os content may be interpreted as a source characteristic for
this subset of mafic flows.

Freundt and Schmincke (1995) show for Gran Canaria Island that both P;Os and Y
increase for mafic magmas and then P,Os decreases for compositions above 55%
SiO,. The source of enrichment in P.Os is attributed to apatite-rich cumulates or
xenoliths. Apatite occurs in gabbroic and silicic inclusions from Socorro Island.
Assimilation of apatite accumulated during previous stages of magmatism on Socorro

produced enrichment of P,Os, Ba, and light and middlie rare earth elements in the later
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basalt flows (Bohrson & Reid, 1995).

On Ascension we find no such apatite-rich cumuiates or xenoliths or xenocrysts but
that does not preclude the presence of apatite-rich cumulate bodies; it might just be an
artifact of sampling. and probably indicates that assimilated xenoliths were
disaggregated, apatite resorbed, and remaining xenocrysts completely separated from
magma prior to eruption. Also, the surface distribution of high P/Zr vents might be
expected to map out the distribution of apatite-rich cumulate bodies in the subsurface if
there was a systematic distribution of the occurrence of these cumulate bodies.
However, the spatial distribution of high P/Zr scoria cones (Fig. 5.3) apparently is
random. in the northern part of the island basait and hawaiite scoria cones with P/Zr
between 12 and 16 and P/Zr >16 are found in close proximity to one another and in the
southern and southwestern parts of the island low P/Zr (< 12) and high P/Zr (> 12)
scoria cones are found in close proximity to one another. However, two adjacent vents
might erupt magma from magma chambers at different depths - one magma chamber

might be in contact with a cumulate body whereas the other might not.

Evidence of apatite in Ascension Island rocks

Apatite has crystallized out of mafic magmas (SiO; > 50 wt%) as evidenced by rapid
decrease in P,0s in the more evolved (SiO, between 55 to 60 wt%) mafic rocks of
Ascension. This apatite could have been resorbed by the mafic magmas
(undersaturated in P,Os) during later stages of mafic magmatism on Ascension. In
general, accumulation of approximately 2.5% apatite (containing 42 wt% P,0s) in
basaltic magma will raise the whole rock P,Os content by approximately 1 wt%. A
simple mass-balance calculation for Ascension mafic rocks involving a high Zr/Nb
magma (with average 0.50 wt% P,QOs) and apatite to generate the highest P,Os content

(1.69 wt%) in the intermediate Zr/Nb magma would require a magma:apatite ratio of
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97:3. A least squares model (Table X) shows that generation of a benmoreitic
intermediate Zr/Nb magma (0.84 wt% P.Os) from a parental mugearitic intermediate
Zr/Nb magma (1.45 wt% P,0s) (Kar et al., Mafic MS) requires crystallization of 1.9 wt%
apatite. A similar calculation with Broken Tooth mugearite (0.98 wt% P,Os) fractionating
to benmoreite (0.67 wt% P,0s) requires crystallization of 1.3 wt% apatite (Table 4).

Two hawaiite flows having very similar major element chemistry (SiO2 49.76 wt% in
both; MgO 4.47 wt% in Al-89 and 4.15 wt% in Al-30) and most trace element chemistry
(Zr 309 ppm in Al-89 and 318 ppm in Al-30) represent having undergone similar degree
of fractionation. Normalization of the REE in a high P/Zr intermediate Zr/Nb hawaiite
flow (Al-30) to a moderate P/Zr intermediate Zr/Nb hawaiite flow (Al-89) produces a
middle rare earth enriched (MREE) pattern (Fig. 5.8) consistent with apatite resorption.
Incompatible elements of the high P/Zr hawaiite (Al-30) when normalized to the
moderate P/Zr (Al-89) (Fig. 5.8) shows an extreme enrichement in P (1.6 times)
together with Y (~1.2 times) in the high P/Zr flow with respect to the moderate P/Zr flow
again indicating involvement of apatite in the high P/Zr flows. Hence direct and indirect
evidence of cumulus apatite is present on Ascension Island.

The high Zr/Nb mafic magmas are the oldest mafic rocks exposed,' Dark Slope
Crater magmas were erupted next, followed by the low Zr/Nb mafic magmas. The
youngest mafic magmas are the intermediate Zr/Nb group ranging from basalt to
benmoreite (Kar et al., Mafic MS). The geochemical characteristics of the feisic rocks
are largely consistent with an origin by fractional crystallization of high Zr/Nb mafic
magmas as evidenced by identical “*Nd/'*Nd and similar Pb isotopic ratios (Felsic
MS). Fractionation to very evolved compositions being a relatively iate feature of the
volcanic edifice on Ascension Island (Nielson & Sibbett, 1996; Kar et al., Mafic MS).

Hence the earlier magmas (e.g., high Zr/Nb) which are also low (normal) in P content
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did not interact with apatite-rich cumulate rocks. However, certain later mafic magmas

(e.g. low Zr/Nb and certain intermediate Zr/Nb) experienced significant resorption of

apatite-rich cumulate bodies during magmatism. Resorption of this apatite-rich

cumulates in the later mafic magmas could perhaps have raised the P content of the

later low Zr/Nb and certain intermediate Zr/Nb mafic magmas that have anomalously

high P content.

CONCLUSIONS

1)

2)

3)

Normal P abundance occurs in the earlier formed mafic magmas (e.g. high Zr/Nb
and Dark Slope Crater groups) whereas high P in later mafic magmas (e.g low
Zr/Nb and certain intermediate Zr/Nb groups).

Direct contamination of samples by guano (~40 wt% P,Os) are discounted as a
leaching experiment on a high P/Zr flow sample showed the P,Os to be non-
leachable and therefore primary magmatic. @ Supergene processes are also
discounted as there is no systematic disturbance of 5'°0 in the basait samples as
would be expected with low-temperature alteration.

There is direct and indirect evidences of presence of apatite-rich cumulate bodies in
the volcanic edifice. Apatite crystallizes out of mafic magmas (SiO, > 50 wt%) as
evidenced by rapid decrease in P,Os in the more evolved (SiO, between 55 to 60
wt%) mafic rocks of Ascension. Kar et al. (Mafic MS) show by least squares model
that generation of a benmoreitic intermediate Zr/Nb magma (0.84 wt% P.,Os) from a
parental mugearitic intermediate Zr/Nb magma (1.45 wt% P.0s) requires
crystallization of 1.9 wt% apatite. In general, accumulation of approximately 2.5%
apatite (containing 42 wt% P,0s) in basaltic magma will raise the whole rock P,Os

content by approximately 1 wt%. A simple mass-balance calculation for Ascension
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4)

5)

mafic rocks involving a high Zr/Nb magma (with average 0.50 wt% P.Os) and
apatite to generate the highest P,Os content (1.69 wt%) in the intermediate Zr/Nb
magma would require a magma:apatite ratio of 97:3. Normalization of the REE in a
high P/Zr intermediate Zr/Nb hawaiite flow (Al-30) to a moderate P/Zr intermediate
Zr/INb hawaiite flow (Al-89) both of which have undergone similar degrees of
fractionation produces a middle rare earth enriched (MREE) pattem consistent with
apatite resorption. Incompatible elements of the high P/Zr hawaiite (Al-30) when
normalized to the moderate P/Zr (Al-89) shows an extreme enrichement in P (1.6
times) together with Y (~1.2 times) in the high P/Zr flow with respect to the
moderate P/Zr flow again indicating involvement of apatite in the high P/Zr flows.
Hence direct and indirect evidence of cumulus apatite is present on Ascension
island.

Earlier mafic magmas (e.g., high Zr/Nb) low (normal) in P/Zr content did not interact
with apatite-rich cumulate rocks. However, later mafic magmas (e.g. low Zr/Nb and
certain intermediate Zr/Nb) experienced significant resorption of apatite-rich
cumulate bodies during magmatism.

Assimilation of apatite-rich cumulate rocks and resorption of apatite may account for
high P/Zr. None of the flows with high P/Zr, however, contain xenoliths or
xenocrysts, and this would require that xenoliths were disaggregated, apatite
resorbed by mafic magmas (undersaturated in P.Os), and remaining xenocrysts

completely separated from magma prior to eruption.
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Figure 5.1. Map of part of the South Atlantic Ocean showing the locations of oceanic
islands, the axis of the Mid-Atlantic Ridge, and major transform fauits and fracture

zones. After Nielson (1996).
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Figure 5.2. Geological map of Ascension Island, somewhat modified from Nielson and Sibbett (1996). The four geochemically

distinct mafic flow types (high Zr/Nb, intermediate Zr/Nb, low Zr/Nb, and Dark Slope Crater) are identified and the compasitions of
selected flows are indicated as: B basalt, H hawaiite, M mugearite, Be benmoreite,
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Figure 5.3. Location and composition of basalt and hawaiite scoria cones on Ascension
island. A high Zr/Nb, P/Zr < 12; v low Zr/Nb, P/Zr > 16; intermediate Zr/Nb, O P/Zr < 12,
M 12 < P/Zr < 16 ; @ P/Zr > 16; O Dark Slope Crater, P/Zr < 12.
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Figure 5.4. Variation in P,0s vs. SiO; for volcanic rocks from Ascension Island. A) basalt to rhyolite lava flows and pyroclastic
deposits, and B) basalt to benmoreite flows and scoria with apatite saturation curves for temperatures of 1000°C and 1100°C from
Harrison and Watson (1984), Symbois denote: A high Zr/Nb basalt, 0 intermediate Zr/Nb basalt to benmoreite; v low Zr/Nb hawaliite;
O Dark Slope Crater hawaiite and mugearite; ¢ Broken Tooth mugearite and benmoreite; & trachyte and rhyolite pumice; B trachyte
and rhyolite flows and flow domes.
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Zr/Nb samples with variable P enrichment; basalt Al-100 has P/Zr of 17.8, hawaiite Al-89 has P/Zr of 13.4, and hawaiite Al-30 has
P/Zr of 20.7.
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Table 5.1. Location and chemical characteristics of Ascension Island scoria cones.

Cone
No. Name
1 Broken Tooth
2 Hollow Tooth
3 unnamed
4 unnamed
5 unnamed
6 unnamed
7 Sisters Red Hill
8 unnamed
9 Street Crater

10 Butt Crater
11 Perfect Crater

12 unnamed

13 Sisters Peak

14 unnamed

15 Thistle Hill

16 Travellers Hill

17 Lower Valley Crater
18 Upper Valley Crater
19 unnamed

20 unnamed

21 unnamed

22 Fort Thormnton
23 Fort Hayes

24 Cross Hill

25 unnamed

26 Lady Hill

27 unnamed

28 unnamed

29 Table Crater
30 Cat Hill

31 South West Bay Red Hill
32 Command Hill

33 Dark Slope Crater

34 Horse Shoe Crater

35 unnamed

36 unnamed

37 unnamed

38 ° unnamed

39 unnamed

40 unnamed

41 unnamed

42 Round Hill

43 Cotar Hill

44 South Gannet Hill
45 Booby Hill

46 Spoon Crater

47 unnamed

48 Mountain Red Hill
49 unnamed

50 South Red Crater
51 Green Top Crater
52 South East Crater
53 Coast Red Nipple

54 Round Hill
55 Crater CIiff
56 unnamed

Grid

Reference

703258
709251
714247
689248
704247
706245
700244
704242
705238
704235
699239
687241
693239
699234
705225
697225
724243
726234
730221
743241
744233
647240
645236
658233
682222
681219
674218
667213
674209
648211
660209
668202
672199
670193
666193
670190
674190
678192
679195
684196
681192
664190
661187
671185
678186
696198
694197
705197
701192
697181
705187
717190
741188
752193
758202
763212

Composition PiZr
Mugearite to benmoreite 114-57
Benmoreite 8892
Benmoreite 2934
Mugearite 14.8
Hawaiite (intermediate Zr/Nb) 16.7
Hawaiite (intermediate Zr/Nb) 171
Basalt (high Zr/Nb) 101
Hawaiite (intermediate Zr/Nb) 220
Hawaijite (intermediate Zr/Nb) 12.9
Hawaiite (intermediate Zr/Nb)  23.8,24.0
Hawaiite (intermediate Zr/Nb) 134
not known

Hawaiite (intermediate Zr/Nb)  13.2-15.2
Hawaiite (intermediate Zr/Nb) 134
Mugearite 14.0
Hawaiite (intermediate Zr/Nb) 17.6,18.1
Basalt (intermediate Zr/Nb) 18.8
Mugearite 7.0,8.0
not known

Hawaiite (intermediate Zr/Nb) 15.8
Hawaiite (intermediate Zr/Nb) 147
Benmoreite 7.7
Benmoreite 9.0
Basalt (intermediate Zr/Nb) 21.2-22.9
not known

Hawaiite (intermediate Zr/Nb) 18.1
Benmoreite 6.9
Hawaiite (intermediate Zr/Nb) 8.18.4
Mugearite 11.2
Benmoreite 7797
Basalt (high Zr/Nb) 9.5-12.9
Basalt (intermediate Zr/Nb) 17.2-20.3
Hawaiite to mugearite (DSC-type)10.0-13.0
Hawaiite (low Zr/Nb) 19.0
not known

not known

Hawaiite (low Zr/Nb) 17.5
Hawaiite (low Zr/Nb) 18.5
Hawaiite (intermediate Zr/Nb) 12.6
Mugearite 14.1,14.6
not known

not known

Hawaiite (low Zr/Nb) 16.8,18.9
Basalt (intermediate Zr/Nb) 15.2-15.9
Hawaiite (intermediate Zr/Nb) 19.0
not known

Hawaiite (DSC-type) 114,121
Basalt (high Zr/Nb) 10.2
Mugearnte 16.4
Hawaiite (intermediate Zr/Nb) 19.2
Hawaiite (intermediate Zr/Nb) 18.9
Hawaiite (intermediate Zr/Nb) 200
not known

not known

not known

not known

Cone number has been assigned arbitrarily. Scoria cone names and grid references are from the 1:25,000
Ascension Island topographic map, series G 892, edition 4-GSGS, 1992.



Table 5.2, Representative chemical analyses of basait to benmoreite {ava flows from Ascension Island. **Footnote for this table is on next page.
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Table 5.3. Comparison of P/Zr in the primordial mantle, Ascension Island
volcanic rocks, and volcanic rocks from other oceanic islands.

P/Zr
Average Range
Primordial mantle 85
N-MORB 75 6.6-9.1
Hawaii (Mauna Kea) 7.5 5.0-10.6
Ascension High Zr/Nb 10.0 7.2-12.3
Intermediate Zr/Nb 16.3 8.1-23.8
Low Zr/Nb 18.2 16.8-19.0
Dark Slope Crater 11.0 10.0-13.0
Saint Helena Basalt 11.3 8.4-144
Tristan da Cunha Basait 9.8 7.9-118
Basanite 12.3 9.1-16.5
Inaccessible Basalt 117 8.4-137
Gough Basalt 8.9 7.7-10.1

The primordial mantle P/Zr value is from McDonough and Sun (1995); data for N-
MORSB is for samples with Zr/Nb > 20 from DSDP Leg 82, Weaver et al. (1985); data
for Mauna Kea, Hawaii, is from West et al. (1988) and Frey et al. (1990, 1991); data for
St. Helena is from Weaver (unpublished); data for Tristan da Cunha is from Le Roex et
al. (1990); data for Inaccessible Island is from Ciiff et al. (1991); data for Gough Island
is from Le Roex (1985).

**Table 5.2 Footnote:

B basait- H hawaiite; M mulgeante; Be benmoreite. . o

Al-107 flow in Grazing Va ?r Al-37 flow on south flank of Devil's Riding Schoal; Al-64 flow exposed in
walls of Cricket Valley; Al-6 Hlow lobe from Cotar Hill; Al-157 flow in cliff section at South West Bay; Al-
100 flow from Command Hill: Al-89 flow from breach in northeast flank of Sisters Complex; Al-30 flow east
of South Gannet Hill; Al-171 flow adjacent to English Bay Road: Al-176 fissure flow on Letterbox; Al-2
bomb from northwest flank of Dark Slope Crater; Al-6 flow on southeast flank of Dark Slope Crater.

Major element oxides are recalculated to sum to 100% on an anh&drous basis. H2O- is weight lgss after
drying for 12 hours at 110°C. LOI is weight loss after ignition at 950°C for 1 hour (oxidation of Fe™ to Fe
in near-anhydrous samples results in weight gain, expressed as negative LOI). Trace elements are in parts
per million; Ni, V, Zn, Ga, Rb, Sr, Ba, Pb, Zr, Nb, and Y detérmined by XRF, other trace elements
determined by INAA.
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ABSTRACT

Mafic clasts are common in the felsic volcanic rocks of Ascension Island. The clasts are
geochemically heterogeneous with compositions varying from basalt to hawaiite,
mugearite, and benmoreite. The clasts are found in trachyte of both the central and
eastern felsic complexes. These clasts have extremely high abundance and anomalous
distributions of rare-earth elements (REE) and yttrium (Y), whereas other incompatible
trace element concentrations and O, Sr, Nd, and Pb isotopic ratios do not differ from
those of mafic (basalt to benmoreite) flows. REE and Y enrichment in the clasts with
respect to the mafic flows is a post-magmatic alteration feature. This is supported by
negative Ce anomalies in these mafic clasts, since decoupling of Ce from the other
REE is restricted to oxidizing, low-temperature, aqueous environments. Similar Nd
isotopic ratios between the clasts and the mafic flows preclude the possibility that
additional REE and Y are derived from marine sediment or guano, but rather suggest

an origin from mafic flows within the volcanic pile.

INTRODUCTION

Incompatible trace element abundance and pattems, particularly those of the rare earth
elements (REE), have traditionally been used in igneous petrogenesis as indicators of
processes relating to crystal fractionation, partial melting, and characteristics of mantie
source regions of ocean island basalt (OIB) suites. However, unusual features of REE
pattems, e.g. negative Ce anomalies, have been reported from basalt (istand arc and
OIB) and even from mantle peridotite (Neal & Taylor, 1989). Cotten et al. (1995)
summarize the cause of such REE-enriched patterns as 1) source characteristics, e.g.
contribution of subducted pelagic sediment, 2) peculiarities of the slab

dehydration/mantle metasomatism processes involving percolation through the upper



mantle of unusual (H.0 + CO, + Cl) REE-bearing high temperature metasomatic fluids,
and 3) regional scale low-temperature (<250°C) hydrothermal alteration. REE
mobilization and precipitation processes are documented from laterite profiles and
weathering profiles of basaltic sequences (petrographically fresh or nearly fresh), where
they had lead to the development of Ce anomalies (Cotten et al., 1995). The purpose
of this paper is to document the geochemical characteristics of the unusual REE and Y
occurrences and to discuss the possible origin for such enrichment in mafic clasts from

Ascension Island, South Atlantic Ocean.

GENERAL GEOLOGY OF ASCENSION ISLAND

The majority of Ascension Island, situated at 7°56'S and 14°22'W, is covered by
mafic and felsic lava flows and pyroclastic deposits. Data for subsurface lava flows
from seven boreholes (Neilson & Stiger, 1996), which penetrated the volcanic pile to a
maximum depth of ~200 m below sea-level, indicate that high Zr/Nb mafic volcanism
(Kar et al., 1995) occurred first on the island. There are two distinct felsic eruptive
centers on the island, the central felsic complex and the eastem felsic complex. Age
dates suggest that areal exposure of the central and the eastern parts of the island was
built up over a period of haif a million years, from 1 Ma to 0.56 Ma (Neilson & Sibbett,
1996; Kar et al., Felsic MS). Following the felsic volcanism, or shortly thereafter, mafic
volcanism occurred in the following sequence - 1) high Zr/Nb basait was erupted (now
exposed at the surface together with older flows in the subsurface), 2) localized
eruption of Dark Siope Crater type hawaiite and mugearite, 3) localized eruption of low
Zr/INb hawaiite, and 4) widespread eruption of intermediate Zr/Nb lava ranging in

composition from basalt to benmoreite. Mafic clasts ranging in composition from basalt
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to benmoreite occur in trachyte flows and domes of both the central and eastern felsic

complexes.

Mafic clasts in felsic volcanic rocks

in the central felsic complex mafic clasts are found in the trachyte of Middleton Ridge
and Devil's Riding School (Fig. 6.1). Middieton Ridge is composed primarily of trachyte,
pumice, and some rhyolite and rhyolitic obsidian. The mafic clasts (three were
collected) are mugearite and benmoreite in composition. Four more mafic clasts were
collected from a trachyte flow on the east side of Devil's Riding School. These clasts
had a pinkish tinge and are of basalt and hawaiite composition.

The eastern felsic complex is characterized by a voluminous trachyte flow that
originated from Devil's Cauldron and flowed northward and eastward. Devil’'s Cauldron
is interpreted to be an explosion crater with the trachyte dome of Weather Post
adjacent (Fig. 6.1). A mafic clast, 50 x 30 cm was collected from the trachyte at
Weather Post. This clast is extremely porphyritic and vesiculated, with large
phenocrysts of plagioclase (2 to 3 cm) together with olivine and pyroxene phenocrysts.
In the southeastern part of Ascension small trachyte bodies occur at Round Hill,
Cocoanut Bay, Ragged Hill, and Pillar Bay (Fig. 6.1). Trachyte from Ragged Hill and
Cocoanut Bay contains an unusually high modal abundance of alkali feldspar
phenocrysts. Two mafic clasts sampled from the Ragged Hill trachyte have clast sizes
of 20 x 40 cm and 30 x 70 cm. These clasts are vesiculated and porphyritic with clots
of plagioclase phenocrysts. The mugearite clasts appear quite fresh compared to the
host trachyte. From the Cocoanut Bay trachyte five more clasts collected have
compositions ranging from hawaiite to mugearite. The clast size varied from 5 x 15 cm

to 30 x 50 cm and the clasts showed evidence of crenulated margins. These clasts are
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characterized by having spherical-to-oval vesicles with secondary minerals filling the
vesicles. Also present were small phenocrysts of olivine, plagioclase, and pyroxene.
The contact of the more massive clast (30 x 50 cm; Al-235¢) shows evidence of
quenching; the contact of the host trachyte with the clast is much finer grained as

compared to elsewhere in the host trachyte body.

SAMPLING AND ANALYTICAL TECHNIQUES

For details on sampling techniques and analytical procedure for major and trace
element analyses obtained at the University of Oklahoma refer to Weaver et al. (1996),
for radiogenic isotope analysis performed at University of California, Los Angeles to
Davidson et al. (1993), and for oxygen isotope analysis performed at Southern

Methodist University to Borthwick & Harmon (1982).

PETROGRAPHY

Aphyric basalt clasts, massive to vesiculated from Devils Riding School trachyte have a
mineral assemblage of plagioclase, olivine, clinopyroxene, and titano-magnetite, with
different clasts showing moderate to well developed flow alignment of the plagioclase
laths and sporadic occurrence of plagioclase (up to ~2 mm) £ olivine microphenocrysts.

The hawaiite clast from Devils Riding School is more fine grained as compared to
the basalt clasts with plagioclase (sporadic microphenocrysts) dominating the
mineralogy together with clinopyroxene, titano-magnetite, and olivine. However,
vesiculated hawaiite clasts from Cocoanut Bay are coarser grained (comparable in size
to Devils Riding School basalt clasts) and similar in mineralogy to the Devils Riding
School hawaiite clast with plagioclase as the dominant mineral phase with additional
olivine, titano-magnetite, and clinopyroxene but containing a significant amount of fine

apatite needles.

6-5



Mugearite clasts from Cocoanut Bay trachyte are extremely similar petrographically
to the hawaiite clasts from the same area; the mineralogy is mostly piagioclase together
with titano-magnetite, clinopyroxene, and olivine. In contrast, the mugearite clast from
Weather Post trachyte is much more fine grained however, containing a significant
proportion of microphenocrysts of euhedral plagioclase, together with olivine, and
clinopyroxene. A glomerocrystic assemblage of plagioclase, olivine, clinopyroxene, and
titanomagnetite is also present. The groundmass is constituted mostly of plagioclase,
clinopyroxene, titanomagnetite, and olivine. The Ragged Hill mugearite clasts are
vesiculated, the groundmass minerals being coarser compared to the Weather Post
clast. Randomly oriented plagioclase, clinopyroxene, olivine, and titanomagnetite form
the groundmass and microphenocryst assemblage. Also present in the groundmass are
very fine-grained apatite needles. In contrast, the fine-grained groundmass of the
mugearite clast from Middleton Ridge has an appearance of "quenched" texture. It also
contains microphenocrysts of euhedral plagioclase (3 to 5 mm) + clinopyroxene *
olivine % titano-magnetite, with glomerocrysts of clinopyroxene and titano-magnetite.

The benmoreite clasts from Middleton Ridge have the same "quenched"
groundmass as observed in the mugearite. They are vesiculated with large (up to ~5

mm) euhedral phenocrysts of plagioclase + clinopyroxene (up to 2 mm).

WHOLE ROCK GEOCHEMISTRY

Major Element Geochemistry

Ascension Island lava flows and pyroclastic deposits are transitional to mildly
alkaline and are a continuous fractionation series of basalt-hawaiite-mugearite-
benmoreite, to the highly fractionated products of trachyte and rhyolite (Kar et al.,

Felsic MS). The major element variations from basalt to trachyte conform to those
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expected from crystal fractionation of the observed phenocryst phases from a basalt
parent magma. MgO, Fe,Os; Ca0, and TiO, decrease with increasing SiO, over the
entire compositional range as a consequence of olivine, clinopyroxene, feldspar, and
titanomagnetite crystallization. Al;O; and Na;O increase with increasing SiO, from
basalt to benmoreite, but then decrease with increasing SiO; in trachyte and rhyolite
compositions with alkali feldspar crystallization setting in. P,Os initially increases with
increasing SiO,, but then decreases with the onset of apatite crystallization. K,O
increases over entire range of SiO, composition. Most of the pumice samples have
moderate to extreme depletion in Na;O and, in general, a lower abundance of K,O
compared to the similarly differentiated iava flows and domes which is interpreted as an
alteration effect (Weaver et al., 1996).

The mafic clasts in trachyte have the same compositional range (47.49 to 55.15
wt% SiO,) from basait to hawaiite, mugearite, and benmoreite with the maijority of the
clasts collected having a mugearitic composition (Table 6.1). The overall behavior of
the major elements is similar to that described above but the absolute abundance is
variable. Basalt clasts (Zr/Nb of 6.0 and 6.8) have in general, higher TiO,, Fe;O,, MgO,
P,Os, and NazO + K,O with respect to other high Zr/Nb surface or subsurface flows.
Hawaiite-mugearite-benmoreite clasts (Zr/Nb of 4.3 to 5.1) have higher TiO;, Fe,;O;,
P,0Os, and much higher Na,O + KO with respect to intermediate Zr/Nb surface and

subsurface flows.

Trace Element Geochemistry

Ascension Island mafic lava flows and pyroclastic deposits have been subdivided
into four distinct genetically identifiable groups largely based on trace element and
isotopic characteristics (Kar et al., 1996): 1) high Zr/Nb (5.6 to 6.1) basalt; 2) Dark

Slope Crater type (Zr/Nb of 4.9 to 5.4) hawaiite; 3) low Zr/Nb (4.1) hawaiite; 4)



intermediate Zr/Nb (4.7 to 5.4) basait - hawaiite - mugearite - benmoreite. Data for
subsurface flows from the boreholes suggests that oider Ascension mafic flows have
higher Zr/Nb of up to 7.7 (Kar et al., 1995). The mafic clasts analyzed have the
characteristics of high Zr/Nb basait (Table 6.1) and intermediate Zr/Nb hawaiite -
mugearite - benmoreite (Table 6.1).

Trace element abundances (except REE and Y) in the mafic clasts (high Zr/Nb
basalt and intermediate Zr/Nb hawaiite; Table 6.1) are very similar to the surface and
subsurface mafic flows; the clasts have similar Rb, Sr, Ba, Zr, and Nb contents. Y
content is comparable in the basalt clast to the flows whereas in the hawaiite clasts Y
contents are extremely variable (45 to 628 ppm) as compared to hawaiite flows (35 to
66 ppm Y). Trace element behavior is extremely anomalous in the intermediate Zr/Nb
mugearite and benmoreite clasts. in the clasts of intermediate Zr/Nb mugearite and
benmoreite composition Rb is low and Sr is high (Table 6.1) with respect to the flows:
Ba is anomalously high (Table 6.1) as compared to the other mugearite and benmoreite
flows and is more comparable to the host trachyte and rhyolite. For Ascension felsic
rocks with an increase in SiO, there is a wide variation in large low-valence cations with
Ba and Sr both decreasing as a result of plagioclase and alkali feldspar crystallization
whereas Rb contents increase continuously with SiO, (Kar et al., Felsic MS). Weaver et
al. (1996) observed that trachyte from Ragged Hill and Cocoanut Bay, host to the
hawaiite and mugearite clasts, has high Ba and K;O with respect to Zr compared to the
rest of the Ascension suite and interpreted this as due to accumulation of alkali
feldspar, as evidenced by the high phenocryst content. Large variation in trace element
ratios (e.g. Zr/Nb and Zr/Y) in the felsic rocks as compared to the mafic volcanic rocks
is also reported (Weaver et al., 1996). Rhyolite compositions have high SiO,, Rb, Zr,

and Y contents but in more evolved rhyolite compositions Zr/Nb and Zr/Y are lower than
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in the trachyte flows, probably due to fractionation of a zirconium silicate accessory
phase (Weaver et al., 1996). REE and Y behavior in the mafic clasts deserves special
mention.

The Cocoanut Bay clasts have consistently low Zr/Nb ranging from 4.3 to 4.7 for the
five clasts (Table 6.1). These clasts do not conform well to any surface intermediate
Zr/Nb mafic flows.

The REE patterns of Ascension mafic and felsic flows have variable degrees of
LREE enrichment with respect to HREE (Kar et al., Mafic & Felsic MS) although the
LREE are uniformly strongly enriched compared to the HREE. The total REE
abundance of the more evolved magmas increases with respect to the more mafic
magmas with continuous crystal fractionation involving olivine, plagiociase,
clinopyroxene, and titano-magnetite (Harris, 1983) but does not produce strong inter-
element fractionation. The characteristic REE pattern of the basaitic rocks is maintained
in the more evolved rocks although the absolute abundance has increased and
substantial feldspar fractionation has produced a negative Eu anomaly (Kar et al.,
Felsic MS). Rhyolitic compositions have a higher total abundance of REE and a larger
negative Eu anomaly compared to trachyte (Kar et al., Felsic MS).

The REE pattern for Middleton Ridge trachyte (AI-96) is slightly enriched as
compared to the other volcanic rocks (Fig. 6.2). This trachyte is host to the benmoreite
clasts (e.g., Al-97). The same general pattern is maintained in the REE pattem of the
clast (except Ce, which is depleted relative to the other LREE) aithough the absolute
abundance is ~5 times enriched (Fig. 6.2) with respect to the host trachyte. Total REE
abundance is however, highly variable between the mafic clasts (Table 6.1).

Incompatible element behavior is variable as compared to other samples - 1) large-

ion lithophile elements (LILE), e.g. Th, K, and Sr, behave similarly however, the clast



being slightly enriched in Rb but highly enriched in Ba (Fig. 6.2); 2) high field strength
elements (HSFE), e.g. Nb, P, and Ti, behave similarly to Zr and Hf, being slightly

depleted in the clast (Fig. 6.2).

Radiogenic and Stable Isotopes
Nd isotope data for the four Ascension Island mafic groups recognized from trace
element data (Kar et al., Mafic MS) show that the high Zr/Nb group has "“*Nd/'*“Nd of
0.512992 to 0.513066 whereas "“*Nd/"““Nd is lower in the low Zr/Nb group (0.512969 to
0.512972) and, particularly, the Dark Slope Crater group (0.512918 to 0.512974). The
intermediate Zr/Nb group mostly has *Nd/*“Nd within the range of the high Zr/Nb
group. Ascension mafic rocks have a general trend of slightly increasing ®’Sr/**Sr with
decreasing "*Nd/"“Nd although the range in ¥Sr/*°Sr is not large; the Dark Slope
Crater group has the highest ¥’Sr/™Sr. Sr isotope compositions of the high and
intermediate Zr/Nb groups largely overlap, and the low Zr/Nb group has ¥Sr/*Sr at the
upper end of the range of the high and intermediate Zr/Nb groups, with 0.702766 to
0.703263 and '®Nd/***Nd ranging from 0.512918 to 0.513066. Mafic clasts have
radiogenic (Sr, Nd, and Pb) isotopic ratios within the range of the mafic flows analyzed
from Ascension (Table 6.1). .The geochemical characteristics of the felsic rocks are
largely consistent with an origin by fractionation of high Zr/Nb mafic magmas as
evidenced by similar trace element ratios and Nd and Pb isotopic ratios (Kar et al.,
Mafic MS).

There is a significant range in §°0 in the mafic rocks. The low Zr/Nb group has §'°0
ranging from +6.5 to +7.1%o, the high Zr/Nb group has 5'0 from +5.7 to +7.8%., the
intermediate Zr/Nb group has 50 between +5.0 and +7.8%, and the Dark Slope

Crater group has 5'°0 between +6.8 to +7.5% (Kar et al., Felsic MS). The one mafic
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clast analyzed for 5§'°0O has a whole rock value (Table 6.1) within the range of the

intermediate Zr/Nb group.

DISCUSSION

Enrichment in REE linked to incipient weathering of basalt flows from Hawaii (Fodor et
al., 1987) and Australia (Price et al., 1991) is also characterized by negative Ce
anomalies. The most likely explanation is that REE enrichment is associated with the
percolation into fresh or almost fresh basalt flows of aqueous solutions enriched in
REE, and possibly in other incompatible elements, that originate from the interaction of
surface waters with upper portions of basaltic flows under tropical conditions (Cotten et
al., 1995).

Cotten et al. (1995) show that addition of ~0.3 wt% REE-Y-phosphate (e.g.,
rhabdophane) to nearly fresh basalt results in the observed anomalies. Nd isotopic
ratios reveal that the additional Nd, and presumably the other REE, is derived from a
source isotopically similar to the local basalt flows, which excludes a seawater, marine
sediment, or guano origin. The most likely source is thus the overlying basalt flows from
which REE and Y were mobilized by interaction with meteoric waters.

Could the high REE in the mafic clasts from Ascension Island be due to interaction
with the host trachyte magma? The possibility of inheriting the REE from the host
trachyte is negligible as the REE enrichment is different in different clasts. The three
mafic clasts from Middleton Ridge have highly variable REE abundance. Also, the REE
enrichment in the mafic clasts is commonly much greater than in the host trachyte (Fig.
6.2).

Seawater derived geothermal fluids have been proposed as the cause of high

¥Sr/8Sr (>0.706) in felsic rocks (trachyte and pumice) from Ascension Island under



subsolidus conditions (Kar et al., Felsic MS). High ¥Sr/**Sr in pumice is also consistent
with high 5'°0 (> +10%0) in pumice samples. The effects of extreme hydration and
alteration of pumice are reported by Weaver et al. (1996). Compared to an average of
six trachyte flow samples with 66.0 to 68.8 wt% SiO,, a highly hydrated pumice sample
(e.g., Al-174) is severely depleted in Na;O and K,O, somewhat depleted in SiO, and
Fe,0;, slightly to moderately enriched in TiO,, Al,O;, CaO, and P,Os, and strongly
enriched in MgO. TiO, and Al.O3; probably were immobile, their apparent increase being
due to loss of other elements. The mafic clasts are enriched in total alkali content with
respect to surface and subsurface mafic volcanic rocks indicating mobilization of Na,O
and K;O.

There are also marked alteration effects on trace element abundance in the pumice
samples, most notable being the strong enrichment in Sr (by a factor of five), Y, and the
rare earth elements (but excluding Ce, with Eu being more enriched than the other
REE), significant enrichment in Ba, U, and Cs, and significant depletion in Rb, Th, and
Pb (Fig. 6.3). Elements such as Zr and Nb are immobile in hydrous fluids, and the
apparent depletion in Nb relative to Zr (Fig. 6.3) likely is a consequence of igneous
fractionation, there being a substantial range in Zr/Nb (4.6 to 9.4) in the trachyte and
rhyolite flows (Weaver et al., 1996). Similar trace element behavior is found in the mafic
clasts. Trace element abundances (except REE and Y) in the mafic clasts (high Zr/Nb
basalt and intermediate Zr/Nb hawaiite; Table 6.1) are very similar to the surface and
subsurface mafic flows; the clasts have similar Rb, Sr, Ba, Zr, and Nb contents. The Y
content is comparable in the basalit clast to the flows whereas in the hawaiite clasts Y
contents are extremely variable (45 to 628 ppm) as compared to hawaiite flows (35 to
66 ppm Y). Trace element behavior is extremely anomalous in the intermediate Zr/Nb

mugearite and benmoreite clasts. in the intermediate Zr/Nb clasts of mugearite and
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benmoreite composition Rb is low and Sr is high (Table 6.1) with respect to the flows;
Ba is anomalously high (Table 6.1) as compared to the other mugearite and benmoreite
flows and is more comparable to the host trachyte and rhyolite.

The REE pattern of the altered pumice sample is enriched relative to the unaltered
trachyte (Fig. 6.3) and this enrichment is also reflected in incompatible element ratios
(Fig. 6.3). The altered pumice generally have a negative Ce anomaly indicating post
magmatic alteration. The mafic clasts have a similar enrichment and a Ce depletion
(Fig. 6.2), but the total abundance of REE is much higher in the clasts with respect to
the pumice. Enrichment in major element abundance, particularly total alkalis, in the
clasts suggest mobilization of the alkali elements and certain incompatible elements
such as Sr and Ba.

The radiogenic and stable (Sr, Nd, Pb, and O) isotopic ratios in the mafic clasts,
however, are within the range of mafic flows (Table 6.1) whereas there are significant
differences (enrichment) reported in the Sr and O isotopic ratios of pumice samples
(Kar et al., Felsic MS). Could this mean then there is a decoupling in major and trace
element abundance and isotopic ratios in the mafic clasts? No primary or secondary
processes can produce such decoupling where major and trace element abundance is
altered and isotopic ratios are undisturbed. The Ascension volcanic edifice hosts
numerous faults and fractures (Neilson & Stiger, 1996). The geothermal fiuids
circulating within the volcanic edifice have been suggested to account for the high
87Sr/®Sr (>0.706) in felsic rocks (trachyte and pumice). The high but variable REE
contents of the mafic clasts perhaps suggest that these geothermal fluids could have
mobilized the REE and Y as phosphate complexes from mafic rocks. If geothermal
fluids were the cause of increasing Sr and O in the trachyte, the mafic clasts would

carry a similar signature and the if the geothermal fiuids were carrying the REE and Y in
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solution then the host trachyte would be enriched in these incompatible elements.
None of these are observed in the mafic ciasts or in the trachyte.

As suggested by Cotton et al. (1995) only a fraction of a weight percent of a REE-Y
phosphate mineral such as rhabdophane can significantly enrich the REE and Y
content of fresh basalt. Anomalously high REE and Y contents in subaerially exposed
basait flows from French Polynesia have been suggested as percolation into fresh or
almost fresh basalt of aqueous solutions enriched in REE and possibly other
incompatible elements and originate from the interaction of surface waters with the
upper portions of basaltic flows under tropical conditions (Cotton et al, 1995).
Enrichment in REE has been attributed to incipient alteration of basalt from Hawaii and
Australia (Fodor et al., 1992; Price et al., 1991). In the case of Ascension alteration of
pyroclastic deposits (pumice) by meteoric water is also perhaps responsible for
enrichment of REE in the mafic clasts. These meteoric fluids could have altered the
exposed pyroclastic deposits that cover majority of the island and felsic volcanic rocks
and penetrated through the pyroclastic cover and faults and fractures and interacted
with the mafic rocks under subsolidus conditions thus enriching the mafic rocks in REE
and Y. The isotopic ratios of Sr and O were not significantly disturbed from a mass
balance point of view. Later felsic volcanism brought these clasts to the surface as
mafic xenoliths.

Mafic clasts have a general oblong shape and are uniformly smooth and rounded.
The felsic volcanism that brought the clasts to the surface could not have mechanically
abraded them in to such shapes. Hence the rocks the clasts were derived must have
been abraded by mechanical weathering. Evidence of such weathering exist in a deep
geothermal hole (Ascension #1) drilled to a depth of 3126 m that shows evidence of

hydrothermal alteration of the volcanic rocks (Nielson & Stiger, 1996). The rocks
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recovered from boreholes have evidence of being erupted subaerially, implying a
subsidence of 200 m while surface eruption continued (Kar et al., 1995). Ascension #1
penetrated the hyaloclastite layers. The presence of hyaloclastite layers topped by
subaerial basalt flows indicate that the island has undergone at least three phases of
emergence and subsidence in the past. There has been 1.5 to 2 kilometers of
subsidence since the onset of hyaloclastite formations (Nielson & Stiger, 1996). Two
significant zones of fluid entry were reported from Ascension #1 well, the shallow entry
zone (2500 m depth) being derivative of seawater and the deep (2957 m), a
geothermal fluid derived from seawater (Adams, 1996). Hence the rock-water
(meteoric) interaction occurred above 2500 m. Most probably upper parts of the mafic
flows were subjected to the most mechanical weathering and interaction with meteoric
water thus creating the oblong shapes of the mafic clasts and inheriting the unusual
REE and Y abundance in the mafic rocks.

Felsic volcanic rocks on Ascension Island likely originated by fractionation of high
Zr/Nb mafic magmas as evidenced by similar trace element and Nd and Pb isotopic
ratios (Kar et al., Felsic MS). incorporation of high Zr/Nb basalt clasts in the Devil's
Riding School trachyte further substantiates this finding. However, intermediate Zr/Nb
mafic (basalt to benmoreite) flows are proposed to be the youngest phase of volcanism
on Ascension (Kar et al., Mafic MS). Mafic clasts of intermediate Zr/Nb composition,
notably those occurring in the Middieton Ridge trachyte (0.82 Ma, Neilson & Sibbett,
1996) suggest intermediate Zr/Nb mafic volcanism to be substantially older than

recognized before.
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CONCLUSIONS

1) High Zr/Nb basalt clasts and intermediate Zr/Nb hawaiite-mugearite-benmoreite
clasts occurring as xenoliths in the trachyte have anomalously high REE and Y
abundance. The enrichment occurred under subsolidus conditions by interaction of
mafic rocks with meteoric water circulating through the volcanic edifice.

2) This secondary enrichment of REE is supported by negative Ce anomaly in the
clasts, since decoupling of Ce from the other REE is restricted to oxidizing, low-T
aqueous environments.

3) The possibility of inheriting the REE from the host trachyte is not likely as the REE
enrichment is different in different clasts. The three mafic clasts from Middleton
Ridge have highly variable REE abundance. Also, the REE enrichment in the mafic
clasts is commonly much greater than in the host trachyte. Similar Nd isotopic ratios
between the clasts and the mafic flows conclude that additional REE and Y are not
derived from marine sediments or guano, but rather suggest an origin from the mafic
rocks.

4) Alteration of REE in pyroclastic deposits (pumice) by meteoric water is also perhaps
responsible for enrichment of REE in the mafic clasts. These meteoric fluids could
have aitered the exposed pyroclastic deposits that cover the majority of the island
and felsic volcanic rocks and penetrated through the pyroclastic cover via faults and
fractures and interacted with the mafic rocks under subsolidus conditions thus
enriching the mafic rocks in REE and Y. The isotopic ratios of Sr and O were not
significantly disturbed from mass balance point of view. Later felsic volcanism
brought these clasts to the surface as mafic xenoliths.

5) Mafic clasts have a general oblong shape and are uniformly smooth and rounded.

The felsic volcanism that brought the clasts to the surface couid not have
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mechanically abraded them into such shapes. Hence the rocks the clasts were
derived must have been abraded by mechanical weathering.

6) Rock-water (meteoric) interaction occurred above 2500 m based on the fact that two
significant entry zones of fluid derived from seawater are reported from a deep
borehole (Ascension #1). Most probably upper parts of the mafic flows were
subjected to mechanical weathering and interaction with meteoric water thus
creating the rounded shapes of the mafic clasts and inheriting the unusual REE and
Y abundance in the mafic rocks.

7) Incorporation of high Zr/Nb basalt clasts in the Devil's Riding School trachyte further
substantiates that felsic magmas are derived from crystal fractionation of high Zr/Nb
mafic magmas. Mafic clasts of intermediate Zr/Nb composition, notably those
occurring in the Middleton Ridge trachyte (0.82 Ma), suggest intermediate Zr/Nb

mafic volcanism to be substantially older than previously recognized.
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Figure 6.1. Simplified geological map of Ascension Island highlighting the distribution of felsic rocks.
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Table 6.1. Representative chemical analyses of basalt to benmoreite clasts in trachyte from Ascension [sland, South Atlantic Ocean.

Si0;
Al0,

High Zr/Nb Intermediate Zr/Nb
Al-224 Ai-226 Al-227 Al-235¢c Al-235a Al-235e Al-234a Al-240 Al-250b Al-250a Al-97
DRS DRS DRS cB CcB cB RH WP MR MR MR
B 8 H H M M M M M Be Be
47.57 47.49 49.19 49,12 54.57 49,89 51.40 54.45 54,22 54.96 55.16
3.86 291 360 355 228 298 2,36 1.94 1.94 1.93 1.96
13.97 15.78 17.21 15,78 16.09 15.14 16.4 17.03 17.59 17.84 17.89
16,65 13.23 13.83 13.13 10.08 12,36 11.0: 8.96 8.78 8.84 9,00
- 0.18 0.25 - - - 0.25 - 0.18 0.16 0,18
470 5.39 2,68 313 221 3.47 3.67 354 240 208 1.82
9.10 9.89 6.24 7.67 494 7.05 8.47 6.65 6,38 546 521
339 3.48 4.10 457 5.49 499 456 490 592 6.08 594
094 1.05 177 191 276 239 1.28 202 177 1.84 2,01
0.82 0.60 113 114 1.58 173 0.50 0.51 082 084 0.84
0,35 0.34 1.99 062 0.80 0.79 0.26 0.21 0,65 1.66 135
039 -0.02 224 0.82 1.02 1.07 0,35 017 066 0.79 0.85
17 48 70 8 7 6 24 31 25 52 39
- 27+ 24* - - - 26* - 19* 20° 19.7
- 248 223 - - - 204 - 103 90 87
227 186 523 99 119 220 107 148 403 665 497
28 25 27 25 25 25 25 28 28 28 27
18 2 36 KX 39 39 19 40 40 Ko 65
440 §52 408 6§52 498 536 405 aun 598 586 565
- 275 354 - - - 1303 - 761 823 947
3 3 3 6* 6* 5 2° 4 6 3 638
<2 3 2 8 3 40 <2 6 2 3 <2
217 238 287 278 317 332 188 357 316 324 322 78
32 490 60 63 68 77 36 4] 62 4] 70
- - - - - - - - - - 394
- 46° 857* - - - 32 - 100* 528° 273
- 79* 1207 - - - 59* - 113* 466* 400
- 56* 635* - - - 32 - 96" 404* 216
- - - - - - - - - - 445
. . . . . . - - - - 1.4
- - - - - - - - - - 7.92
- - - - - - - - - - 22
- - - - - - - - - - 306
70 64 628 48 67 61 36 221 187 648 422
6.8 6.0 48 44 47 43 §2 50 51 46 46
- 69 59 - - - 36.2 - 123 116 13.5
0.56 0.55 0.60 052 057 0.51 0.53 0.56 0.65 0.48 093
244 218 245 252 337 258 297 236 237 215 238
- 1.15 14.3 - - - 0.89 - 1.61 7.44 4.20
16.5 11.0 17.2 17.9 21.8 227 11.6 6.2 1.3 1.3 11.3
31 a7 05 58 47 5.4 5.2 1.6 1.7 05 0.8
- - - - - - - - . - 0.702983

6-24



Table 6.1 continued

High ZriNb Intermediate Zr/Nb
Al-224 Al-226 Al-227 Al-235¢ Al-235a Al-235e Al-234a Al-240 Al-250b Al-250a Al-97
DRS DRS DRS c8 c8 CcB RH WP MR MR MR
B B H H M M ™ M M Be Be
143, 144,

Nd/ Nd - - - - - - - - - - 0512087
w1 oo pe
200 4ph : . . . . : . . . . 39.200
5“0 - . - - - - . - - - 6.85
B basalt; H hawalite; M mugearite; Be benmoreite,

Sample Location: DRS = Devil's Riding Schaol; CB = Cocoanut Bay; RH = Ragged Hill; WP = Weather Post; MR = Middleton Ridge,
Major element oxideg are reg:alculated to sum to 100% on an anhydrous basis. H,0- Is weight loss after drying for 12 hours at 110°C, LOI is welght loss after ignition at 950°C for 1

hour (oxidation of Fe™ to Fe™ in near-anhydrous samples results in weight gain eprressed as negative LOl), Trace elements are in parts per million; Ni, V, Zn, Ga, Rb, Sr, Ba, Pb, Zr,
Nb, and Y determined by XRF, other trace elements determined by INAA, or by XRF if indicated by*.
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CONCLUSIONS
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1) The felsic (>60% SiO,) rocks from the central and eastem parts of Ascension island
are the oldest; a rhyolite dated at 0.99+0.02 Ma (Nielson & Sibbett, 1996) from the
central part of the island representing the evidence of first phase of felsic voicanism.
Felsic volcanism continued until at least 0.56+0.06 Ma with build up of the central and
eastern parts of the island and was closely followed by the eruption of high Zr/Nb
basalt lavas.

2) The geochemical characteristics of the feisic rocks are largely consistent with an
origin by fractionation of high Zr/Nb magmas as evidenced by similar trace element
ratios and Nd and Pb isotopic ratios.

3) Trace element and isotopic compositions indicate that syenite, monzonite, and granite
xenoliths found on Ascension are cumulates from felsic magmas that also produced
the felsic volcanic rocks. Internal Rb-Sr isochrons for two granite xenoliths yield ages
of 0.92 and 1.22 Ma, respectively.

4) §"0 in felsic rocks are slightly higher compared to the high Zr/Nb parent magmas
which is a result of fractionation combined with some open system interaction with
fluids.

5) Fluids recovered from a deep geothermal well drilled on Ascension show the
presence of seawater-derived geothermal fluids with Sr content as high as 202 ppm;
interaction of these fluids with felsic rocks may generate high %Sr/Sr under
subsolidus conditions as evidenced by leaching experiments and recorded in many of
the whole rock sampies.

6) In addition, the involvement of a high *Sr/®Sr component during magmatic
differentiation is evidenced by high initial 4’Sr/*Sr from the intemal isochrons of the
two granite xenoliths which have high initial 4Sr/*Sr (> 0.705); "*Nd/'“Nd and 50

in the granite are similar to the mafic extrusive rocks. Some feldspar phenocrysts from



the felsic volcanic rocks also have high ¥Sr/®Sr (> 0.704); 5O ranges of +5.5 to
+8.1%0 (whole rock) and +5.5 to +7.2%. (feldspar) in the felsic rocks aiso indicate the
involvement of a high 5'°0 component, and suggest that hydrothermally altered pre-
existing volcanic basement may have been cannibalized during differentiation of the
felsic magmas.

7) Based on trace element characteristics, four distinct groups of mafic rocks are
identified on Ascension Island: a low Zr/Nb hawaiite group, a high Zr/Nb basalt group,
an intermediate Zr/Nb basalt to benmoreite group, and, a subset of the intermediate
Zr/Nb group, the Dark Siope Crater hawaiite and mugearite group.

8) Crystal fractionation controls the chemical variation within each group, but cannot
account for the chemical differences between the groups.

9) There are significant differences in the Sr, Nd, and Pb isotopic compositions of some
of the groups. Lava flows from Dark Slope Crater have the lowest '*Nd/'"“Nd and the
highest ¥Sr/**Sr and *®Pb/?**Pb. The low Zr/Nb group has similar "*Nd/"*“Nd to the
Dark Slope Crater group, but lower ¥Sr/®Sr and *®Pb/”Pb. The high Zr/Nb and
intermediate Zr/Nb groups have generally similar Sr-Nd-Pb systematics, with higher
INd/"“Nd and lower *’Sr/**Sr and 2®Pb/**Pb than the Dark Slope Crater and low
Zr/Nb groups. These relationships can be explained by mixing between three mantle
components, one depleted component and two distinct enriched components.

10). The similarity of Sr, Nd, and Pb isotopic compositions between the younger
intermediate Zr/Nb group and the older high Zr/Nb group, and the presence in the
subsurface of flows with higher Zr/Nb but similar "*Nd/'“Nd, implies that the degree
of partial melting of the same overall mantle source has decreased over time.

11) In 2®Pb/2Pb - **Pb/2™Pb space the Ascension volcanic rocks are displaced to the

right of the NHRL and define two mixing trends, one to a HIMU component with the



composition of the St. Helena HIMU source, the other also a HIMU component but
with higher 2°Pb/2Pb relative to 2°°Pb/”*Pb than the St. Helena source.

12) The St Helena HIMU component represents the composition of the hotspot which
has mixed with the depleted upper mantie to varying degrees to produce the magmas
of the high Zr/Nb, intermediate Zr/Nb, and low Zr/Nb groups. The second HIMU
component is only represented in the volumetrically minor Dark Siope Crater group,

and this may represent a local enriched lithospheric source.
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APPENDIX 1

X-RAY FLUORESCENCE (XRF) ANALYSIS

XRF is a quantitative analytical technique for the determination of element
concentrations in a wide variety of sample types. It is a precise and sensitive technique
with detection limits of down to the part per million (ppm) concentration level; it is also a
fairly rapid technique with simple sample preparation and is non-destructive. Major and
trace elements were analyzed using a Rigaku SMAX 3080 XRF spectrometer at the

University of Oklahoma.
Preparation of samples for Major and Trace Element Analysis

1) Wherever possible, fresh, unaltered samples were taken from the field. Rocks were
intially broken down into small chips in the field, and weathered, fractured surfaces, and
any vesicle fillings were removed. In the case of scoriaceous lava flows with small
vesicles it was not always possible to ensure that the vesicle filling or lining was
removed. Cinders and blocks from the scoria cones are almost invariably oxidized,

although fresh scoria was sampled wherever possible.

2) Scoria samples were ultrasonically cleaned and washed in distilled water prior to

breaking them down further.

3) A jaw-crusher was used to break down the rock chips collected from the field and
between crushing different samples the jaws of the crusher was thoroughly cleaned

with alcohol.

4) Finally, the fine rock chips were made into powders for chemical analysis using an
agate shatterbox. Again, extreme care was taken to clean the shatterbox. First all

mafic samples were made into powder followed by all felsic samples. Also between
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successive sample preparation the shatterbox was cleaned thoroughly, first with tap
water and air-dried, and then with alcohol before preparing the next sample to prevent

any contamination between the samples.

5) Maijor Element: Rock powders were first dried ovemight at 110°C and the water loss
(H20-) was determined. The dried powder was then ignited in an oven for an one (1)
hour at 950°C and weighed again to determine the weight loss (or gain) on ignition
(LOIl). The dried, ignited powders were mixed with a lanthanum-doped lithium
tetraborate/lithium carbonate flux (Spectroflux 105) with a rock to flux in the ratio of 1:5.
The mixture was mixed thoroughly in a Pt crucible and then melted over a gas flame.

Once melted it was quickly casted into a glass fusion bead.

6) Trace Element: 4.5 g of bulk rock powder was weighed and pressed lightly into a

disc. On this disc boric acid powder was poured and then subjected to 5 (?) pressure
for about one minute. The boric acid powder solidifies under pressure and a powder

pellet is thus prepared for analysis.

Principles of X-Ray Fluorescence.

An x-ray source is used to bombard the sample and produce fluorescence of the
elements in the sample; the secondary x-ray beam from the sample is a mixture of
scattered primary tube x-rays plus characteristic K and L series lines emitted by

elements within the sample.

The polychromatic secondary x-ray spectrum can be dispersed into its component
wavelegths using a diffracting crystal, and the intensity of individual characteristic x-ray

lines measured by a detector.



Calibration of analyte characteristic x-ray line intensity against analyte concentration for
standards of know chemical composition allows quantification of element abundance in
unknown samples. Also, to ensure maximum sensitivity and iowest detection limit in
the determination of a particular analyte, maximum signal strength (e.g., characteristic
x-ray line intensity) is obtained by selecting the appropriate combination of machine

components.

Analytical Procedure

The major elements analyzed included SiO,, TiO;, ALO; Fe03;, MnO, MgO, CaO,
Na,O, K0, and P,0s and the trace elements analyzed were Ba, Ce, Co, Cr, Cu, La,

Mn, Nb, Ni, Pb, Rb, Sc, Sr, Th, V, Y, Zn, and Zr.
Choice of x-ray tube:

A Rh anode x-ray tube produces good excitation for most elements to be analyzed (K
series tube lines excite good fluorescence of trace elements with analytical lines in the
range 0.65 to 1.7A; the trace elements analyzed were Cu, Nb, Ni, Pb, Rb, Sr, Th, Y, Zn,

and Zr. L series tube lines excite good fluorescence of major elements).

In conjuction to Rh tube, a W anode x-ray tube produces enhanced excitation of
elements of interest which are not well excited by the Rh tube. L series tube lines
produce good excitation of trace elements with analytical lines in the range of 1.8 to

3.1A and included the elements Ba, Ce, Cr, La, Mn, Nd, Sc, and V.

Tube Conditions:

Rh anode x-ray tube:

40 kV, 65 mA for major element analysis (Table 1)

60 kV, 40 mA for trace element analysis (Table 2)
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W anode x-ray tube:

60 kV, 45 mA for trace element analysis (Table 3)

Choice of analyte line:

Ka, the most intense line is used. However, L series line (preferably La) is used even
with a loss of sensitivity and precision due to machine conditions, K series lines
becoming increasing close together. So, L series lines are used for analysis of

elements with Z > 50, e.g., Ba, LREE, Pb, Th, U, with a Rh tube.

Choice of crystal-collimator combination:
For peaks with no nearby lines of other elements a combination (e.g., LiF(200) + coarse

collimator) is used where resolution is not required to give the maximum intensity.

For peaks with nearby lines of other elements a combination (e.g., LiF(220) + fine
collimator) is used which gives improved resolution to avoid potential interferences but

accepting a loss of intensity.

For peaks with unresovable line overlap a combination (e.g., LiF(200) + coarse
collimator) is used which does not produce high resolution, thereby stabilizing the line
overlap correction that is applied. Overlap corrections applied for Sr KB on Zr Ka and
Rb KB on Y Ka; correction factors are determined from spiked samples. Corrections

are also applied for spectral contamination of Pb, Zn, Cu, and Ni.

Choice of detector:
Flow detector s used for low atomic number elements (Z=11 to 25), and the scintillation

detector for moderate to high atomic number elements (Z > 25).
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Pulse Height Analysis:
Pulse height analysis windows are chosen carefully for each analyte line, so as to
include all counts arising from x-ray photons of the analyte but to exclude counts due to

n>1 diffraction from the crystal and crystal fluorescence.

Matrix effects:

Matrix effects which are very significant in XRF analysis was accounted for by dilution
and fusion of the sample in a flux as described in sample preparation method. Small
residual matrix effects were removed by application of alpha coefficient corrections.
Ideally, the major element oxides should sum to 100% by this technique, and reported
major element analyses (Tables in the text and Appendix [V) have been normalized to
100%; original totals were in the range of 99-101%. For trace elements determined
using the Rh anode x-ray tube, mass absorption corrections were applied internally
using the intensity of the Rh Ka Compton scatter peak (Harvey and Atkin, 1982). For
trace elements determined by the W anode x-ray tube, matrix corrections were applied

using mass absorption coefficients calculated from the major element composition.

Calibrations and standard:
Major and trace element calibrations were constructed using a wide range of
international standards, and instrumental drift was monitored by use of an internal

standard.
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Table 1: Rh Tube Major Element Conditions

Analytical conditions:

Rh anode tube operated at 40 kV, 65 mA.

Si Ko
Ti Ka
Al Ka
Fe Ka
Mg Ka
Ca Ka
Na Ko
K Ka
P Ka

Crystal

PET(001)
LIF(200)
PET(001)
LIF(200)
TAP(001)
PET(001)
TAP(001)
PET(001)
Ge(111)

Det

MMM

2]

PHA

10-30
10-30
10-30
10-30
10-30
10-30
10-30
10-30
10-30

Peak

109.10
86.18
144,95
57.55
45.24
45,13
556,22
50.62
140.95

Backgrounds
106.25 -
- 89.00
143.40 -
56.30 -
43,15 47.20
44.00 -
53.40 57.80
49,20 -
132.00 143,90

Time

40
40
40
20
100
40
100
40
100
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Table 2: Rh Tube Trace Eiement Conditions

Analytical conditions:
Rh anode tube operated at 60 kV, 45 mA.

Crystal Det Slit PHA Peak Background Time
Rh KCo LIF(200) S F 7-35 18.44 - - 20
Ni Ka LIF(220) F C 7-30 71.28 70.10 72.80 100
Co Ka LIF(220) F F 7-30 77.85 77.25 78.60 100
Cu Ka LIF(220) F C 7-30 65.55 62.75 68.50 100
Zn Ka LIF(200) S F 7-35 41,78 41.20 42.60 100
Ga Ka LIF(200) F F 7-30 39,95 38,35 39.60 100
Rb Ka LIF(200) S F 7-35 26.60 25,75 27.00 100
Sr Ka LIF(200) S F 7-35 25,13 24,50 25,75 100
Th La, LIF(200) S F 7-35 27.46 27.00 28.60 200
Pb LB, LIF(200) S F 7-35 28.25 27.00 28.60 200
U La, LIF(200) S F 7-35 26.14 25,75 27,00 200
Zr Ko* LIF(200) S F 7-35 22.54 21.73 23.10 100
Nb Ka LIF(200) S F 7-35 21.38 20,98 21.73 200
Y Ka* LIF(200) S F 7-35 23.75 23.10 24,50 100

*Overlap corrections applied for Sr KB on Zr Ka; Rb KB on Y Ka. Correction factors determined from spiked samples.
Rh Ka Compton peak used as an internal standard for all analytes.
Corrections applied for spectral contamination of Pb, Zn, Cu, and Ni.



Table 3: W Tube Trace Element Conditions

Analytical conditions:
W anode tube operated at 60 kV, 45 mA.

Crystal Det Slit PHA Peak Background Time
W LB, LIF(200) S Cc 10-36 37.15 - 37.45 40
Fe Kp LIF(220) F F 7-25 76.18 74.20 - 20
Ca Kp LIF(200) F F 7-30 100.25 96.25 - 40
Ti Ka LIF(200) F F 7-30 86.21 84.50 88.50 40
Mn Ka LIF(200) F F 7-30 63.03 61.95 64.70 40
Cr Ka* LIF(200) F Cc 7-30 69.40 67.00 71.00 100
V Ka* LIF(220) F F 7-30 123.18 121.25  126.00 100
Sc Ka* LIF(200) F F 7-30 97.78 96.25 - 100
Ba Lo LIF(200) F F 7-30 87.22 84.50 88.50 200
La Loy LiIF(200) F ] 7-30 83.02 82.05 84.00 200
Ce Lp, LIF(220) F F 7-30 11165 110.76 113.75 200
Nd Loy LIF(220) F F 7-30 112,70 11075 113.75 200

*Overlap corrections applied for Ti KB on V Ka; V KB on Cr Ka; Ti Ko on Ba La; Ti Ka on La
La; Ca KB on Sc Ka. Correction factors determined from spiked samples.
Correction applied for spectral contamination of Cr,
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Table 4: Lower Limit of Detection for XRF Trace Elements

Rh tube elements W tube elements
Elcement Standard 20LLD Element Standard 20 LLD
(ppm) (ppm)

Ni AGV-1 16 Cr BHVO-1 0.9
Cu AGV-1 1.6 Vv JB-2 1.6
Zn SY-2 1.7 Sc BHVO-1 1.4
Rb SY-2 1.0 Ba GS-N 2.5
Sr SY-2 1.0 La AGV-1 1.9
Zr SY-2 0.8 Ce AGV-1 32
Nb SY-2 0.5 Nd AGV-1 2.7
Y SY-2 0.7
Pb SY-2 1.5
Th SY-2 1.6
U NIM-G 13
Ga DR-N 13
Co DR-N 33
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INSTRUMENTATION NEUTRON ACTIVATION ANALYSIS (INAA)

Principles of INAA (Potts, 1987)

Samples ‘activated’ by irradiation with neutrons (usually in a nuclear reactor), makes
specific isotopes become radioactive by neutron capture-type nuclear reactions. After
removal from the reactor, sampies are allowed to decay (‘cool’) to permit unwanted
short-lived activity to diminish. Gamma-ray spectra from activated samples are then
measured using solid-state germanium gamma-ray detectors, usually over the energy
range 60 to 1600 KeV. Specific isotopes may be identified by their gamma-rays of
characteristic energy and quantitative determinations are made by comparing the areas
of these photopeaks with those in the spectrum of a standard sample, irradiated and

counted under identical conditions.

INAA involves the irradiation and analysis of rock powders that undergo no chemical
treatment in the course of the analysis and hence is a non-destructive procedure. The
technique is used predominantly for the analysis of specific trace elements down to
detection limits in the ppm to ppb range, and is especially sensitive for the rare-earth
elements (La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu), Sc, Co, Cr, Cs, Hf, Ta, Th, U, and

some other elements.

Sample Preparation

0.25 g of rock powder sealed in polyethylene vials in three (3) sets of groups of eight
(8) were irradiated at Georgia Institute of Technology. Out of these twenty-four
powders, each set contained two intemal standards, NIM-G (granite) and JB-1a

(basalt). Approximately one week after irradiation the samples were sent to University
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of Oklahoma where counting was done on low energy photon spectrometer (LEPS)

detector and coaxial detector and data reduction were performed.

INAA

The gamma rays emitted during the decay of radionuclides in an activated sample are
detected by an analyzing crystal (high-purity Ge), assigned an arbitrary energy
according to the size of the pulse produced in the detector, and stored in the
appropriate channel of a multichannel buffer (MCB). A gamma ray spectrum for a
sample is acquired over a period of time in the MCB, but for permanent storage and
data analysis the spectrum is saved in the computer memory. Each sample was
counted for three (3) hours on a LEPS detector for determination of '*Sm and ''Nd
and on a coaxial detector for determination of '*La and ""Lu. Approximately one
month after irradiation the samples were counted for 12 hours per sample on both the
LEPS and coaxial detectors for determination of **'Ce, **2Eu, *Tb, '**vb, ®Pa(Th),

8215, W4t “5Sc, ®Co, and *'Cr.
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Table 1: Data for commonly analyzed radionuclides produced by (n, y) thermal neutron capture
reactions in INAA

Stable Isotopic Cross Radio- Half- Gamma-ray LLD Prec-
nuclide abundance  section nuclide life peak (keV) (ppm) ision
la 99.91 9.0 4% a 4028 h 1596.49 0.5 2.6
W0ce 88.48 0.57 Wce 325 d 145.44 2.1 3.1
“eNd 17.18 1.3 “INd 10.99 d 91.11 46 35
%28m 26.74 206 3sm 46.7 h 103.18 0.1 2.1
Bigy 47.82 5900 B2gy 134 y 121.78 0.05 3.9
el 0.20 1100 aGa 2416 d 18543 46 11.0
o1p 100 25.5 Rt 1) 724 d 86.79 0.09 39
% Tm 100 103 Tm 1286 d 84.25 0.34 5.9
%yp 0.135 3470 1%8yp 3202 d 63.12 0.14 3.1
1761y 259 1740 My 671 d 13898 8:49 1.7
1804¢ 35,2 12.6 It 4239 d m,q@ g.g; 3.0
®'Ta 99,998 21 18212 145 d 67.75 0.07 47
21 100 7.4 B3py 270 d %gé ﬁg 4.3
KYEN B2
8 99.275 27 *Np 235 d zggég ?g 26.5

Isotopic abundance in percent; thermal neutron capture cross section in barns; half-life of radionuclide in hours (h), days (d), or years (y);
energy of analysed gamma-ray photopeak in KeV; 2o lower limit of detection (LLD) in ppm; typical precision expressed as the coefficient of
variation in percent (100 x a/x),
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RADIOGENIC ISOTOPE ANALYSIS

Radiogenic Isotope data was generated at the University of California, Los Angeles

using a muiticollector VG Sector mass spectrometer.

Sample Preparation:

For isotopic analyses, approximately 30 mg of rock powder was dissolved in an HF-
HNO; mixture in sealed teflon beakers for more than 6 hours on a hot plate. Sr and
REE were separated by standard cation exchange techniques, and Nd subsequently
separated from the other REE using HDEP-coated teflon resin. Pb was separated from
a separate dissolution using 600 ml anion exchange columns. Total process blanks

were approximately 300, 100, and 1000 pg for Sr, Nd, and Pb respectively.

Analytical Procedure (Davidson, Boghossian, & Wilson, 1993):

Sr was run with TaO, and phosphoric acid on single Re filaments using a dynamic
routine on the muilticollector mass spectrometer. *’Sr/*Sr ratios were normalized to
®Sr®®Sr = 0.1194. NBS 987 over the period of analysis was measured as 0.710220
+10. Pb was run on single Re filaments with silica gel and phosphoric acid, on the
same instrument. Mass fractionation was monitored by including at [east one (1) NBS
981 standard in each turret of ten (10) samples, and corrected for by normalizing to
accepted values of NBS 981. Nd was loaded in dilute HNO; on one side of a
separable triple Re filament assembly, and run in dynamic mode on the VG Sector 54-
30 mass spectrometer at UCLA. **Nd/"*Nd ratios were normalized to '®Nd/'**Nd =

0.7219. Analyses of the La Jolla standard gave a value of 0.511851 + 12.
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STABLE ISOTOPE ANALYSIS
Oxygen isotope measurements were made on a Finnegan MAT 251 gas source mass

spectrometer at the stable isotope laboratory of Southern Methodist University.
Analytical Procedure (Borthwick & Harmon, 1982):

In normal day-to-day operation, sample size is varied randomly between 2 to 25 mg
and reacted with approximately a 7:1 molar excess of reagent. Reactions are carried
out for 14 to 16 hours at 600°C for quartz or 650°C for most other minerals and whole-
rock powders. At these high temperatures there is some reaction of the nickel tube
walls resulting in a normal reaction vessel life of 180 to 200 runs per tube (wall
thickness = 0.22 cm). Blank levels are < 1 umole O, per tube and thus no blank

corrections are used.

The six tubes in each run set have the gaseous waste of previous reaction removed via
a Kbr trap at 80°C and a liquid nitrogen storage trap. The reaction vessels are then

heated at 650°C and 107° Torr for one hour. This eliminates the
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APPENDIX 2

Ascension Island samples and locations

Grid references are from the 1:25,000 Ascension Istand topographic map, series G 892, edition 4-GSGS, 1992

2

OCO~NONHWN -

BR2ZTBUVRRLLR2EEEREEHRS

basalt bomb

hawaiite bomb

gabbro xenalith
hawaiite flow

gabbro xenolith
mugearite flow
gabbro xenolith
gabbro xenolith
gabbro xenoiith
gabbro xenolith
gabbro xenolith

basatt lapilli
mugearite flow

basalt lapilli

trachyte pumice block
lithic (trachyte?) block
trachyte

trachyte pumice block
benmoreite pumice block
trachyte pumice block
trachyte pumice block
vitrophyre

trachyte

hawaiite flow

hawaiite flow

basalt [apilli

basalt bomb

basalt flow

basalt flow

hawaiite flow

hawaiite flow

gabbro xenolith
gabbro xenolith
gabbro xenolith
gabbro xenolith

basait flow

basalt flow

hawaiite scoria block
trachyte pumice
basait flow

trachyte flow

rhyolite pumice
trachyte pumice
trachyte pumice
basalt lapilli

hawaiite bomb
benmoreite flow
benmoreite flow
mugearite flow
mugearite flow
mugearite flow
benmoreite scaria block
hawaiite flow
benmoreite flow (local)
mugearite

hawaiite flow
benmoreite flow
hawaiite flow

trachyte

hawaiite flow (local)
hawaiite flow

basalt flow

basalt & beach sand

Grid ref
667203
670200
671198
672198
673199
672198
673199
673199
673199
673199
673199
655211
655211
655211
714212
714212
716218
714215
712214
709217
708217

?

?
676238
674238
669188
673185
674180
677181
681183
678197
673199
673189
673199
673199
684206
681200
684197
684199
685201
687202
684204
684204
684204
683202
681219
676217
674216
674209
670209
668211
645236
647236
647240
657239
661249
659256
662247
662248
657187
661183
661171

Location

Command Hill [C32], north side
Dark Slope Crater [C33], northwest flank
Dark Slope Crater [C33), southwest rim
Dark Slope Crater [C33], flow on southeast rim
Dark Slope Crater [C33], southeast rim
Dark Slope Crater [C33], southeast flank
Dark Slope Crater [C33], southeast rim
ditto
ditto
ditto
ditto
base of west side of South West Bay Red Hill [C31}

base of west side of South West Bay Red Hill [C31]; below Al-12
base of west side of South West Bay Red Hill [C31]; lapilli from cone
weakly welded ash-flow tuff, near Red Lion, Green Mountain

wealdy welded ash-flow tuff, near Red Lion, Green Mountain

near Monkey Rock

Green Mountain Road

Green Mountain Road

Green Mountain Road

Green Mountain Road

Middleton Ridge

Middleton Ridge

Sisters, young flow, flow surface east of Al-25

Sisters, young flow, flow front, One Boat Golf course

South Gannet Hill [C44] ; base of north flank
ditto ; top of hill

~600 m southeast of South Gannet Hill [C44]; flow from breach
~800 m east-southeast of South Gannet Hill; older flow than Ai-28

side of runway, west of Sandy Run; older flow than Al-29
~ 600 m east-southeast of Dark Slope Crater
Dark Slope Crater [C33]; southeast rim
ditto
ditto
ditto
Devil's Riding Schoal, north side
Devil's Riding School, south side of rim

Cone 40, partial scoria cone, south side of Devil's Riding School

Devil's Riding Schoal, south side; underlying basalt

Devil's Riding School, southeast side

Devil's Riding School, east side; overlying Al-40

Devil's Riding School, north side of centre ; layer 1 of 6
ditto ;layer3of6
ditto ;layerSof 6

Devil's Riding School, south side of centre

Lady Hill [C26], top of

~500 m west-southwest of Lady Hill

Donkey Plain, ~800 m west-southwest of Lady Hill

Table Crater [C29]

~300 m west-southwest of Table Crater

~500 m west-northwest of Table Crater

Fort Hayes [C23}

Georgetown, between Forts Hayes and Thornton

Fort Thornton [C22]; flow from cone

~700 m north-northwest of Cross Hill

~400 m north-northeast of Benin City

Comfortiess Cove
~300 m north-northeast of Benin City ; older than Al-56
ditto ; underlying Al-S8

~300 m southwest of Cotar Hill [C43]; flow from Cotar Hill
~400 m south of Cotar Hill; older than AI-60

near Mars Bay; South Gannet Hill flow

South West Bay; TS/probe only
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131

basalt flow

basalt flow

trachyte

trachyte

block and ash flow
benmoreite flow
trachyte

benmoreite flow
hawaiite flow
benmoreite scoria block
hawaiite flow
hawaiite flow
benmoreite flow
benmoreite scoria block
mugearite flow
trachyte

mugearite flow
hawaiite flow (local)
hawaiite flow
trachyte

mugearite flow
mugearite flow
mugearite flow
mugearite flow (local)
mugearite bomb
hawaiite flow
mugearite lapilli
trachyte

benmoreite flow
rhyolite obsidian
rhyalite (flow banded)
rhyolite (massive)
trachyte

benmoreite inclusion
trachyte pumice
trachyte

basait flow

mugearite flow
basalt flow

trachyte

trachyte

trachyte

basait flow

basalt flow (local)
hawaiite dyke
trachyte

basait flow
trachyte
mugearite flow
mugearite lapilli
trachyte pumice
trachyte vitrophyre
trachyte

basait flow (local)
basalt flow (locai)
trachyte

trachyte pumice

trachyte pumice
mugearite lapilli
basalt lapilli

basalt flow
basalt flow
trachyte

basalt flow
basalt flow
trachyte
benmoreite flow
rhyolite

735214
735214
740225
744219
756221
769213
765217
763218
715239
713248
711249
704253
704256
703255
737249
720239
720237
704240
702240
701233
686271
680272
712265
705262
709266
706269
685248
685248
684255
692215
693213
696212
701212
701212
703211
712210
665204
665205
658206

706202
708201
712198
710195
700203
691198
718187
722182
726178
725178
746234
746232
746230
745229
745240
744243
742247
738248

738248
738248
738248

743195
745195
745196
751196
759204
751226
751230
761222

Cricket Valley, west side
ditto ; above Al-64
Devil's Cauldron, west rim
Weather Post, south side
southeast of Powers Peak; TS sample only
Letterbox; small trachyte inclusions TS sample only
northwest of Letterbox
gully northwest of Letterbox; Devil's ink Pot flow
Bears Back, south side
Cone 3, northwest side of Bears Back
~300 m southeast of Hollow Tooth
~500 m south of Broken Tooth; flow from Sisters
Broken Tooth [C1]; flow from breach; older than Al-75
Broken Tooth [C1], south flank
~500 m southeast of Narth East Point, near Ariane site
Bears Back, gully at southeast side; underlying basalt
~1.1 km southeast of Bears Back; older than Al-72 and Al-79
~200 m north of Street Crater; flow from Street Crater [C9]
~300 m northwest of Street Crater; flow from Sisters
~1 km southeast Sisters Peak
~200 m north of BBC Station
flow front at southwest end of English Bay
~1.2 km northeast of Broken Tooth; flow from Broken Tooth
~400 m north-northeast of Broken Tocth; flow from Broken Tooth
~1 km northeast Broken Tooth; from Broken Tooth
~1 km north-northeast of Broken Tooth; flow from Sisters
Datly’s Crags; lapilli from Sisters complex mantiing the Crags (Al-91)
Daly’s Crags
flow front on English Bay Road, ~800 m north-northwest of Daly's Crags
Middleton Ridge ; west base
ditto ; overlying and associated with obsidian Al-93
ditto  ; overlying Al-S4
ditto  ; above AI-95
ditto ;inclusion from Al-96
ditto ; ~3 m air-fall unit above AI-96,-97
cliff face east of Middleton Ridge (flow 20-30 m thick)
~400 m northwest of Command Hill {C32]; flow from this cone
~500 m northwest of Command Hill; flow undertying Al-100
~400 m south of South West Bay Red Hill, near RC Grotto, Command
Hill flow
~500 m north-northeast of Mountain Red Hill
~500 m northeast of Mountain Red Hill
~700 m east-northeast of Mountain Red Hill
~700 m east-southeast of Mountain Red Hill
Grazing Valley, ~600 m northwest of Mountain Red Hill
unnamed cone [C47] southwest of Spoon Crater
Ragged Hill dome
~600 m southeast of Ragged Hill
Cocoanut Bay, west end
ditto
north-northeast of Devil's Cauldron
ditto
ditto ; block in pyroclastic unit
ditto ; overlying Al-115
~900 m south-southeast of Hummock Point; flow from breached Cone 21
~500 m south-southeast of Hummock Point; flow from breazhed Cone 20
Hummock Point
~500 m west of Hummock Point ; basal part of 1.1 m graded pyroclastic
unit

ditto ; middle part of graded unit

ditto . top part of graded unit

ditto . 25 cm layer above -120 10 -122
sequence

~900 m northwest of Round Hill

~800 m northwest of Round Hill; underfies Al-124
~800 m northwest of Round Hill; underlies Al-124,-125
~400 m north of Round Hill

south of Sharp Cliff

gully to Spire Beach

cliff section at north end of Spire Beach

cliffs directly opposite Boatswain Bird Island
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178
178
180
181
182
183
184
185
186
186a
187
188
189
190
191
192
193
194
195
196
197
198
198

basalt flow
trachyte xenoliths (9)
basalt lapilli
trachyte pumice
hawaiite flow
benmoreite flow
basalt flow
basalt lapilli
benmoreite flow
basatt lapilli
mugearite flow
mugearite (apilli
trachyte pumice
mugearite lapilli
trachyte pumice
rhyolite block
basalt lapilli
basalt flow
hawaiite flow
hawaiite flow
hawaiite flow
hawaiite flow
hawaiite flow
hawaiite flow
hawaiite flow
hawaiite flow
basalt flow

hawaiite flow
basalt flow
basalt flow
hawaiite flow (local)
basalt flow
trachyte
trachyte
mugearite flow
mugearite flow
basalt flow
benmoreite flow
trachyte

basalt {apilli
mugearite flow
basalt fapilli
basalt lapilli
trachyte pumice
trachyte
benmoreite flow
rhyolite (banded)
mugearite flow
basalt flow
basait lapilli
trachyte pumice
hawaiite flow
hawaiite flow
benmoreite flow
mugearite lapilli

benmoreite scoria block

benmoreite bomb
syenite inclusions (5)
hawaiite flow
hawaiite fapilli
trachyte
mugearite [apilli
mugearite flow
mugearite flow
mugearite flow
basalt fapilli
basalt lapilli
basait fapilli
basalt lapilli
benmoreite flow

764222
710216
709219
708220
722252
720255
659231
674221
668229
654236
652230
695205
695205
695205
695205
740209
738205
702188
648191
648191
648191
652194
652184
652194
652194
652194
648197

685236
685236
689235
692233
716178
718185
716185
715189
649221
682229
688263
734247
725243
686258
716212
711213
711213
752217
770212
763211
685214
692226
695226
725243
706234
674246
645211
647212
708250
708250
705256
705249
705247
654231
662232
663263
662262
688249
661189
662190
661186
653234
648225

ditto ; beneath Al-131
Green Mountain Road ; 1700-1800 feet (133a to i)

ditto . ~1300 feet

ditto ; ~1200 feet; unit directly below Al-134

flow front at northwest end of North East Bay

~600 m northwest of North East Bay; from Cone 3

Cross Hill [C24], southeastem flank

Lady Hill [C26], west side of base

One Boat, opposite petrol station

Cross Hill [C24], northwest flank

~600 m west-southwest of Cross Hill, close to The Needles
NASA Road, ~500 m northwest of Spoon Crater

ditto ; above Al-143
ditto ; above Al-144
ditto ; above AI-145
Cricket Valley, southern part of rim
Devils Ashpit

~300 m north-west of Green Top Crater
South West Bay, southern end ; lowermost flow in cliff sequence

ditto ; above Al-150
ditto ; above Al-151
South West Bay, main cliffs ; lowermost flow in cliff sequence
ditto . above Al-153
ditto . above Al-154
ditto ; above AI-155
ditto ; above Al-156

Drunk's Hideaway, South West Bay; Command Hill flow, younger than
153-157
~800 m west-southwest of Sisters Peak ; young Sisters flow
ditto ; uplifted flow under Sisters flow
~500 m southwest of Sisters Peak; uplifted flow
~600 m south of Sisters Peak; small, young Sisters flow
Pillar Bay, east side
Ragged Hill dome
ditto
~400 m northwest of Ragged Hill
~1 km north of US Base
Old Mountain Road, ~1.4 km east of junction at One Boat
English Bay Road, ~700 m south-southeast of BBC Station
North East Bay
Lower Valley Crater [C17]; overlying pumice Al-181
English Bay Road
Elliot's Path, directly east of the Red Lion
Green Mountain Road ; rcadcut at ~1850 feet
ditto ; layer above Al-173 in same roadcut
White Horse, west side
Letterbox
Little White Hill, southern side
~700 m southeast of Lady Hill, by New Mountain Road
~500 m west of Travellers Hill; flow from Travellers Hill [C16]
Travellers Hill [C16], northeastern flank
Lower Valley Crater, undertying mafic lapilli Al-170
North East Bay Road; flow from Butt Crater [C10]
English Bay Road, ~300 m south of Pyramid Point Road junction
~300 m west of Cat Hill; flow from Cat Hill [C30]
Cat Hill [C30], north side
Holiow Tooth {C2}, southwest side
ditto
Broken Tooth [C1] benmoreite flow (Al-76); (187atoe)
immediately north of Cone 5, possibly from breach
Cone 5, north flank
~600 m west of Cross Hill
Cross Hill [C24], east flank
~900 m northeast of Pyramid Point; from flow front(?)
~700 m northeast of Pyramid Point; older flow than Al-132(?)
flow from breached crater (Cone 4) northeast of Daly’s Crags
Cotar Hill {C43], north flank
Round Hill [C42], west flank
Cotar Hill {[C43], south flank
Cross Hill [C24], west flank
Gallows Hill
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210
211
212
213
214
215
216
217
218
219

241
242
243
244
245
246
247
248
249

251
252

256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

basalt flow

basatt lapilli
hawaiite flow
hawaiite flow
hawaiite flow
hawaiite flow
gabbro xenclith
hawaiite scoria bomb
hawaiite [apilli
hawaiite lapilli
hawaiite lapilli
hawaiite flow
hawaiite flow
granite xenaliths (7)
hawaiite lapilli
basatt biock/bomb
benmoreite flow
benmoreite bomb
hawaiite flow
mugearite flow
mugearite flow
mugearite flow
mugearite flow
mugearite flow
mafic inclusion
syenite inclusion
mafic inclusion
mafic inclusion
trachyte

trachyte pumice
basalt lapilli
hawaitte lapilli
hawaiite scoria block
basalt massive block
mafic inclusions (2)
mafic inclusions (5)
hawaiite massive block
basalt lapilli
benmoreite pumice
hawaiite flow

mafic inclusion
trachyte

trachyte

trachyte

mugearite flow
benmoreite flow
basait flow

hawaiite flow
rhyolite vitrophyre
xenoliths (12)

mafic inclusions (2)
hawaiite flow
hawaiite flow
hawaiite flow
mugearite flow
mugearite flow
trachyte pumice
hawaiite flow
hawaiite flow

basalt flow
benmoreite dyke
rhyolite obsidian
granite xenolith
hawaiite flow
mugearite flow
hawaiite flow
hawaiite flow
mugearite dyke
trachyte

hawaiite block
hawaiite lapilli

661208
658208
667198
669198
669198
670199
670199
674190
677192
678195
679186
679192
671192
710218
703235
701244
714262
706256
718257
664269
666270
690248
681255
671274
687204
687202
686203
686202
687202
692198
692198
692198
704187
704191
718187
726179
718190
718191
718191
743218
743218
742218
741219
740219
740218
740218
740218
741224
741224
705211
701212
693265
692269
671235
726236
726236
725237
728245
651184
651186
698209
698209
698209
697179
698183
765220
765220
767218
768218
693238
693238

South West Bay Red Hill [C31}], southeast flank; slaggy flow on flank
ditto . south flank

~500 m southwest of Dark Slope Crater {C33}

Dark Slope Crater {C33], southwest flank

ditto ; flow below Al-203
ditto ; flow above Al-204,-203
ditto

Cone 37, east flank
Cone 38, west flank
Cone 39, west flank
Booby Hill {C45], west flank
Cone 38, from breach on east side
Horse Shoe Crater [C34], from breach on southeast side
Five Mile Post, Green Mountain Road (213ato g)
Butt Crater {C10}, west flank
Sisters Red Hill [C7], northeast flank
~500 m south of Porpoise Point
Broken Tooth [C1], in benmoreite flow Al-76
~1 km northwest of North East Bay
~800 m southwest of North West Point
~700 m southwest of North West Point
~400 m east of Daly’s Crags; older flow from Sisters(?)
English Bay Road, ~900 m northwest of Daly's Crags
North West Point
Devil's Riding School; inclusion in trachyte
ditto
ditto
ditto
Devil's Riding School, east side; flow below Al-41
west flank of Spoon Crater ; S cm layer

ditto ; 20 cm layer above Al-229
ditto : 2m layer above Al-230
Green Top Crater [C51]
Mountain Red Hill {C48], south flank
Ragged Hill trachyte (234a,b)
Cocoanut Bay trachyte (235atoe)
South East Crater [C52}
gully northeast of South East Crater ; ~1m lapilli layer
ditto ; ~10 cm layer under AI-237
Weather Post, south side ; small flow in explosion crater
ditto ; inclusion in trachyte
ditto ; air-fali block in pyroclastics
Weather Post, southeast side
ditto ; carapace of dome
Cricket Valley; north rim
ditto ; overlies Al-244
ditto ; overlies Al-245
Devil's Cauldron, sauth wall; driblet flow within crater
ditto ; block in flow Al-248

Middleton Ridge; assorted xencliths, gabbro to granite (249a to I)
Middleton Ridge trachyte flow (250a,b)
~600 m east of BBC Station; fiow front
~500 m east of BBC Station; flow under Al-251
English Bay Road, ~300 m north of One Boat Goif Club
Upper Valley Crater [C18] ; flow from breach in north side
; blocks within Al-254 flow
~300m nonhww of Upper Valley Crater; air-fall block
~400 m northeast of Lower Valley Crater, side of North East Bay Road
near Met. Station; Cotar Hill flow
near Met. Station; Command Hill flow from flow front on Al-258

ridge south of Middleton Ridge
ditto ; in trachyte hosting dyke Al-260
ditto ; in trachyte hosting dyke Ai-260

South Red Crater [C50]; flow from breached southem side
~100 m north of South Red Crater; flow wrapping around crater
northwest of Letterbox, cliff sequence

ditto ; flow abave Al-265

northwest of Letterbox; cutting pyrociastics and flow sequence (-265,266)

South East Head, northeast side
Sisters Peak [C13], top
ditto
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27
272
273
274
275
276
277
278
279
280
281
282
283
284

286
287
288
289

291
293
294
295

297
298

hawaiite flow 697220
benmoreite scoria block 672218
hawaiite scoria block 667213
basalt scaria block 665213
mugearite flow 669214
mugearite flow 670216
hawaiite flow 697230
hawaiite flow 697230
hawaiite scoria block 704242
hawaiite flow 706241
hawaiite block 706245
trachyte 722241
hawaiite flow 722241
hawaiite scoria block 696235
hawaiite biock 698239
hawaiite flow 700236
mugearite lapilli 683196
hawaiite flow 684194
hawaiite flow 694196
hawaliite flow 694185
mugearite lapilli 703228
hawaiite lapilfi 700231
thyolite pumice 686193
trachyte block 696193
hawaiite flow 697195
mugearite scoria block 699192
hawaiite flow 689174
mugearite flow 690175
hawaiite flow 687179

~400 m south of Travellers Hill; flow from southeast breach of Cone 16
Cone 27, ~900 m west-scuthwest of Lady Hill
Cane 28, ~800 m northeast of SW Bay Red Hill ; wall of breach to SE
ditto . wall of breach to SW
~200 m northeast of Cone 28
~400 m northeast of Cone 28; younger flow than Al-275
Two Boats Village, narth end
ditto ; flow above Al-277
Cone 8, ~600 m northeast of Perfect Crater
~300 m northeast of Street Crater
Cone 6, ~900 m northeast of Perfect Crater
Bears Back, gully east of
Bears Back, gully east of: flow immediately overlying Al-282
ridge of older cone [C14] ~500 m southeast of Sisters Peak
Perfect Crater [C11], west rim
~300 m south-southeast of Perfect Crater
Cone 40, south of Devil’'s Riding Schoo!
~800 m south of Devil's Riding School
~300 m southwest of Spoon Crater
~400 m south-southwest of Spoon Crater
Thistle Hill [C15], northwest flank
road cut North East Bay Road, ~800 m south of Perfect Crater
cfiff in guily ~600 m south of Spoon Crater
ditto ; blocks in pumice unit Al-293
~800 m west-southwest of Mountain Red Hill
~800 m southwest of Mountain Red Hill. northwest rim of old Cone 49
~1 km southwest of South Red Crater
~0.9 km southwest of South Red Crater; older flow than Al-297
~0.4 km southeast of end of runway

Borehole samples

GH1 Location: McTurk's Culvert and RAF Base, grid reference 688217.
Top of hole 171.6 m above sea level, depth of hole 177.7 m.

GH1-1
GH1-2
GH1-3
GH1-4
GH1-S

hawaiite flow (intermediate Z¢/Nb)
basalt flow (intermediate Zr/Nb)
basalt flow (high Zr/Nb)

basalt flow (high Zr/Nb)

basait flow (high Zr/Nb)

27.3 m depth in hole, +144.3 m relative to sea level
33.7 m depth in hole, +137.9 m relative to sea level
166.0 m depth in hole, +5.6 m refative to sea level
176.0 m depth in hole, -4.4 m relative to sea level
177.2 m depth in hole, -5.6 m relative to sea level

GH2 Location: East rim of Cricket Valley, grid reference 743213.
Top of hole 478.5 m above sea level, depth of hole 533.4 m.

GH2-1
GH2-2
GH2-3
GH24
GH2-5
GH2-6
GH2-7
GH2-8
GH2-9
GH2-10
GH2-11
GH2-12
GH2-13

basalt flow (high Zr/Nb)
basalt flow (high Zr/Nb)
mugearite flow
trachyte flow

trachyte flow

trachyte flow
mugearite dyke/flow
mugearite flow
mugearite dyke/flow
benmoreite dyke/flow
benmoreite dyke/flow
hawaiite flow (intermediate Zr/Nb)
rhyolite flow

97.9 m depth in hole. +380.6 m relative to sea level
153.5 m depth in hole, +325.0 m relative to sea level
172.2 m depth in hole. +306.3 m relative to sea level
210.7 m depth in hole, +267.8 m relative to sea level
295.9 m depth in hole, +182.6 m relative to sea level
365.9 m depth in hole, +112.6 m relative to sea level
398.8 m depth in hole, +79.7 m relative to sea level
402.7 m depth in hole, +75.8 m refative to sea level
418.9 m depth in hole, +59.6 m relative to sea level
428.1 m depth in hole, +50.4 m relative to sea level
438.6 m depth in hole, +39.9 m relative to sea level
4826 m depth in hole, -4.1 m relative to sea level
497.8 m depth in hole. -19.3 m relative to sea level

GH3 Location: North of Baaby Hill, grid reference 678188.
Top of hole 64.6 m above sea level, depth of hole 62.8 m.

GH3-1
GH3-2
GH3-3
GH3-4
GH3-5
GH3-6
GH3-7
GH3-8

hawaiite flow (low Zr/Nb)

hawaiite flow (low Zr/Nb)

hawaiite flow (intermediate Zr/Nb)
hawaiite flow (intermediate Zr/Nb)
hawaiite flow (Dark Slope Crater)
hawaiite flow (Dark Slope Crater)
mugearite flow (Dark Slope Crater)
mugearite flow (Dark Slope Crater)

7.5 m depth in hole, +57.1 m relative to sea level

12.7 m depth in hole. +51.9 m relative to sea level
20.9 m depth in hole +43.7 m refative to sea level
30.6 m depth in hole. +34.0 m relative to sea level
43.2 m depth in hole. +21.4 m relative to sea level
45.3 m depth in hole. +19.3 m relative to sea level
47.4 m depth in hole, +17.2 m relative to sea level
§7.2 m depth in hole. +7.4 m relative to sea level
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GH4 Location: Near Bears Back, grid reference 711236.
Top of hole 178.6 m above sea level, depth of hole 220.4 m.

GH4-1
GH4-2
GH4-3
GH4-4
GH4-S
GH4-6
GH4-7
GH4-8

benmoreite flow

trachyte flow

basalit flow (high Zr/Nb)

hawaiite flow (intermediate Zr/Nb)
hawaiite dyke/flow (intermediate Zr/Nb)
hawaiite flow (intermediate Zr/Nb)
hawaiite flow (intermediate Zr/Nb)
hawaiite flow (intermediate Zr/Nb)

39.9 m depth in hole, +138.7 m relative to sea level
76.2 m depth in hole, +102.4 m relative to sea level
89.4 m depth in hole, +89.2 m relative to sea leve!
119.5 m depth in hole, +59.1 m relative to sea level
137.1 m depth in hole, +41.5 m relative to sea level
157.4 m depth in hole, +21.2 m relative to sea level
168.9 m depth in hole, +9.7 m relative to sea level
192.3 m depth in hole, -13.7 m relative to sea leve!

GH5 Location: Old Mountain Road, grid reference 688228.
Top of hale 157.0 m above sea level, depth of hole 271.9 m.

GHS-1
GHS-2
GHS-3
GHS4
GHS5-S
GHS-6
GH5-7
GHS-8
GHS-9

GH6

GHE-1
GH6-2
GH6-3
GH6-4
GH6-S

basakt flow (intermediate Zr/Nb)
basalt flow (intermediate Zr/Nb)
hawaiite flow (intermediate Zr/Nb)
mugearite flow

mugearite flow

trachyte flow

basalt flow ()

basatt flow ()

trachyte dyke/flow

20.8 m depth in hole, +136.2 m refative to sea level
25.4 m depth in hole, +131.6 m relative to sea leve!
35.0 m depth in hole, +122.0 m relative to sea level
47.5 m depth in hole, +109.5 m relative to sea level
49.0 m depth in hole, +108.0 m relative to sea level
88.7 m depth in hole, +68.3 m relative to sea level

121.0 m depth in hole, +36.0 m relative to sea level
131.4 m depth in hole, +25.6 m relative to sea level
217.1 m depth in hole, -60.1 m relative to sea level

Location: Devil's Riding School, grid reference 690203.
Top of hole 189.0 m above sea level, depth of hole 394.4 m.

trachyte flow (Devil's Riding Schooal)
hawaiite flow (high Zr/Nb)

basalt dyke/flow (high Zr/Nb)

basalt dyke/flow (high Zr/Nb)

7 flow ()

24.6 m depth in hole, +164.4 m relative to sea level
3229 m depth in hole, -133.9 m relative to sea level
340.5 m depth in hole, -151.5 m relative to sea level
375.9 m depth in hole, -186.9 m relative to sea level
383.9 m depth in hole, -194.9 m relative to sea level

LDTGH Location: West of Middleton Ridge, grid reference 689210.
Top of hole 174.7 m above sea level, depth of hole 339.9 m.

LDT-1
LDT-2

hawaiite flow (high Zr/Nb)
trachyte flow

300.4 m depth in hole, -125.7 m relative to sea level

328.7 m depth in hole, -154.0 m relative to sea level
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APPENDIX 3
PETROGRAPHY

The following is a summary description of the petrography of the different mafic and felsic rocks

of Ascension Island based on examination of thin sections.

MAFIC ROCKS

Gabbro xenoliths

We collected xenoliths from the Dark Slope Crater and Middieton Ridge. The mineralogy
includes clinopyroxene, plagioclase and olivine in different proportions in the different xenoliths
with either plagioclase > pyroxene > olivine or pyroxene > plagioclase > olivine. The
plagioclase grains to 8 mm, clinopyroxene grains to 6 mm, and olivine grains to 4 mm in size.
Some clinopyroxene are twinned and also show development of exsolution lamellae. Olivine
grains are mostly aitered and fragmented with most of them showing undulose extinction.
Subhedral to anhedral plagioclase crystals form the cumulus phase with pyroxene and olivine

forming the intercumulus phases where piagioclase > pyroxene > olivine.

High Zr/Nb flows

These flows are sparsely to moderately phyric basalt containing a microphenocryst assemblage
of mostly plagioclase and olivine, order varying from flow to flow, together with titanomagnetite
and rare patchy clinopyroxene crystals. Some olivine crystals are altered, but with fresh cores.
The size of the phenocrysts are about 1 to 1.5 mm occasionally going up to about 3 mm. The

groundmass is sparsely to moderately vesicular.

Low Zr/Nb flows

These flows are aphyric in nature and hawaiitic in composition. Rare plagioclase phenocryst
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are observed with a size range to 2.5 mm. The groundmass is fine to medium grained with
plagioclase laths typically of 0.1-0.2 mm, ranging up to 0.5 mm. Some of the flows are

moderately vesicular with small vesicles scattered throughout the groundmass.

Intermediate Zr/Nb flows

The majority of the island is covered by intermediate Zr/Nb flows ranging in composition from

basalt, hawaiite, mugearite and benmoreite.
Basalt

Sparsely phyric, slightly to moderately vesicular flows contain plagioclase and olivine
phenocrysts. Plagioclase phenocrysts are fairly abundant, in the size range of 2.5 - 3 mm,
ranging up to 5 mm. The crystals are mostly euhedral with some that have undergone partial
resorption. Olivine microphenocrysts are common, up to 1 mm in size, and rarely forming
glomerocrystic clusters with plagioclase phenocrysts. Olivine appear generally fresh except for
incipient alteration of rims to iddingsite and the crystals are euhedral, and partly embayed or
resorbed. Small, somewhat square opaque minerals forms inclusions in the olivine crystals.
Groundmass contain laths of plagiociase up to 0.5 mm and marginally aitered olivine; opaque
minerals are mostly very small, but range up to 0.2 mm. At places the groundmass contains

dark patches which are much less crystalline.
Hawaiite

Mostly aphyric and slightly to moderately vesicular, aithough some flows are massive, these
flows contain rare microphenocrysts of plagioclase ranging to 1 mm, olivine, ranging to less than
1 mm and variably altered, and clinopyroxene ranging to 1.5 mm with the crystals embayed and
resorbed. Titanomagnetite microphenocrysts are more common than the other crystal and
range up to 0.5 mm. Groundmass is fine grained and containing plagioclase laths typically

about 0.1 mm.



Mugearite

These flows are aphyric to moderately phyric and contain variable proportions of feldspar,
plagioclase, and titanomagnetite phenocrysts and olivine microphenocrysts and phenocrysts.
Feldspar phenocrysts are rare and range to 1.5 mm, olivine microphenocrysts are very rare,
range to 0.5 mm and are completely altered. Groundmass is medium grained with feldspar

laths up to 0.5 mm with patchy, irregular development of flow alignment.
Benmoreite

Aphyric benmoreite flows varies from massive to high vesicularity with plagioclase up to 1 mm in
size forming the rare microphenocrysts. In some flows rare olivine (0.5 mm) and
titanomagnetite (less than 1 mm) microphenocrysts are also observed. Groundmass is of
variable grain size with plagioclase laths typically 0.2 mm, up to 0.5 mm, and with some
development of flow alignment of plagioclase laths. One of the youngest geologic features of
the island is the fissure eruption of benmoreite lava on the extreme eastern section of the island
(Letterhead). These lavas are moderately phyric and vesicular and contain plagioclase

phenocrysts, and clinopyroxene, olivine and titanomagnetite microphenocrysts.
Intermediate Zr/Nb Mugearite and Benmoreite flows from Broken Tooth

Mugearite flows from Broken Tooth on the northern section of the island are sparsely phyric and
moderately but variably vesicular. Feldspar and clinopyroxene form the phenocryst
assemblage. The benmoreite lavas from the same cone (Broken Tooth) contains feldspar,
olivine, and clinopyroxene phenocrysts, and titanomagnetite microphenocrysts. These lavas

are phyric and moderately vesicular.
Intermediate Zr/Nb Hawalite and Mugearite flows from Dark Slope Crater

Aphyric and moderately vesicular these hawaiite flows contain rare olivine microphenocrysts

which range in size to 1 mm, typically extensively altered, but occasionally with fresh cores.



The groundmass contains plagioclase laths up to 0.2 mm in size, small altered olivine and small

opaque minerals.

FELSIC ROCKS

Plutonic and Volcanic Xenoliths

Felsic plutonic xenoliths (monzonite, syenite, and granite) and volcanic xenoliths (trachyte and
rhyolite) occur mainly in pyroclastic deposits on the westem flanks of Green Mountain. The
granite, syenite, and monzonite xenoliths have been described in great detail by Roedder &
Coombs (1967), Harris & Bell (1982), Harris et al. (1982), Harris (1983), Sheppard & Harris
(1985), and Harris & Sheppard (1987). The granite xenoliths from Five Mile Post vary in size
from a few cm to 25-30 cm in length and generally are fine grained with a few which are coarser
grained. Monzonite xenoliths occur on Middleton Ridge and syenite xenoliths in the flows from
Broken Tooth (Harris, 1983). Trachytic and rhyolitic xenoliths from close to Five Mile Post vary

vastly in size and generally have a schistose texture.

Trachyte and Rhyolite

Trachytic rocks vary from being aphyric to very sparsely phyric to strongly phyric and are mostly
massive although some are slightly vesicular. The most abundant phenocryst phase is alkali
feldspar, with olivine, clinopyroxene, and titanomagnetite forming the other phenocryst or
microphenocryst phases. Weaver et al. (1996) reported trachyte that from Ragged Hill and
Cocoanut Bay has unusually high contents of alkali feldspar phenocrysts (25 to 35%). The sizes
of the phenocrysts varies: feldspar phenocrysts are up to 2 mm, olivine up to 1.5 mm, and
titanomagnetite and clinopyroxene are up to 0.5 mm and occur as rare clusters. Plagioclase
phenocrysts are rare and tabular in shape, and range up to 2.5 mm. Some trachytic rocks

contain small (0.5 mm) rounded crystals of amphibole with reaction rims. Overall the
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groundmass in the trachyte is fine grained with plagioclase laths ranging between 0.1 and 0.2

mm, and rarely up to 1 mm and exhibiting a patchy, weak flow alignment.

Rhyolitic rocks mostly are aphyric to sparsely phyric and massive in general; microphenocrysts

are alkali feldspar.



APPENDIX 4

Major element, trace element, radiogenic isotope, and
stable isotope data
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SiQ, Tio, A0, Fe0,

Al-10
AT
Al-32
Al-206
Al-3
A35
Al-8
Al5
Al-9
Al-33
Al-34
AI240h |
Al-249m
Al-249a
Al-249f
Al-249n

Al-224
Al-226
Al-227
Al-225

Al-234b

Al-235d
Al-235e
Al-235b
Al-235a

AF240
"A-2506 |
Al-

Al-97

Ai-187d
Al-187e
Al-187c
Al-187¢1
Al-187a
Al-187g
Al-187b
Al-187h

Al-249g

Gabbro xenoliths

4205 009 796 983
4831 0.15 1359 649
4842 023 1209 582
4690 0.16 1558 7.00
4831 012 1444 64
47.39 015 1943 530
50.55 029 1639 456
4945 0.20 2043 497
4804 0.19 2103 674
47.75 0.10 2638 319
4769 010 2625 244

47.29 071 19.12 765
4857 083 2006 657
4872 042 2376 449
4848 037 2510 425

Mafic xenoliths in trachyte
47.57 3,86 1397 1565
47.49 291 1578 13.23
49.19 360 17.21 1383
6345 069 1841 3868

51.24 2.40 16.29 11.23

5024 331 1537 1210
4989 298 1514 1238
$2.44 287 1608 11.18
54.57 228 16.09 10.08

0.11
0.09

Q.16
027

0.18
025

0.21

5496 193 17.84 884 016 205

§5.15 1.96 17.89 9.00

Syenite xenoliths

60.47 087 1769 564
61.74 072 1838 5.16
6223 060 18.16 452
6282 055 1856 4.10
6286 057 1862 3.65
6305 046 1850 328
63.35 0.47 18.79 3.60
6421 039 1842 365
Monzonite xenoliths
61.39 090 1809 483
6231 094 1748 S43

Al-249]

0.18

0.14
0907

0.09

MgO CaO Na,0 KO0 P,Os LOI H,O- Cr Cr Ni Co Co Cu Zn V Sc Sc Ga Rb Sr Ba Th
xrt inaa xef xef inaa xef xef xef xef inaa xef xef xef  wrf xef
3424 502 042 003 019 025 035 2110 1204 114 47 65 3B 4 5§ <1 61 28 <2
19.14 13.22 067 004 027 023 042 2416 545 7 43 39 86 2t 8 <1 130 76 <2
16685 1564 070 003 022 02 016 403 57 60 48 9 <t 122 <2
1572 13239 105 005 015 039 030 482 63 108 37 11 <« 125 <2
1520 1451 085 002 010 019 037 775 273 61 88 70 144 28 "M <1 87 14 <2
11.30 1489 125 005 024 050 0.35 242 53 58 53 13 1t 169 <2
871 1695 126 004 016 086 065 1592 153 20 64 46 150 34 12 <t 103 54 <2
793 1503 165 005 013 068 070 556 131 39 363 S5 86 97 21 320 15 <1 143 109 <2
761 1371 204 006 031 050 057 559 215 52 473 70 118 76 11 207 15 <1 197 121 <2
562 1517 156 005 018 085 037 119 22 26 34 16 <1 195 <2
587 1595 154 005 011 043 024 138 18 33 43 15 <1 196 <2
, , . I , 0.14 0,45 164 84 S 94 13 1 3 <2
993 1318 159 041 038 105 077 124 43 21 49 17 2 551 <2
8.12 1357 173 013 042 137 115 91 32 10 47 19 1 51 <2
5§22 1460 219 012 048 070 0,70 9 27 18 64 19 <t 590 <2
414 1479 230 011 046 054 050 37 38 2 64 19 <1 707 <2
470 910 339 094 082 -039 035 17 4 17 227 28 18 440 3
539 989 348 105 060 -002 034 4% 54 22 186 248 27 25 22 552 2715 3
268 624 410 177 113 224 199 70 &0 <2 523 223 24 27 B 408 354 23
035 130 745 423 024 053 016 5 <2 4 104 g 49 181 4
] } : : ) ) ) 24 L]
373 847 469 124 050 018 019 26 53 44 166 215 28 25 21 407 1266 3
. J X R . i X 8 26 18 99
389 764 474 164 107 066 042 10 25 11 94 25 19 510 6
347 705 499 239 173 107 079 6 19 19 220 25 39 536 5
331 590 521 211 090 140 09 9 22 11 99 26 27 468 5
221 494 549 276 158 1.02 080 7 13 21 119 25 39 498 6
&5 490 202 051 017 021 3t 20 31 148 2640 41 i)
) . ) ) X 065 25 43 16 403 103 19 26 40 508 761 6
548 606 184 084 079 156 52 32 15 665 90 20 28 34 586 823 3
182 521 594 201 084 085 135 12 159 39 31 286 14 497 87 20 197 27 65 565 947 5
078 337 699 260 159 060 0.27 4 <2 7 88 26 31 364 4
041 293 755 274 023 033 015 <2 19 2 82 7 10 27 28 278 1668 2
030 248 723 340 103 064 023 4 23 7 67 11 1 26 31 2631513 3
048 255 715 316 063 047 024 4 <2 4 72 26 30 301 3
038 230 763 354 038 048 013 <2 9 8 51 11 7 27 25 268 1625 2
034 254 791 322 069 066 027 2 <2 4 73 25 24 302 3
035 279 739 290 036 032 015 3 < 4 62 27 32 3IN 3
027 171 736 367 032 051 028 3 <2 8 47 23 35 208 5
106 255 643 2386 0.89 043 050 8 2 7 83 28 79 311 5
089 261 672 305 047 030 030 4 <2 6 81 28 62 298 5
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Si0, TiO. 0, Fe,0;, MnO MgQ Ca0 Na,0 K,0 P,0; LOI O- Cr Cr Ni Co Co Cu ZIn Sc Sc Ga Rb Sr Ba
10 2 ALO; Fe0y M g : 0 PO M xrt inaa xif xif inaa xef xref m xrif inaa xrf xf xit xif xd
Al-249b | 64.09 083 1736 4.76 080 248 677 272 019 017 008 5 <2 4 65 27 52 327 7
Al-249] [ 64.14 072 1832 444 052 200 743 240 003 043 020 3 <2 2 76 28 62 3N 5
Al-249k | 64.17 0.72 1835 442 057 193 733 247 004 049 020 5§ <2 2 83 28 78 297 5
A)-249d | 64.34 0.69 17,47 407 066 195 66t 375 046 037 031 S5 <2 4 68 29 86 294 7
Al-249e | 64.34 073 1745 446 063 202 682 3148 037 026 026 4 <2 s 72 28 50 223 5
Al-249¢c | 64.46 075 1698 459 081 213 648 352 028 029 016 5 <2 3 8 20 84 3N 6
Trachyte/rhyolite xenoliths
Al-1331 | 68,58 0.31 1480 453 006 024 607 523 018 034 038 7 <2 3 166 36 105 6 13
Al-133g { 69.06 031 1478 414 008 032 606 511 044 038 038 8 <2 4 164 35 103 9 13
Al-133b | 69.28 0.31 15.14 3.51 014 028 598 510 0.26 040 0.31 4 <2 4 1268 34 140 19 18
Al-133c | 69,66 029 1442 438 007 018 569 507 024 053 043 8 <2 4 181 37 119 8 16
Al-133f |} 69.81 028 1415 4.26 003 028 569 500 050 051 062 9 2 4 185 36 131 18 19
Al-133a { 7097 029 1281 495 006 035 550 471 0368 037 04 6 <2 S 199 34 135 4 19
Al-133h | 71.19 025 1337 424 004 029 584 476 002 031 012 7 <2 6 220 7 144 3 17
A-133d ] 7206 0.23 1290 419 004 019 554 475 010 018 019 7 <2 7 223 37 158 3 20
Al-133e 1 73.06 021 1264 392 007 012 522 472 004 028 022 9 <2 5§ 223 38 17 2 24
Granite xenoliths
Al-262 | 7299 0.19 1211 449 <005 023 521 475 003 003 005 7 <2 3 23 40 87 3 15
Al-213d | 7383 018 1186 395 012 <005 027 523 453 003 013 009 3 36 4174 5§ 2 38 N 4 46 12
Al-213a | 73.86 0.24 1069 528 024 <005 031 482 45 003 013 006 <2 35 331 5§ § 37 96 6 4 223
Al-213( {73686 018 1196 387 011 <005 025 517 457 003 0148 006 2 18 5163 4 1 39 88 S 83 12
Al-213c | 7380 0.19 1118 455 016 <005 018 530 449 005 022 007 <2 33 6 150 19 1 a8 157 5§ 32 17
Al-213g | 73.93 022 1082 492 0.16 <005 019 519 439 018 037 017 2 47 11 160 7 4 40 180 9 43 10
Al-213b 1 74.10 0.19 1099 485 020 <005 025 468 468 006 025 0.0 <2 25 11297 § 3 39 108 18 45 37
Al-213e | 7535 012 11.04 422 014 <005 028 455 429 001 016 004 <2 37 9171 11 1 37 68 § 38 9
High Zr/Nb basalt
Al-173 | 4872 216 1795 1078 0.15 608 1033 268 .071 044 037 075 126 109 45 60 113 207 28 21 17 831 164 2
Al-230 | 4880 246 1602 1197 018 601 1004 321 092 039 -055 098 4 70 60 93 296 33 20 17 421 262 2
Al-45 5060 305 1528 13,74 017 482 792 300 092 050 183 422 24 245 37 68 661 45 141 250 34 N7 22 25 400 179 2
Al-148 4889 257 1590 1199 018 598 1001 310 096 042 -041 051 28 40 43 59 93 281 32 24 20 427 251 2
At 237 4874 255 1567 1220 017 585 967 367 091 057 071 193 3B 68 52 97 269 32 20 17 407 253 2
A)-172 | 4964 273 1608 1299 018 565 901 252 085 035 145 215 35 322 47 A3 411 53 105 243 31 282 23 20 404 212 2
Al-134 | 5011 273 1567 1277 018 549 880 283 098 044 040 177 30 43 40 52 106 253 3t 24 21 415 213 4
Al-14 49.27 188 1679 1085 015 7.00 1048 244 071 043 101 242 151 165 100 41 425 85 83 199 28 261 18 13 435 1”77 2
Al-201 [ 4846 186 1681 1068 0496 ©684 1107 298 083 031 065 013 93 72 94 83 235 28 20 14 425 157 2
Al-200 4897 203 1700 1079 0145 571 1101 309 084 041 012 0SS 78 64 60 99 234 29 21 12 462 211 2
A1-127 14844 242 1624 1140 016 570 1097 329 088 0S50 017 044 63 47 52 51 80 250 29 23 15 448 254 2
Al-124 | 4798 281 1561 1301 017 606 994 312 085 045 -024 039 36 357 50 61 560 52 93 278 32 320 24 14 444 189 3
Al-149 [ 4849 293 1516 1312 018 S70 957 347 095 043 018 035 26 41 60 64 96 329 N 23 19 472 218 3
Al-110 | 4851 273 1577 1295 017 571 944 338 092 042 -024 031 35 §2 66 3B 102 274 32 24 10 420 207 4
Al-128 ] 49.09 265 1548 1244 017 554 907 400 111 045 -065 016 31 329 38 54 546 46 94 246 28 300 25 20 418 237 2
Al-162 ] 4797 303 1508 1361 020 577 982 320 092 040 -006 049 29 43 57 55 100 324 32 23 18 435 197 2
Al-107 | 4855 300 1528 1348 016 533 946 334 094 046 018 042 256 279 39 59 597 56 93 304 33 335 26 18 436 209 2
Al-106 | 47.86 301 1558 1370 018 557 983 311 072 044 011 046 31 42 61 26 100 330 33 24 7 438 203 3
Al-233 4795 3.02 1500 1366 019 575 993 329 079 042 -018 058 43 65 44 101 394 35 25 12 434 209 2
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Si0, TiO, Al0, Fe,0, MRO MgO CaO Na,0 K, 0 P,O; LOl H,O0- Cr Cr N Co Co Cu Zn Sc Sc Ga Rb Sr Ba Th
2 10z AlO; Fe0, 9 = T Tats O 8 inas a1 inaa < o xf xi ines o o At o3
Al-36 | 47.71 308 1543 1360 016 505 960 354 1.14 069 -006 035 47 35 56 25 207 249 30 25 24 559 267 3
Al-37 | 4759 298 1543 1343 018 555 974 342 106 062 -020 031 SO 537 48 72 697 48 101 248 27 281 24 19 551 259 2
Al-40 | 4755 296 1562 13.22 016 554 1003 331 098 063 007 034 54 47 76 43 119 238 28 24 19 539 243 2
Al-64 |5058 252 1561 1198 017 523 856 361 129 045 040 031 22 268 34 46 461 38 87 201 25 289 26 28 414 289 3
Al-65 | 5062 257 1555 1229 0.7 499 846 357 134 044 035 054 25 36 46 31 228 27 26 29 406 276 4
Low Zr/Nb hawaiite
AI60 | 47.94 364 1467 1337 021 490 912 372 141 102 054 041 3 26 12 53 488 22 132294 29 279 24 27 551 379 3
Al-61 47.45 365 1514 1353 049 514 896 359 143 092 -072 037 7 19 61 25 103 254 23 25 29 572 387 4
Al-152 | 4758 3,79 1532 1379 018 420 871 384 160 099 030 064 2 60 14 45 478 22 103 263 27 284 24 33 563 413 4
Al-151 | 4758 3.74 1504 1354 019 461 880 385 160 105 -017 051 3 16 55 23 97 239 25 25 35 588 427 4
Al-157 | 4769 383 1554 1384 020 388 832 396 165 109 061 070 3 18 13 57 565 13 140 287 28 288 24 32 6533 395 §
Al-258 | 4755 378 1521 1374 020 436 880 374 157 105 -031 065 20 49 25 103 303 27 26 26 575 410 5
Al-211 | 47.88 380 1548 1361 049 369 860 400 165 1.10 062 076 10 59 13 122 322 27 23 34 584 433 5
Al-207 [ 47.37 376 1512 1348 021 470 885 389 159 103 042 019 12 55 17 11 321 29 24 34 573 419 5
Al-212 | 4734 3.76 1506 1357 021 408 913 410 163 1.12 007 037 9 48 15 108 324 27 25 33 574 425 4
Al-208 | 48.84 3.73 1540 1342 021 457 796 325 160 102 213 1.90 8 68 21 116 278 30 24 38 596 413 5
Intermediate Zr/Nb basalt and hawaliite
Al-1 4739 260 1585 12,79 0.18 665 1046 277 066 065 040 030 130 127 B85 46 459 60 91 283 28 301 21 12 386 155 <2
Al-100 | 47.53 267 1580 1278 017 665 1035 281 065 059 044 033 146 156 97 59 577 53 92 248 29 300 23 11 385 144 <2
Al-102 | 48.00 273 1545 1290 017 648 1023 277 065 064 004 036 153 9 61 57 98 255 29 21 12 381 149 2
Al-158 ] 47.47 270 1567 1281 017 686 1014 294 065 059 049 022 153 177 105 61 60O 59 96 250 25 308 2 12 382 152 2
Al-259 | 47.63 2.64 1589 1266 017 652 1050 278 058 063 -004 0.38 85 % 65 90 269 28 22 10 401 159 <2
5 58 2, . . : ) X X . X X a1 67 47 104 1
Al-123 | 48.87 255 16,17 1142 020 591 959 3068 124 099 022 024 81 839 63 33 325 49 113 195 25 230 21 25 492 288 3
5 25 3. . ; ) . X . ) 1741 221 35 26 37
A% TA78T 3421500 1392 027 522 024 32T 123 085 U003 U, WA T e T /27 55 0T
Al-27 | 47.40 341 1508 1399 020 521 928 343 119 081 -020 017 32 32 39 38 108 303 29 24 23 464 268 2
Al-28 | 47.28 338 1499 1376 020 547 950 369 119 084 -031 030 32 327 29 99 916 33 108 296 28 270 25 23 469 262 3
Al-62 ] 4738 343 1512 1393 020 512 9413 363 120 086 076 030 28 29 61 33 115 291 30 24 21 4668 268 2
Al-195 | 4792 335 1525 1386 021 530 899 316 1.15 081 -035 1.15 25 54 35 116 314 30 24 23 454 21 <2
AlI-197 | 4769 344 1521 1394 022 515 899 324 125 087 -032 051 23 7N 34121 327 0 25 25 467 286 2
Al-196 | 4793 343 1511 1410 021 517 897 309 118 081 020 1.11 27 49 33 116 309 29 24 24 445 273 3
Al-29 | 4754 3.46 1492 1399 020 510 914 359 122 084 -042 029 29 33 85 27 110 301 29 24 22 460 2715 3
E 49, K] ) i ) S ; 00 1. . , ] 1 26 10 130 23 35 4N 4
Al-297 | 4893 324 1479 1320 023 416 8.19 451 147 1,28 014 027 5 32 4129 207 21 28 30 513 353 4
Al-299 | 49.14 325 1521 1278 023 419 807 428 156 129 -040 028 12 34 4 132 205 22 27 20 501 385 4
AT30 | 4976 3.15 1403 1265 022 415 817 4080 148 151 044 068 4 19 10 8 7137 <
Al-290 | 49.09 3.17 1498 1280 025 425 821 415 157 153 -015 0.39 9 34 6 137 207 21 25 28 508 365 3
Al-295 | 4958 305 1501 1253 025 410 797 430 162 159 -029 037 6 34 2 146 188 21 26 31 507 392 4
Al-231 | 5056 2.86 1515 1206 024 431 753 399 172 158 144 233 8 45 <2 139 147 20 25 34 502 363 5
ATZ88 |40 5 X ) . X ] . 21 040 0.2 11 35 7 124 193 20
A209 ] 5047 3.14 1538 1285 021 435 740 358 160 102 151 134 20 51 26 193 231 286 27 36 592 3/1 5
Al-236 | 40.07 3.22 1448 1357 024 436 0824 410 131 141 043 023 9 a9 9 132 235 26 27 26 45 347 4
Al-263 | 4961 309 1472 1321 024 417 808 415 134 1.39 -036 066 9 48 9 140 214 28 28 23 486 361 4
Al-232 | 4996 304 1547 1308 022 316 7.79 429 154 145 039 062 8 60 5133 170 27 29 30 515 393 4
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0 P,0s LO 0- C Cr i Co Co Cu Sc Sc Ga Rb Sr Ba Th
Si0; TiO; Al,0, Fe;0, MnO MgO CaO NaO KO PO ' xt% inaa x'?f xef inaa xﬂ xr'} m xef inaa xef xef  xef  xef xef
49.11 14, X4 1
49,490 367 14,33 1426 020 420 862 354 1.28 050 041 0.86 18 47 22 136 303 27 25 256 435 320 3
, 1 16 45 13 124 193 24
4990 294 1536 1275 023 404 791 391 1.54 1.40 0.75 108 12 10 54 8 137 167 28 26 30 464 356 3
.01 ; , , 052 6 47 O 24 233 8 1
14 I 054 210 8 21 39 24 130 281 3% %5 20 412 20 2
4761 397 14.05 1520 022 499 865 304 111 116 044 1.01 10 34 128 25 24 485 3
4567 385 1614 1487 022 476 887 347 1.05 1,10 -0.72 o.g:; 5 54 18 44 486 15 125 301 33 331 25 17 484 282 3
3583 3,060 1537 1240 022 430 794 415 160 104 034 0. 4 1
48.00 361 14.31 14.28 0.21 4.74 B57 376 1.26 1.17 -0./13 008 13 26 14 47 451 5 116 234 !B‘STQ_IB' '17'177 320 4
4810 361 1428 1434 021 468 862 373 126 147 078 010 3 15 M 4 112 232 3 323 3
48,07 363 1432 14194 022 470 892 360 121 119 026 041 3 " 4 8 128 253 29 26 24 473 309 3
48.11 356 1436 1422 023 457 859 377 132 127 -068 020 11 36 12 120 269 26 26 23 479 336 3
4840 361 1426 1419 022 446 865 378 127 116 -073 059 8 4 10 131 275 28 27 22 477 333 3
48,14 364 1438 1420 023 449 862 384 128 118 -095 O71 10 38 11 147 2711 28 286 22 478 353 4
4911 362 1445 1404 023 467 837 307 128 116 040 127 3 7 31 11 132 239 29 25 27 452 291 3
4867 351 1439 1362 021 448 867 397 130 1.18 -078 0.10 5 9 38 9 111 209 26 20 27 480 346 4
4883 348 1440 1394 023 435 840 378 133 126 063 028 9 38 7 142 258 29 27 26 481 344 4
4854 344 1441 1416 023 441 856 366 134 125 056 038 2 7 47 2 127 234 29 26 27 472 312 3
4982 311 1527 1275 022 421 602 402 153 1.05 055 0430 5 12 26 12 118 220 25 26 31 497 365 3
50,02 304 1530 1259 022 414 785 413 159 1.12 -043 035 5§ 62 10 24 248 8 122218 22 227 25 33 500 376 4
4993 308 1540 1248 022 428 794 411 155 1.01 -070 0.16 9 11 38 7 126 206 21 25 32 500 35 4
4958 3.21 1542 1262 021 443 816 388 150 099 -030 034 8 67 12 37 381 9 119 214 22 246 24 30 498 343 4
4952 314 1523 1278 022 443 809 417 150 092 -054 055 16 38 8 122 244 24 28 32 502 346 5
6169 329 1686 1332 022 333 487 405 150 097 206 042 6 38 11 139 248 25 27 31 451 345 4
49.70 313 1529 1243 022 446 812 426 146 093 -042 067 1M1 41 11 123 237 22 25 31 506 342 4
4938 316 1530 1270 022 436 819 425 150 094 029 018 13 40 12 122 237 24 25 32 508 3B4 4
49.41 3.17 1632 1269 021 447 6814 409 152 098 070 017 7 14 40 11 112 207 25 26 32 506 351 3
49.76 3.22 1540 1283 022 447 815 348 152 095 -086 018 8 69 14 44 421 8 122 218 28 240 26 30 502 35 4
4942 317 1530 1276 022 436 814 418 151 094 036 009 12 45 13 123 233 24 26 30 503 362 4
49,55 3.17 1538 1259 022 442 812 410 150 095 -066 012 9 36 13121 225 23 26 3 508 361 4
4964 3.11 1544 1247 021 445 803 419 150 096 -018 0145 10 15 38 7118 216 23 27 32 500 345 4
49,26 321 1567 1278 020 440 829 3.72 1.0 097 0.67 0.70 5 42 13 139 207 25 26 30 647 347 4
4958 318 1541 1258 024 4239 817 148 092 -0 0.32 5 10 34 3 140 175 22 26 25 535 M4 4
Wm7 8 25 4154 1412 27 31 668 408 4
B.48 1. [: . : : 499 34 4
4828 321 1498 1295 0.23 4.52 8.37 4.30 1.47 169 -0.53 025 3 8 32 2125 172 21 27 25 539 356 4
4872 323 1485 1300 022 445 837 39 148 169 -027 013 4 23 5 134 24 32 527 4
4913 317 1489 1279 025 437 822 402 15 160 -031 064 8 35 <2 152 190 22 25 31 529 359 3
4869 320 1485 1298 021 443 827 426 154 157 078 007 2 9 36 <2 117 160 20 26 32 536 W2 S
4888 316 1487 1278 024 432 834 426 155 160 -014 024 9 3 5 136 195 20 26 25 540 369 5
4866 3.16 1499 1271 024 448 831 437 151 157 -045 029 9 46 6 132 193 25 27 26 543 370 4
, , ) , , , , , . . , , 8 54 5 140 190 23 27 27 4% 33/ 3
5017 299 1483 1312 024 420 777 394 152 122 018 027 8 M4 6 146 191 27 256 28 490 335 4
5085 296 1499 13.12 028 405 741 369 144 123 021 048 7 35 5 155 187 24 27 30 489 335 3
15.48 13, , , I ) . .85 -0, 0.3/ 5 37 13 41 463 22 132 191 22 241 28 27 645 339 3
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§io, TiO 0 (o] 0 (s} 0 Na,0 K,0 P05 LOI H,0- i Co Co Cu Zn V Sc Sc Ga Rb Sr Ba
10 Ti0; ALO, Fe;0, MnO MgO Ca0 Na,0 Ky = : x':!t xrf inaa xrf xr'} xrf xif inaa xef xef xif xof I:'}
Al-283 | X R X 3 X s X R § 5 00
Al-74 | 4857 3.29 1538 1313 020 458 863 384 147 091 -049 024 20 141 200 23 27 30 646 374 4
A25T | 48 . 3, . ) ) 0.41 44 29 113 311 27 2% 24
A238 |47, 81 1484 13, . 3 ) . T. . 0.7 45 77 117 285 28
Al-247 | 4840 356 1469 1373 023 438 860 384 144 103 -054 021 42 25 135 294 27 26 24 444 334 4
Al-117 [ 4829 353 1470 13.75 022 457 868 382 144 100 -075 023 48 22 123 260 27 25 26 447 328 3
Al-118 | 47.95 361 1460 1398 021 466 874 387 136 102 069 023 47 488 20 123 254 25 282 27 26 454 312 4
Al-132 | 48, , , . . . ; ) } , . 0.40 ) ]
‘KH'IEH- 5040 2.44 18.39 10.20 0.14 3.14 954 381 1.7 068 030 047 16 38 27 82 188 22 25 18 541 211 3
Al-265 | 4843 320 1520 1370 018 4368 903 395 133 062 034 044 49 37 98 320 28 25 28 492 323 4
Al-266 | 4866 314 1514 1360 019 459 892 383 134 059 025 061 49 39 101 338 29 25 30 480 322 4
Al-246 | 4846 316 1508 1361 020 478 9.16 363 127 065 -027 030 45 37 106 319 28 25 26 490 338 4
Mugearite (intermediate Zr/Nb)
Al-221 |} 50.21 294 1542 1226 022 409 771 440 165 1.10 -037 011 45 5 125 198 22 25 34 503 390 5
Al-222 | 5056 285 1552 1195 023 390 762 452 166 119 020 014 39 3124194 20 25 35 500 393 S
Al-219 [ 5067 283 1550 11.78 023 388 761 462 169 119 -052 068 44 5 130 188 21 26 36 499 391 5
Al220 | 50.74 285 1548 11.85 022 390 763 441 172 120 006 0.2 42 4 125 186 19 26 36 504 404 S
Al-193 | 50.67 2.80 1553 11.80 023 398 756 450 170 123 -022 010 51 3 128 18Y 20 27 38 505 399 4
Al-223 | 5085 277 1559 1167 023 395 750 444 174 126 -015 008 34 4128 175 20 26 37 506 407 5
Al-85 51.12 2,70 1557 1144 022 388 736 458 180 133 -049 026 3 34 4123138 20 27 38 504 401 5
Al-194 15197 248 1573 1103 023 362 702 471 192 129 -008 028 14 43 3 130 135 21 28 39 504 439 §
Al192 | 5231 240 1583 1077 024 357 692 472 194 130 003 024 46 3134 129 18 27 40 502 448 5
Al-50 ) ) 47 12, } ) g , 70 146 029 029 5 44 14 136 140 22 25 38 45 48 5
Al-101 | 5099 262 1540 1191 023 380 751 432 177 145 001 057 5 33 6 144 133 22 27 34 475 402 S
Al-178 | 50.78 262 1550 1187 024 382 739 444 175 149 -013 044 3 34 3140 141 23 27 32 4718 4271 S
Al-51 51.04 262 1547 1197 024 380 730 431 183 142 -013 042 4 39 11 146 138 21 2 36 472 419 5
Al-166 | 5088 257 1562 11.70 024 376 7.39 465 175 144 016 034 5 33 5 151 132 20 26 34 487 413 5
Al-276 | 50.82 2.61 1554 1191 026 376 729 461 175 145 -057 068 4 6 144 159 21 25 33 476 422 5
Al-191 | 5231 261 1565 1193 025 370 693 348 176 138 116 159 46 8 144 144 23 26 36 452 397 4
ALY [ 51.18 2.76 1561 1107 029 402 142 421 1.6 112 022 033 18 4 132 162 20 25 o8 493 34 4
. . , . . , , X . . , . 37 4 145 147 21 26 37 008 414 4
- ) 74 15 i ) ; ; 41 1. , . } 63 1
Al-287 | 51.62 260 1552 1181 023 384 705 420 176 137 060 106 33 7 146 160 22 28 46 623 435 6
AT25% 51'&5"2'55_5'5'Fﬁ. 15. .m—fm ; j I 75_55 058 034 35 5 142 142 29 26 38 534 420 5
Al143 | X: 1, g 5 120 16 7. ) 5 1 69
Al-145 5254 315 1620 1315 ozo 336 591 351 131 067 331 3.1 28 20 139 170 28 158 28 38 435 316 7
A49 [ 51.93 250 16,52 1012 0.21 350 088 497 226 141 -0.24 0.5 23 70 132 150 21 25 53 701 5/3 B8
Al-78 52,06 2.70 1513 12.10 0,24 3./ 7.9 4.34 162 089 -0.22 0.97 38 11 14D 129 29 27 31 4/1 4710 4
A X 033 33 26 114 215 17 20 45 0% Bl ©
A-254 |52.44 245 1672 980 018 337 746 476 204 078 -0.12 0.3 3 22 114 192 2% 26 40 592 487 7
n 39 3143 110 21 26 35 457 442 5
Al-13 5279 2.25 1589 1114 024 320 653 453 203 131 014 064 1 7143 113 20 192 28 41 455 497 6
A5 | ) . . X 70 1.46 012 057 22 5 194 29 42 653 511 6
E 01 ] . ) 14 0. 29 15 05 198 17 26 42 557 408 6
A5 | 215 15 ; . B 665 4.89 217 1.26 092 1.00 27 6 151 106 18 27 40 452 44 6
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f inaa xef xrf inaa xef xrf xef xef inaa xef xef  xef  xrf xef

Sio, Ti0, ALO, Fe, 0, MnO MgO CaO Na,0 K,0 P,0, LOI H,0- ::r Cr Ni Co Co Cu Zn V Sc Sc Ga Rb Sr Ba Th

39 2.19 1541 10, , . . y 66 1 B 1.1 } ) !
Al-84 |5381 221 1557 11.09 026 312 637 455 182 120 016 080 3 7 37 4171 78 23 28 34 486 392 4
AT | 5302 2.30 1586 1050 024 325 649 514 208 142 066 048 0 30 1
Al112 | 5443 213 1586 1041 023 3.13 632 492 180 077 008 031 4 37 11 28 307 8142 BY 22 226 28 34 478 502 4
Al-165 | 5529 207 1570 1021 025 294 589 485 199 081 013 048 3 75 6 25 254 11151 74 19 222 28 39 446 525 S
Al-113 | 5518 194 1621 1016 026 277 57T 449 226 102 094 070 § 10 8 8 157 81 20 27 46 513 518 5§
Al-244 5308 197 1670 965 017 421 769 430 173 050 -028 019 47 40 28 98 174 21 25 37 444 592 6

Benmoreite (intermediate Zr/Nb)

Al-185 | 5474 196 1683 926 026 288 559 530 220 098 056 036 6 37 <2 159 74 17 27 45 S00 493 6

Al-184 | 5672 1.74 1661 855 023 223 523 559 230 080 013 046 6 62 <2 144 57 16 28 44 485 514 6

A3 | Wﬂwmmw 86 16, ) 3 . . ; ; 84 024 012 3 a5 5 19 189 a1 .

Al-168 | 0.13 4 5 24 <2 136 64 18 27 48 480 507 6

AL57 | 5533 1.92 1637 909 022 284 581 515 227 100 033 025 4 6 33 3131 66 17 29 49 485 509 6

- (5559 1.87 16.21 0080 0.7 266 D49 472 235 005 063 024 §&5 17 6 7 17 21

Al-T66a | 55.46 1.80 1607 941 026 276 547 552 222 094 001 0.6 6 49 2 142 86 21

Al-186 | 5603 187 1576 929 025 266 543 541 236 094 024 036 7 54 5140 79 18 27 45 418 466 6

A95 | 56.17 1.73 1600 B840 024 231 526 575 239 0.77 018 044 5 38 <2 149 58 17

Al-47 | 56.46 173 1681 852 025 258 522 531 236 076 015 039 4 5 47 6155 44 18 27 48 489 528 6

Al-272 | 5663 1.70 1685 838 026 229 511 561 242 075 032 031 6 20 2 151 49 17 27 49 496 538 7

AS2 | 5632 180 1606 067 026 276 540 488 191 088 042 051 4 7T 34 <2 153 52 20 2% 4

Al-54 | 5669 1.70 1608 933 024 263 532 515 207 079 -0.33 0.35 4 35 6 39 325 <2148 48 21 195 29 43 456 455 5

A260 [ 5648 1.76 1748 704 018 217 468 571 288 0.74 013 055 5 22 17 28

AFTT [ 57.71 147 1661 821 022 220 468 558 263 069 017 0.28 2 T a1 21

Al-176 | 57.30 152 1664 831 023 230 485 555 256 074 013 017 4 20 5 22 207 2139 44 15 137 28 56 431 584 7

Al-48 | 57.70 1.47 1702 788 0.5 215 466 550 260 0681 001 028 3 10 29

Al-140 | 57.40 153 1707 798 023 223 479 557 254 066 005 052 3 21 9 17 171 4144 36 19 144 28 51 466 542 8

AET ) ; X 2 5 23 D 132 35 14 75 of 440 580 7

AT37 6006 722 1608 B10 025 175 407 544 357 046 D45 0.46 3 22 8 17 16 )

Al-73 | 6095 1.13 1605 7.70 026 149 385 554 263 040 034 043 3 7 21 <2 167 12 19 31 56 374 597 7

A3 57.70 1. ] 4 : ; 037 0. 525 — BT 6015 28 68 355 582 10

Dark Slope Crater

Al-4 4849 289 1622 1323 0,18 421 847 374 162 095 040 070 42 414 50 35 378 35 142 245 24 245 27 34 721 449 5

Al-205 | 4827 285 1567 1291 024 494 849 396 163 084 012 048 51 61 38 135 241 2 26 34 717 497 5

Al-202 | 48,18 284 1573 1267 017 536 888 384 155 078 -012 036 37 60 42 122 233 26 26 29 729 411 5

Al-150 | 4827 2,79 1587 12565 017 5290 862 403 161 080 -018 026 22 291 42 52 561 40 107 190 20 242 26 36 754 423 §

Al-153 | 4856 290 1599 1277 016 495 836 377 167 087 033 o071 19 48 60 42 118 174 21 28 37 777 438 S

Al-154 | 4833 289 1586 1281 017 509 862 382 157 084 002 046 22 246 41 61 575 39 118 203 23 257 28 233 719 402 5

Al-155 | 4895 282 1623 1287 016 461 B840 359 158 079 046 1068 27 281 47 55 534 43 148 215 28 258 27 27 716 395 5

Al-156 | 49.65 2.87 1651 1247 013 424 802 362 165 084 096 154 28 312 45 47 505 32 143 209 24 244 28 27 682 3714 §

Al-31 4884 292 1577 1240 018 391 8897 416 186 099 092 108 17 35 68 26 137 194 25 26 37 758 436 4

Al-2 4851 272 1573 1288 018 520 813 392 182 091 018 072 45 519 52 39 388 36 131 221 22 217 25 41 782 458 §

Al-203 | 4907 271 1599 1207 020 471 784 439 205 097 -052 018 28 48 40 145 163 18 30 47 902 544 7

Al-204 | 4899 270 16.04 1207 017 468 7.86 447 205 097 -041 021 28 54 35 120 166 17 29 47 894 535 7

Al-6 5292 1.83 1671 1044 018 343 645 520 269 125 028 053 11 119 31 1B 216 16 154 9 15 131 30 66 1105 720 9
; ) . ) ) y ; ; } ) } ) 17 29 52 2ﬁm'_27ﬂm
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Si0; Tio, Al0 0; MnO MgO Ca0 Na,0 K,0 P,0, LOI H,0- Cr Cr Ni Co Co Cu Zn V Sc Sc Ga Rb Sr Ba Th
? 2 ALO, Fe;0y Mn 9 z ? s ! xrf inaa xef xef inaa xef xef xef xef inaa xef xef xef xef xif

Al-298 ]6226 189 1715 933 044 393 733 534 207 056 -043 048 31 4 33 108 181 18 27 50 884 524 7
Al-264 ] 5244 192 1728 937 0.46 401 725 489 215 053 002 0.17 30 39 38 121 208 18 25 53 B850 516 8
Broken Tooth

Al-88 5467 215 1564 1004 023 299 595 508 222 103 021 057 4 7 44 6 134 94 22 27 37 418 481 5
Al-86 5475 212 1564 995 023 299 586 510 234 102 001 028 4 6 32 4125 91 21 28 40 410 475 S
Al-87 5475 211 15672 982 023 315 593 501 220 098 046 027 3 27 7 31 327 3131 96 21 204 26 37 418 482 6§
Al-217 | 5519 207 1565 983 022 291 §71 506 235 101 003 018 § 12 8 124 26 40 408 )
Al-77 5648 183 1581 904 022 241 496 549 278 098 069 036 3 26 5§ 40 343 7 133 82 20 196 28 44 339 511 4
Al-76 60.05 1.24 1598 7.19 020 210 337 555 365 067 092 042 2 40 4 35 332 3110 46 14 186 28 51 203 573 6
Al-216 | 5853 149 1590 808 024 201 442 575 289 069 -007 058 4 28 5§ 143 53 15 20 54 353 448 7

Trachyte

Al-59 61.36 090 1698 666 021 093 287 636 328 045 013 037 1 4 8 §160 3 13 31 49 322 1125 8
Al-83 6347 069 1685 6569 018 075 228 636 351 022 009 045 9 4 14 4140 3 12 32 69 298 804 10
Al-1114 6391 065 1681 493 012 044 162 672 446 034 095 027 9 20<2 17 167 4 71 19 15 132 28 63 184 1304 6
Al-190 ] 6510 0.54 1638 §.0% 032 125 694 436 010 002 0.08 6 <2 <2 111 30 82 27 10
Al-119 65.29 069 1582 6533 013 044 1.71 600 438 021 025 032 2 3 25 6 102 10 10 30 107 135 1057 15
Al-126 | 6540 056 1662 463 012 036 136 638 443 014 021 015 2 33 2 13 113 10105 8 8 87 29 104 140 990 14
Al-164 | 6567 048 1544 560 018 010 129 655 458 011 069 068 2 3 25 4100 5 18 29 63 50 1544
Al-109 | 6535 047 1523 6§63 016 005 076 636 500 099 058 042 1 21<2 15 136 4110 6 13 140 30 69 241153 7
Al-163 ]166.06 043 1523 544 020 008 108 641 486 023 013 025 1 <2 18 5§13 4 12 32 70 13 938 7
Al-70 6560 043 1606 416 012 033 215 6.14 487 014 039 0.66 3 4 N 13 73 4 1 31 84 78 373 10
Al-169 | 6590 042 1614 497 022 028 165 662 371 009 012 014 2 4 19 2150 3 9 33 76 135 780 9
Ai-116 16599 043 1587 479 018 025 120 673 449 007 023 0,15 1 2 15 4126 4 1 30 81 131305 9
Al-284 | 6609 043 1522 §.51 008 1068 643 513 005 -001 008 4 <2 2 126 R 80 7 9
Al-79 66.00 041 1569 628 024 047 073 673 467 008 029 040 1 31 3 16 125 3167 3 11 97 3B 79 29 M0 9
Al-282 | 6859 040 1529 5.15 013 089 682 465 008 027 0.1 6 <2 <2 165 33 84 23 10
Al-103 | 6658 045 1554 585 012 004 038 604 494 006 095 1.24 1 16 2 14 106 <2151 3 12 92 33 8 4 644 10
Al-104 16623 043 1535 659 047 014 060 623 522 004 046 0.65 2 <2 14 2138 4 14 3 8 8 200 9
Al-105 16654 046 1644 500 011 017 112 644 394 008 085 064 1 2 16 716 6 7 31 79 129 B84 11
Al-115 | 66.70 034 1569 428 018 014 100 664 499 004 021 009 1 2 16 3145 3 10 2 97 3 641 12
Al-175 | 6684 041 1545 468 018 028 104 673 430 009 015 014 1 40 <2 19 157 3136 7 8 108 31 94 24 919 1N
Al-99 6695 039 1549 554 012 008 041 605 493 004 082 139 2 3 19 2174 3 10 32 93 § 296 11
Al-41 6693 033 1543 441 017 022 103 676 468 004 093 029 <1 1.7 <2 17 125 4145 4 10 113 31 88 15 1011 10
Al-228 | 67.74 031 1559 428 008 091 621 485 003 029 010 6 <2 4 140 31 94 10 10
Al-91 67.39 035 1560 432 0143 009 040 657 510 005 025 047 1 32 2 15 111 315 4 6 67 33 109 7 219 14
Al-17 6745 035 1512 548 017 004 044 588 494 013 000 1.01 29 <2 <2 02 3163 4 4 237 35 98 2 194 13
Al-268 | 67.54 030 1563 4.24 015 113 671 425 005 020 006 4 <2 3 146 30 92 41 "
Al-66 67.56 035 1523 446 015 013 088 609 511 004 -005 0.13 2 2 6 6116 4 9 29 120 6 471 15
Al-129 | 6849 032 1429 475 018 042 066 608 508 003 026 013 4 2 15 5172 4 7 33 142 2 33 19
Al-96 68.82 040 1418 475 019 022 068 618 452 006 -0.08 0.29 1 17 <2 6§ 61 4167 5 10 96 34 87 10 516 12
Al-67 67.28 0.37 1534 462 016 0.11 088 607 511 008 000 0.18 2 15 3 8 73 10126 4 9 122 32 117 7 554 16
Al-241 70.07 0.22 1460 349 008 029 625 498 002 033 0.05 7 <2 3 129 33 129 1 15
Al-242 70.26 022 1455 348 006 038 606 498 001 003 0.06 § <2 2 147 33 136 1 17
Al-243 [ 69.78 0.22 1454 349 009 055 639 493 001 098 0.18 6 <2 <2 162 32 132 1 17
Al-95 69.32 029 1489 404 017 007 073 633 413 003 014 023 ! <2 10 2148 3 12 30 82 15 886 10

A4-8



Si0, TiO, AlLO, Fe,0, MNO MgO CaO Na,0 K, 0 P,O0; LO) H,0- Cr Cr N Co Co Cu Zn Sc Sc Ga Rb Sy Ba Th
! # TR TR g ! ? s ? xrf inaa xrf xrf inaa xif xrf xrl xrf inaa xef xef xef xef xrl

J“'l '; £ " ) . . 0 () Al 0 £ 0 "
Al-248 | 70.29 020 1407 370 047 002 036 6.16 501 002 028 0.09 <2 23 6167 4 4 4 193 2 14 20
Al-94 7253 0.23 1268 370 012 006 033 560 472 003 037 023 1 <2 13 <2197 4 3 35 126 1 69 17
Al-93 72,78 021 1257 3.72 000 037 563 471 001 023 007 5 <2 2 210 32 129 2 17
Al-261 | 7297 022 1241 368 000 036 569 466 00t 037 009 7 <2 2 216 33 132 2 17
Al177 | 7375 014 1276 297 008 002 032 528 465 003 036 0.12 <1 09 <2 16 142 4189 5 2 14 35 161 1 24 19
Al-131 72,78 047 1294 332 012 004 042 558 462 001 029 009 <1 14 <2 16 127 6216 3 2 22 35 179 2 20 22

Pumice
Al-19 61.07 1.11 1740 706 025 117 347 550 254 043 198 143 2 2 <2 3162 19 14 29 54 456 696 7
Al-21 6240 089 1680 637 024 095 291 597 312 035 142 065 3 2 <2 4162 14 1 29 59 334 841 7
Al-20 65.57 061 1653 531 021 075 173 537 370 022 469 185 2 <2 <2 2152 6 1 27 60 1141118 9
Al-15 66.68 038 1459 668 022 003 087 641 500 014 027 083 98 <2 <2 02 4179 3 8 74 31 95 3 389 11
Al-18 67.83 034 1436 604 023 012 061 473 540 034 488 215 2 2 <2 <2233 3 § 36 135 3 32 18
Al-135 66.56 040 1444 581 022 034 086 603 529 005 545 233 <1 20 <2 54 489 5203 4 8 67 33 1918 20 49 15
Al-174 67.38 052 2038 458 022 041 114 271 254 012 769 598 <1 3.9 2 3 310 2 M 9 9 74 25 73 74 799 8
Al-98 67.67 033 1469 6506 018 020 080 554 550 003 497 186 1 <2 101 2202 3 8 32 115 4 114 13
Al-114 16788 026 1526 394 015 021 092 692 537 009 378 1,01 1 <2 46 5 151 § 8 30 116 8 133 15
Al-238 ] 61.36 082 1875 7.48 081 228 545 272 033 576 3.18 2 3 6 137 29 50 182
Al-39 66.00 0.44 1684 ﬁ 010 049 123 517 515 0.12 551 1.57 <1 <2 52 <2 162 6 O 25 07 54 969 15
Al-42 7207 0.23 13.26 012 025 042 358 566 003 525 235 <1 31 2 66 531 3256 6 5 17 188 7 21
Al-43 66.95 0,39 16.51 479 015 061 129 499 427 005 600 3.08 <1 <2 62 2162 8 13 30 83 67 705 11
Al-44 68.72 034 1463 529 012 057 058 488 480 007 554 433 <1 27 <2 71 559 10188 10 5 32 33 116 16 107 17
Al-45 50.60 3.05 1528 1374 0.17 482 792 300 092 0S50 183 422 24 37 68 45 141 250 34 22 25 400 174 2
Al-225 | 6881 035 1466 4.38 0. , ) ; ) X ) 5 <2 2 178 25119 24 5
Al-293 7035 024 1326 480 010 048 576 501 002 246 1,02 6 <2 <2 240 34 146 S 20
Al-143 | 5190 222 1690 1014 018 443 808 387 159 069 103 075 60 706 51 28 242 35 120 161 22 203 26 32 571 369 6§
Al-144 | 6840 034 1507 524 017 043 072 428 532 003 379 489 <1 37 2 48 408 5209 S5 6 56 34 115 7 84 15
Al-145 | 5254 315 1620 1315 020 338 591 351 131 067 331 3N 5 66 17 28 264 20 139 170 28 158 28 38 435 36 7
Al-146 | 6668 045 1503 502 016 041 146 535 513 031 272 277 1 71 2 50 474 8160 13 9 74 31 102 47 220 12
Al-120 6359 052 16.25 5.71 0.19 060 200 682 420 012 467 1.16 <1 19 2 ,
Al-121 16099 085 1657 748 025 099 318 623 321 025 168 035 3 33 <2 34 293 <2162 7 17 126 29 64 270 833 8
Al-122 ] 5559 187 1621 999 027 266 549 472 235 085 063 024 § 30 <2 7 81 2165 56 20 171 28 49 436 540 6
Al-123 | 4887 255 1617 1142 020 591 959 306 124 099 022 024 81 839 63 33 325 49 113 195 25 230 21 25 492 288 3
Al-256 X 28 15, X , , . , X , 62 S <2 2 163 30 93 57 13
Al-181 16489 045 1626 516 019 039 180 593 471 022 396 1.23 <1 2 37 <2149 6 10 28 78 78 920 9

Boreholes

GH1
GH1-1 48.61 351 1432 14.19 447 856 371 134 129 063 0.19 3 32 10 102 28 29 497 4
GH1-2 48.16 3.76 1430 14.50 472 873 353 124 1068 -064 0,12 4 44 12 107 27 286 470 3
GH1-3 [ 4943 246 16.09 1220 487 1078 302 076 039 070 099 45 651 64 80 21 13 403 2
GH1-4 | 4919 244 1634 12,24 462 1084 319 075 039 080 1,14 46 48 73 @1 21 13 399 2
GH1-5 |} 49.32 240 1645 12.04 463 1084 315 077 040 097 1.19 44 50 §9 73 23 14 413 <2

GH2
GH2-1 50.89 254 1550 11.97 §30 853 351 132 044 025 023 31 46 39 88 23 30 406 4
GH2-2 | 5133 248 1549 11.89 5156 829 351 144 042 -038 022 34 48 3% 90 25 33 385 4
GH2-3 | 5424 229 1570 10.92 32t 645 453 185 081 013 0.30 5 31 6 146 27 38 459 4
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Th Pb  Zr Hf Nb Ta Y La Ce Nd La Ce Nd Sm Eu Tb Yb Lu Zr Ba Rb 1la K Zr K p
inaa_xef xef inaa xef inaa xrf xef xif xrf inaa inaa_inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb Y Rb Zy
Gabbro xenoliths
Al-10 <2 4 <1 3 <2 <3 <2
Al-7 <2 7 <1 5 <2 <3 <2
Al-32 <2 8 08 8
Al-206 <2 7 08 7
Al-3 <2 3 <1 7 2 <3 <2
Al-35 <2 ) 0.7 7
Al-8 <2 8 <1 11 <2 <3 <2
Al-S§ <2 3 017 <t 004 22 4 §3 41 108 067 031 1.1t Q17
Al-9 <2 6 017 <t 004 7 <2 2 24 12 047 045 009 041 006
Al-33 <2 5 1.1 7
Al-34 <2 4 13 3
“AI-248h <2 22 28 16 85 255 1.4 664 89
Al-249m <2 25 45 24 56 203 10 457 63
Al-249a <2 38 75 88 5.1 144 04 1079 48
Al-2491 <2 N 22 1 5.0 453 1.0 190
Al-249n <2 6 21 10 29 435 06 335
Mafic xenoliths in trachyte
Al-224 <2 217 32 70 6.8 0.56 244 31 433 165
Al-226 3 238 40 64 46 79 656 60 69 055 115 216 3.7 396 11.0
Al-227 2 287 680 628 857 1207 635 48 59 060 143 245 05 408 17.2
Al-225 6 735 73 69 10.1 0.67 481 107 717 1.4
Al-234a <2 188 3% 3% 32 59 32 52 362 0. \ \ 11.
Al-234b 2 190 7 69 56 76 48 51 342 057 151 278 28 490 115
- — 8 218 a8 43 052 252 58 480 179
Al-235d 47 290 65 45 45 0.29 209 64 717 161
Al-235e 40 332 K4 61 43 0.51 258 54 509 227
Al-235b 19 296 63 114 47 043 278 26 649 133
Al-235a 3 37 68 67 4.7 0.57 337 47 687 218
Al-240 6 357 ™ 221 5.0 0.58 2 , ,
- 2 316 62 187 100 113 9% 5.1 \ I . . .
Al-250a 3 324 4] 648 528 466 404 46 116 048 744 2156 05 449 113
Al-97 538 <2 323 678 70 394 422 294 417 224 273 400 216 445 114 792 221 306 46 135 093 420 238 08 257 11.3
Syenite xenoliths
Al-187d 3 174 30 27 58 1.03 719 64 696 399
Al-187e 4 170 42 27 3 61 28 40 397 067 079 542 63 812 59
Al-187¢ <2 590 56 R 41 75 N 105 270 055 073 504 184 910 76
Al-187f 3 m 33 24 52 0.91 795 7.1 874 161
Al-187a 2 240 35 24 29 51 23 69 464 071 083 840 100 1175 65
Al-187g 4 340 44 28 1.7 0.55 607 121 1114 89
Al-187b 3 414 31 26 134 1.03 777 159 752 238
Al-187h 3 616 56 25 11.0 0.63 544 246 870 23
Monzonite xenoliths
Al-249g 4 519 74 39 7.0 1.07 433 133 408 75
Al-249) 4 798 98 61 8.1 063 258 131 408 26
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Th Pb Zr HI Nb Ta Y La Ce Nd La Ce Nd Sm Eu Tb Yb Lu Zr Ba
inaa xrf xrf inaa xif inaa xif xif xif xif inaa inaa inaa inaa inaa inaa inaa inaa Nb Nb
“Al-2407 3 464 55 15 .
Al-249b 4 395 75 47 5.3
Al-249} 4 320 81 28 40
Al-249k 4 368 83 28 44
Al-249d 4 546 92 52 59
Al-24%e 4 716 a3 48 8.6
Al-249¢ § 650 108 59 6.0
Trachyte/rhyolite xenoliths
Al-133 8 1420 154 146 92
Al-133g 8 1397 168 11 90
A)-133b 11 1162 194 9 6.0
Al-133¢ 10 1616 180 184 9.0
Al-133f 11 1817 201 258 9.0
Al-133a 11 1565 204 102 7.7
Al-133h 11 1864 213 125 8.8
Al-133d 10 1906 249 117 7.7
Al-133e 16 1613 256 164 6.3
Granite xenoliths
Al-262 5 1037 198 85 52
Al-213d 4 860 138 49 45 94 46 82 035
Al-213a 3 1346 265 114 126 222 121 51 015
Al-213f 6 894 138 §2 42 81 42 65 038
Al-213¢c 8 1752 315 242 269 479 289 56 0.10
Al-213g 18 3351 374 65 66 158 75 90 011
Al-213b 2 3137 491 231 118 241 127 64 009
Al-213e <2 852 123 57 28 63 32 69 031
High Zr/Nb basait
Al-173 <2 160 29 27 17 42 23 55 67
Al-230 <2 198 32 30 20 46 27 62 82
Al-45 259 <2 199 459 34 238 3t 19 4 23 213 503 261 621 220 115 257 038 59 851
Al-148 <2 202 K7 ) 32 20 S0 28 §9 74
Al-237 <2 206 34 2 18 46 27 61 74
Al-172 242 <2 213 459 35 209 34 21 49 28 218 502 261 638 229 098 232 031 61 61
Al-134 <2 219 38 3 23 &5 36 58 656
Al-14 184 <2 145 331 26 165 26 18 41 20 177 398 220 522 185 078 168 023 56 66
Al-201 <2 143 25 23 16 37 20 57 63
Al-200 <2 162 29 30 22 43 24 56 73
Al-127 <2 179 31 31 21 40 22 58
Al-124 241 <2 192 455 32 225 34 19 39 23 209 490 279 674 229 109 257 038 60 59
Al-149 <2 216 K.) 32 22 49 29 57 67
Al-110 2 223 37 37 24 58 29 60 656
Al-128 326 <2 227 554 38 265 39 27 57 29 254 602 312 750 239 125 304 040 60 62
Al-162 <2 182 32 3 20 37 22 57 62
Al-107 233 <2 188 488 33 227 40 22 6§3 32 233 534 314 736 244 108 290 036 57 6.1
Al-106 <2 190 32 40 27 §1 29 §9 63
Al-233 <2 180 30 B 189 45 25 60 70
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Rb La K
Nb Nb Nb

0.69
0.77
094
0.93
0.60
0.78

0.68
0.66
0.72
0.66
0.65
0.66
0.66
063
0.67

044
0.66
0,36
064
0.50
048
022
0.55

301

Zr
Y

8.4
14
13.1
105
149
1.0

353

492

15

461
424
433



Th Pb Zr Hf Nb Ta Y La Ce Nd La Ce Nd Sm Eu Tb Yb Lu Zr Ba Rb la K 2Zr K
inaa xrf xrf inaa xrf inaa xrf xrf xrf xrf inaa inaa inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb Y Rb 2Zr

Al-36 <2 245 43 68 42 70 44 57 62 056 220 394 123
Al-37 294 <2 237 572 42 309 40 26 60 35 285 657 347 834 287 121 273 034 56 62 045 062 210 59 463 11.4
Al-40 <2 223 40 39 26 60 34 §6 61 048 065 203 57 428 123
Al-64 369 <2 244 596 41 303 4 27 67 34 209 655 327 813 267 123 316 047 60 70 068 0668 261 60 382 80
Al-65 43 42 30 64 36 58 64 067 070 259 59 384 7.7
m — —
Low Zr/Nb hawaiite
Al-60 406 <2 235 536 58 385 40 32 79 39 353 752 393 898 312 130 288 038 41 65 047 055 202 59 433 189
Al-61 2 239 58 46 35 81 42 41 67 050 060 205 52 409 168
Al152 | 429 2 242 535 69 392 46 35 82 44 374 832 435 969 349 155 342 048 41 70 058 059 225 53 402 179
Al-151 <2 252 61 45 39 82 46 41 70 057 0.4 218 56 379 182
Al-157 | 467 2 256 567 63 406 47 35 76 44 373 831 460 106 354 150 338 045 41 63 051 056 217 54 428 186
Al-258 <2 251 60 42 39 8 43 42 68 065 217 60 183
Al-211 2 259 63 42 37 82 42 41 69 054 059 217 62 403 185
AI207 2 257 63 4 38 82 49 41 67 054 060 210 63 388 175
Al-212 <2 257 63 43 39 73 45 41 67 052 0.682 215 60 410 190
Al-208 2 268 65 42 37 80 43 41 64 058 057 204 64 350 166
Intermediate Zr/Nb basalt and hawaiite
Al-1 170 <2 140 335 27 167 30 17 40 26 179 423 265 622 228 1.10 230 030 52 57 044 063 203 4.7 457 203
AI-100 170 <2 145 351 27 202 31 16 41 22 175 429 240 596 220 109 243 029 54 53 041 059 200 47 491 17.8
Al-102 <2 150 28 32 18 40 22 54 53 043 064 193 4.7 450 186
Al-158 189 <2 150 370 28 205 32 17 40 22 184 437 244 620 224 105 238 031 54 54 043 061 193 47 450 17.2
Al-259 <2 143 26 3 15 39 26 55 61 038 058 185 46 481 192
B <3 230 51 a » 70 4 45 54 0. X )
A-123 | 325 2 233 517 52 310 42 30 73 41 328 756 41,7 97 334 148 298 036 45 55 048 058 198 55 412 185
A2 <2 242 50 44 31 65 40 48 54 044 062 188 55 42 7.7
i T 737 —39 3228 12 & Z8 53 051 U5/ 208 58 408 15.7
A-27 <2 232 48 42 26 66 239 48 56 048 054 206 55 429 152
Al-28 273 <2 230 543 48 370 42 25 68 36 300 651 390 915 295 130 291 039 48 55 048 052 206 55 429 159
Al-62 <2 240 50 4 26 71 39 48 54 042 052 199 58 474 156
Al-195 <2 2N a7 40 27 63 40 50 58 049 057 203 58 415 152
Al-197 <2 243 50 43 28 69 45 49 57 0S50 056 208 57 415 156
Al-196 <2 235 48 40 26 63 4 49 57 050 054 204 59 408 150
Al-29 <2 240 49 4 30 68 37 49 56 045 061 207 55 460 153
Al-270 <2 315 5 5 48 ) ) !
A1-297 <2 323 64 §5 41 95 52 50 55 047 064 191 59 407 17.3
Al-299 <2 334 65 55 42 94 57 51 61 031 065 199 6.1 647 169
A3 | 436 2 318 720 o5 458 B8 43 O7 55 446 102 547 133 441 187 4 ] y 4 0, ! ) A
Al-290 2 320 65 58 44 100 S9 49 56 043 068 201 55 465 209
A)-295 <2 340 68 62 48 103 S8 50 58 046 071 198 55 434 204
Al-231 2 344 69 61 44 101 63 50 653 049 064 207 56 420 200
5 <2 352 (:14 58 47 103 59 5.3
Al-209 <2 354 o7 44 43 87 48 53 55 054 064 100 B0 30 125
Al-236 <2 307 ) 5% 37 085 54 53 60 045 064 187 55 418 200
Al-263 <2 316 60 §9 38 91 53 53 60 038 063 185 54 484 192
Al-232 <2 335 63 58 40 92 58 53 62 048 063 203 58 426 189
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Th Pb Zr HI Nb Ta Y La Ce

Nd

La Ce

Nd Sm

inaa xrf xif inaa xif inaa xrf xrf xrf xrf inaa inaa inaa inaa

Al2;3 | <2 2 % = 4 33 6 33 54 67 052066 226 60 434 84

Eu
inaa

Tb Yb

Lu

Zr Ba

Al-274 2 270 50 49 35 71 37 54 64 050 070 213 55 425 8.1
A6 2 320 8 b8 40 96 57 47 5,
Al-53 <2 332 70 60 39 101 58 47 51 043 056 183 55 426 184
s '—"—553_7%_76 451 63 37 11163 491 115
A4 2 B 30 66 Al y 70, y )
A)-198 <2 221 46 44 4.8 0.52 197 50 384 229
Al-138 | 309 <2 221 485 46 322 48 29 74 44 307 731 375 992 378 177 350 042 48 6,1 037 063 189 46 513 21.7
A <2 316 o4 — 49 39 064 47 39 55 0, ] y
§|.15§B b .04 F B ., 48 . X . 8.8
Al-160 <2 272 55 54 34 8 49 49 59 047 062 190 50 402 188
Al-167 2 277 57 53 33 83 47 49 54 042 058 176 52 419 18.7
Al-253 <2 288 59 55 37 89 657 49 57 039 063 188 52 476 19.2
Al-277 <2 282 58 54 36 87 52 49 57 038 062 182 52 479 180
Al-278 <2 282 58 62 40 93 51 49 61 038 069 183 45 483 183
Al-180 <2 279 58 52 36 85 49 48 50 047 062 183 54 394 18,1
Al-179 <2 292 59 56 38 88 51 49 59 046 064 183 52 400 17.6
Al-271 2 296 61 §9 4 90 55 49 56 043 067 181 50 425 186
Al-58 <2 290 59 §5 36 88 52 49 53 046 061 189 53 412 188
Al-23 3 J310 [:7] 45 3% 86 40 50 59 050 058 205 63 410 148
Al-25 417 <2 321 741 64 387 51 37 90 A7 419 959 506 115 412 183 395 050 50 59 052 058 206 63 400 152
Al-159a <2 324 64 50 37 88 49 651 55 050 058 209 65 402 136
Al-161 414 <2 306 661 62 391 48 36 82 45 363 871 428 108 356 141 349 044 49 55 048 058 201 64 415 14.1
Al-269 <2 305 61 48 37 83 49 50 57 052 061 204 64 389 13.2
Al-270 49 319 84 51 36 90 52 60 54 048 056 195 63 402 133
Al-284 <2 304 61 48 36 84 47 50 56 051 059 199 63 391 134
Al-285 <2 306 62 48 34 82 46 49 57 052 055 201 64 389 134
AI-75 <2 307 62 48 38 86 43 50 57 052 061 204 64 394 139
Al-89 413 3 309 727 62 412 49 39 85 44 404 879 457 107 372 149 356 049 50 56 048 063 204 63 421 134
Al-25% <2 307 61 49 40 90 48 50 59 049 066 205 63 418 134
Al-252 <2 N 62 48 39 89 52 50 58 050 063 201 65 402 133
Al-183 2 310 62 48 33 85 47 50 56 052 053 200 65 389 135
Al-292 <2 334 63 42 39 94 853 53 655 048 062 198 80 415 127
A)-8 2 312 68 62 46 108 61 47 52 038 070 186 50 491 129
5 <2387 n 56 51 11565 52 54 041 068 186 69 450 176
A2 <2 307 62 48 B B6 46 50 55 O ] i )
Al-182 <2 310 65 66 48 116 66 48 55 038 074 188 47 488 238
Al-214 <2 309 65 60 48 0.49 192 52 387 240
Al-279 <2 318 66 61 43 105 64 48 54 047 085 196 52 418 220
Al-136 <2 316 64 63 44 109 63 49 57 050 069 200 50 399 21.7
Al-280 2 320 66 61 44 108 60 48 56 038 067 195 52 515 21.8
Al-218 <2 32 66 61 45 108 63 49 56 039 068 190 53 482 21.3
A-188 2 312 L] B8 33 81 50 X -3 ) ; ;
Al-281 2 312 57 57 3 79 51 55 59 049 068 221 55 451 171
Al-189 2 32 59 58 43 85 53 55 57 051 073 203 56 398 16.7
. 3. O B T . , X X K .

A4-14

Inaa inaa Nb Nb Nb Nb Nb

Zr K P
Y Rb Zr




Th Pb 2r Hf Nb Ta Y La Ce Nd La Ce Nd Sm Eu T Yb Lu Zr Ba La K Zr K P

inaa xrf xrf inaa xrt inaa xrf xrf xf xrf inaa inaa inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb Y Rb Zr
N.ZBS < o4 X , o ,
Al-74 2 33 59 46 38 87 47 53 6.3 0.51 064 207 68 407 127
A257 <2 217 ] 48 59 041 0, . ,
Al238 <2 265 L) 5T 37 8 50 g 0 0. . X ;
Al-247 <2 298 6% 52 3B 83 S0 49 55 039 062 196 57 498 151
Al-117 <2 296 60 51 33 78 44 49 65 043 055 199 58 460 147
Al-118 382 2 281 625 59 392 50 34 77 42 351 805 454 111 373 166 366 049 48 53 044 058 191 56 434 158
Al-132 . , \ X . } , , 1. , .41 3 , , X \ ,
AB <2 242 a7 35 27 5/ 32 51 58 038 057 207 63 58 123
Al-265 <2 251 50 B AN 66 32 50 65 056 062 229 70 394 108
Al-266 <2 247 49 3 32 60 AN 60 66 061 065 227 69 371 104
Al-246 <2 244 47 37 N 67 34 52 7.2 055 066 224 66 405 116

Mugearite (intermediate ZvINb)
Al-221 <2 333 §2 42 96 61 80 659 052 064 208 64 403 144
Al-222 <2 340 67 §3 43 98 55 51 59 052 064 206 64 394 153
Al-219 2 342 68 ‘63 45 97 58 50 58 053 066 206 65 390 152
Al-220 2 344 68 54 4 93 57 51 59 053 065 210 64 397 162
Al-193 2 347 69 64 43 93 55 50 58 052 062 205 64 392 155
Al-223 <2 351 70 85 45 95 S8 50 58 053 064 206 64 390 157
Al-85 2 361 71 57 43 101 S5 51 56 054 061 210 63 393 16
Al-194 3 381 75 59 44 111 62 §1 59 052 059 213 65 409 148
Al-192 <2 387 76 58 46 113 62 51 59 053 061 212 6,7 403 147
- 4 365 78 65 50 113 65 47 52 046 064 180 58 410 175
Al-101 485 2 367 759 78 482 668 48 111 62 499 112 §78 143 463 203 468 059 47 52 044 062 188 56 432 17.2
Al-178 2 37 8 68 63 116 64 47 55 041 068 186 54 454 176
Al-51 3 INn 79 65 49 116 64 47 63 048 062 192 §7 422 16.7
Al-166 489 2 373 B39 79 473 65 49 116 66 515 114 634 149 472 208 479 062 47 52 043 062 184 57 427 168
Al-276 <2 374 79 66 48 116 64 47 53 042 061 184 57 440 169
Al-191 <2 369 78 63 S0 114 69 47 51 046 064 187 59 406 16.3
AI-30 2 354 70 54 43 100 54 51 55 054 0. )
Al-291 2 394 75 ® 48 B 9 5. ] 14,
Al-38 2 492 ™ 53 58 99 55 52 5? O
Al-287 §6 47 107 60
- 96 o7

56 060 061 190 75 318 146

Al-145 | 665 4 470 933 80 483 93 69 110 B 714 109 835 185 463 263 684 09 59 4o o4a oas 136 51 286 62
A4 <2 431 o1 48 54 111 52 4.7
A8 2 357 ] G2 4 102 B 49 BT. m 6.66' 184 5.5 m“iﬁf
A5 2 419 79 3B 50 103 48 5. 1 0. X X ;
Al-254 2 425 83 42 49 101 50 51 59 048 059 204 101 423 80
Al142 <D 408 83 115 64 43 53 042 064 108 62 470 143
Al-13 539 5 431 902 87 512 68 56 114 66 546 123 646 149 465 210 502 071 50 57 047 064 194 63 411 133
A5 <0 426 80 6 49 117 64 53 64 053 061 218 18 415 119
AI-80 2 363 72 42 4 90 4 50 65 058 060 212 86 3064 04
X 2 431 B0 T0 57 121 60 50 55 047 066 2056 62 440 128
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Th Pb Zr #Hf Nb Ta Y La Ce Nd La Ce Nd Sm Eu Tb Yb Lu Zr Ba K Zr K P
inaa xrf xef inaa xif inaa xrf xif xif xirf inaa inaa inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb Y Rb Z¢
. , 42 101 \ s . , . X , . 4 15,

Al-84 2 378 7 75 47 108 64 53 558 048 066 213 50 444 139
AT-267 2 417 — 85 —6/ 54 116 66 49 58 049 064 203 62 411 1.7
Al-112 489 2 413 876 81 502 65 48 106 58 503 111 617 137 495 200 516 069 51 62 042 057 184 64 439 8.1
Al-165 510 4 433 920 85 526 69 53 120 63 544 119 626 144 508 221 530 069 51 62 046 062 194 63 424 82
Al-113 3 439 92 63 50 121 64 48 56 050 054 204 7.0 408 10.1
Al-244 3 339 63 40 37 82 39 54 94 059 059 228 B85 388 64

Benmoreite (intermediate Zr/Nb)
Al-185 4 439 89 63 53 118 66
Al-184 3 456 91 67 58 117 63
A130 | 630 2 400 063 54 5.7/9 64 b3 121 63 555
Al-68 3 453 — o7 B0 49 114 59
Al-57 112 60
A -
Al-15%a 3 W 8 61 054 0.66 23'6 6.7 429 §.§
Al-186 3 465 82 67 S5 119 68 §7 657 055 067 239 69 435 8.8
A58 3 474 55 71 54 120 &5 50 55 051 057 2080 6.7 413 71
Al-47 3 475 95 67 52 117 62 50 56 0S1 055 206 71 408 70
Al-272 3 477 95 67 S5 119 66 50 67 052 058 219 79 410 69
Al52 2 42 Yf:) 88 45 112 63 54 57 0.
Al-54 §55 2 445 9868 B81 S17 68 48 113 61 491 116 610 138 474 194 519 070 55 56 083 059 212 65 400 77
A-260 6 575 17 6272 149 77 52 5.7 0, X
Al-71 4 1 55
Al-176 656 2 530 113 97 577 63 50 117 61 564 118 627 136 430 204 484 066 55 6.0 0.58 0.52 219 8.4 379 6.'
A48 3 524 700 70 57 123 63 52 58 0. ] ! .
Al-140 642 4 511 108 99 589 67 53 121 64 550 122 592 139 440 1680 508 069 52 55 052 054 213 76 413 58
Al-92 3 524 97 53 53 118 59 14 8.1 5.55 555 227 55 m 37

B B 4 4 | B 65, 44 49 16 8 6

Al-73 3 610 102 73 55 126 64 60 59 055 054 214 84 390 29
AR5 4 581 TOV BY 53 121 59 ) 80,

Dark Slope Crater
Al-4 467 3 320 692 64 395 43 44 90 51 434 923 517 107 376 160 29 038 50 70 053 069 210 74 39 13.0
Al-205 2 323 63 40 39 86 46 51 79 054 062 215 81 398 113
Al-202 <2 328 64 40 40 87 51 51 64 045 063 201 82 444 104
Al-150 478 2 330 703 65 434 38 40 87 47 410 889 458 967 335 134 267 033 51 65 055 062 208 87 371 106
Al-153 2 338 65 41 4Q 92 62 52 67 057 0668 213 82 375 11.3
Al-154 482 2 318 699 63 423 40 39 88 46 396 912 469 102 337 129 275 0234 50 64 052 062 207 80 395 115
Al-155 486 2 32t 700 64 387 49 45 99 652 455 100 522 117 368 141 345 043 50 62 042 070 205 66 486 107
Al-156 479 2 333 690 66 410 51 45 97 53 466 995 515 121 388 168 357 046 S50 57 041 068 208 65 S07 11.0
Al-31 2 359 73 4 44 88 44 49 60 0S1 060 212 88 417 120
Al-2 544 3 364 783 72 464 37 43 96 50 450 972 482 103 330 157 258 034 51 64 057 060 210 98 368 109
Al-203 3 425 83 43 48 110 654 51 66 057 058 205 99 362 100
Al-204 4 423 82 42 49 111 60 52 65 0.57 0.60 208 10.1 362 100
Al-6 893 <2 558 116 110 735 46 73 133 67 732 158 670 143 475 190 323 038 51 65 203 121 338 98
AR08 3 328 T 62 4] 35 B85 40 53 55 OWWW
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Th Pb Zr Hf Nb Ta Y La Ce Nd ta Ce Nd Sm Eu Tb Yb Lu Zr Ba Rb La K Zr K P

inaa xef xif inaa xef inaa xef xif xef xf inaa inaa inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb Y Rb Zr
Al-298 2 461 85 30 48 97 4 54 62 059 056 202 154 344 53
Al-264 3 463 86 31 52 95 45 54 60 062 060 208 149 337 50
Broken T
Al-88 3 394 72 62 48 107 S9 55 67 051 067 256 64 498 114
Al-86 3 404 72 61 42 96 &7 66 668 056 058 270 66 486 110
Al-87 519 3 385 838 72 459 65 45 103 61 470 108 578 145 496 208 469 061 53 67 051 063 254 59 494 111
Al-217 3 409 72 62 57 0.56 271 66 488 108
AVT7 552 3 441 905 76 472 62 48 109 59 478 107 627 142 443 195 489 062 58 67 058 061 304 71 524 97
Al-76 645 4 516 105 81 494 57 45 102 51 497 106 573 125 361 183 492 069 64 71 063 056 374 91 594 657
Al-216 4 561 9 71 64 132 67 62 49 059 070 264 79 444 54

Trachyte

Al-59 6 694 121 71 67 139 66 87 93 040 055 226 98 556
Ail-83 6 860 134 73 71 155 73 64 60 051 053 217 11.8 422
Al-111 640 3 398 788 68 459 45 32 68 33 403 832 372 810 351 132 372 051 59 192 093 047 544 88 588
Al-190 § 758 13 79 6.7 0.73 320 96 441
Al-119 5 865 136 73 69 143 62 64 78 079 051 267 118 340
Al-126 140 9 841 168 133 826 60 63 129 51 685 132 505 107 315 177 5566 074 63 74 078 047 276 140 354
Al-164 5 495 92 50 42 81 43 54 168 068 046 413 99 603
Al-109 761 3 532 105 98 583 56 41 87 45 453 945 467 102 317 164 496 069 54 118 070 042 424 95 602
Al-163 4 555 101 63 48 107 656 55 93 069 048 393 88 §76
A)-70 3 782 112 64 57 120 58 70 33 075 051 361 122 481
Al-169 5 818 135 8 71 156 70 61 68 056 053 228 96 405
Al-116 5 940 119 72 53 110 S3 79 1.0 068 045 313 131 460
Al-294 7 666 119 61 56 0.67 358 109 532
Al-79 907 6 733 137 123 670 79 71 145 73 718 136 689 139 3.04 208 620 082 60 58 064 058 315 93 491
A)-282 7 769 126 75 ' 6.1 067 308 10.3 460
Al-103 938 65 756 142 129 691 57 45 100 50 472 936 455 913 232 140 S§30 078 62 653 067 037 339 133 S06
Al-104 4 703 124 27 44 96 S0 657 16 065 035 349 260 542
Al-105 6 931 123 49 4 79 H 76 69 064 0.28 266 190 414
Al-115 8 1204 139 84 71 149 69 87 46 070 051 298 143 427
A-175 107 6 823 163 139 808 45 S50 112 58 560 115 541 113 280 166 520 079 59 66 068 036 257 183 380
Al-99 4 895 138 43 73 122 89 65 21 067 053 297 208 440
Al-41 103 51062 193 116 677 73 S7 117 65 612 127 611 127 268 200 615 084 92 87 076 049 335 145 441
Al-228 5§ 1096 117 59 94 080 344 186 428
Al-91 143 71248 223 184 104 84 70 177 73 732 165 630 129 215 218 699 102 68 1.2 059 038 230 149 388
Al-17 134 7 998 205 150 879 41 40 82 52 406 829 526 110 161 149 474 076 67 1.3 065 027 273 243 418
Al-268 8 937 139 41 6.7 0.68 2564 229 383
Al-66 10 954 155 69 74 140 68 62 30 077 048 274 138 353
Al-129 10 1284 188 95 94 190 82 69 02 076 051 227 138 297
Al-96 1114 7 954 201 134 806 85 64 132 70 719 139 686 156 320 255 725 100 71 39 065 048 280 112 431
Al-67 143 8 940 179 151 912 62 53 119 53 616 115 516 103 198 172 591 083 62 37 077 035 281 152 363
Al-241 6 948 167 79 57 0.77 248 120 320
Al-242 10 1079 184 37 59 0.74 225 292 304
Al-243 10 1048 181 102 5.8 0.73 226 103 310
Al-95 8 1003 117 9t 62 142 69 86 76 070 053 293 110 418
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Th Pb Zr Ht Nb Ta Y Ce Nd La Ce Nd Sm Eu Th Yb Lu Zr Ba r K P
inaa xrf xef inaa xf inaa xrf m xef xif inaa inaa inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb Y Rb Zr

Al-147 91025 183 38 28 g7 39 55 04 U./Z 015 230 2/.0 318
Al-248 9 177 207 83 94 212 83 67 041 089 045 201 142 291
Al-94 10 1266 177 113 78 177 @88 72 04 071 044 221 11.2 3N
Al-a3 12 1279 1814 125 74 0.71 216 10.2 303
Ai-261 12 1285 184 128 7.0 0.72 210 100 293
Al-77 194 11 968 238 212 136 137 82 181 86 919 189 810 191 121 359 119 156 46 01 076 039 182 7.1 240
Al-131 206 14 1237 273 240 150 143 111 236 100 113 222 929 203 094 358 124 167 52 01 075 046 160 87 214
Pumice

Al-19 5 600 96 75 81 133 81 63 73 056 084 220 80 3%
Al-21 6 658 102 67 68 129 64 65 82 058 067 254 98 439
Al-20 6 728 97 79 70 119 65 75 115 062 072 317 103 512
Al-15 193 3 878 181 133 797 68 74 137 67 705 148 677 147 248 224 660 097 66 29 071 056 312 129 437
Al-18 12 1292 212 133 186 211 136 61 02 064 073 211 97 332
Al-135 137 81093 199 184 105 93 82 167 '81 948 179 805 172 272 280 792 108 59 03 064 045 239 118 372
Al-174 802 4 899 154 97 547 151 92 127 96 100 142 100 219 559 364 11.0 153 93 82 075 095 217 60 289
Al-98 9 1375 165 119 86 180 89 83 07 070 052 277 124 397
Al-114 8 1144 162 93 83 176 78 71 08 072 051 276 123 384
Al-238 5 MM 116 61 6.1 195 11.7
Al35 6 1032 3762 066 140 59 75 7.0 mw——

Al-42 251 141743 334 261 156 148 120 250 114 139 254 113 242 231 395 11.2 166 67 041 072 046 180 11.8 250
Al-43 6 928 125 74 59 124 58 74 56 068 047 284 125 427
Al-44 6.0 8 1187 233 183 121 88 74 152 69 859 165 775 157 224 244 651 094 65 06 063 040 218 135 346
Al-45 <2 199 34 3} 19 4 23 59 51 074 056 225 64 305

- 10 1062 172 101 - 6.2 X V
Al-293 14 1393 232 120 60 0683 179 118 285

Al-143 436 2 351 724 68 378 52 41 94 49 425 912 486 114 374 168 343 043 53 56 048 062 200 68 412

Al-144 158 9 1470 252 177 102 106 97 187 96 107 209 979 207 249 323 906 121 B3 05 065 055 249 139 384

Al-145 665 4 470 933 80 483 93 69 110 81 714 109 835 185 463 263 684 090 59 40 048 086 136 51 286

Al-146 118 6 1074 198 130 763 B7 67 139 68 72 8 142 67 1 146 210 233 781 111 83 1.7 078 052 328 123 417
A 5 x e - s oV, ) % - . T

B 8 R X ) K ,84 B K] ,0 48 BG j
57 124 60 59.2 123 59.8 126 471 200 549 075 55 73 056 050 2349 94 416

630 119

A)-121 785 3 114 67

Al-122 614 4 460 862 94 533 64 52 120 65 543 116 61.2 136 483 204 482 067 49 57 052 055 208 7.2 398

Al-123 325 2 233 517 52 340 42 30 73 41 328 756 417 97 334 148 298 036 45 55 048 058 198 55 412

- B 902 750 [+11] 6.4 052 537 102 32

Al-181 5 842 126 72 60 132 62 _ 67 73 062 048 310 11,7 501
Boreholes — e
GH1

GH1-1 <2 285 55 55 52 0.53 202 52 384 198

GH1-2 <2 269 53 49 5.1 0.49 193 55 393 17.2

GH1-3 <2 175 23 33 7.6 057 274 53 485 97

GH1-4 <2 1M 23 33 74 057 271 62 479 100

GH1-5 2 169 22 32 7.7 0.64 291 53 457 103
GH2

GH2-1 <2 249 42 39 59 0.71 261 64 365 7.7

GH2-2 <2 259 48 4 56 0.72 258 63 360 7.1

GH2-3 2 397 78 63 51 0.49 196 63 402 89
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Th Pb Zr W Nb Ta Y La Ce Nd la C Nd Sm Eu Tb Yb Lu Zr Ba
inaa xrf xrf inaa xrf inaa xif xrf xr? xrt inaa lua: inaa inaa inaa inaa inaa inaa Nb Nb Nb Nb Nb

<h

2x
Ny

7.2 083 247 145 299

GH2-6 6 1038 141 7.4 079 263 146 34
GH2-6 8 1040 140 72 74 0.83 277 144 334
GH2-7 2 398 74 60 54 0.51 66 408 140
GH2-8 <2 390 72 60 54 0.50 206 65 413 144
GH2-9 3 459 81 59 5.7 0.56 214 78 386 10.2
GH2-10 2 487 86 60 57 0.53 208 81 388 91
GH2-11 3 5% 90 64 5.9 0.56 213 83 384 68
GH2-12 <2 A6 56 48 55 0.52 197 64 381 171
GH2-13 9 1004 139 113 7.2 0.77 2715 89 357
GH3-1 <2 260 62 42 4.2 0.58 212 62 364 176
GH3-2 <2 261 63 42 4.1 057 211 62 174
GH3-3 <2 356 65 49 5.5 0.52 199 73 14.2
GH3-4 3 384 70 50 85 053 200 7.7 13.6
GH3-5 3 383 75 39 5.1 0.59 207 9.8 10.3
GH3-6 2 412 82 4 50 0.7 222 103 104
GH3-7 3 484 g5 40 51 0.60 199 121 95
GH3-8 S 4 583 13 44 5.2 0.66 204 133 9.6
GH4-1 5 627 112 68 5.6 0.51 208 92 39
GH4-2 S 75§ 122 69 6.2 058 217 109 1.7
GH4-3 2 225 35 34 6.4 048 228 66 83
GH4-4 2 318 S8 42 55 0.55 216 7.6 129
GH4-5 2 37 64 42 5.3 0.56 213 80 129
GH4-6 <2 307 57 41 5.4 0.58 229 75 14.1
GH4-7 3 318 59 42 54 0.58 21 76 13.2
GH4-8 <HE <2 287 53 42 54 0.58 230 68 14.1
GH5-1 2 270 54 52 50 050 198 52 189
GH5-2 <2 267 54 52 49 0.52 197 5S4 19.3
GHS-3 3 2n 53 54 4 053 207 50 19.6
GHS-4 3 459 85 68 54 0.47 197 68 103
GHS-5 2 459 85 69 5.4 0.47 195 6.7 103
GH5-6 6 696 119 57 58 0.55 220 12,2 24
GHS5-7 2 2n <14 30 57 0.59 238 70 108
GHS5-8 <2 216 38 A 57 063 238 70 105
GHS5-9 - 2 497 76 53 6.5 0.61 383 94 16
GH6-1 9 1341 148 75 9.1 070 2711 17.9 0.1
GHB-2 <2 293 4 50 7.1 0.54 263 59 14.7
GHB-3 <2 242 35 46 6.9 051 268 53 135
GH6-4 <2 245 36 40 6.8 0,53 265 6.1 118
GHE-5 2 230 37 34 6.2 0.51 236 6.8 10.6
LOT-1 2 285 43 49 6.6 0.70

- I < X ) 255 58 14.9
LOT-2 5 710 84 79 85 0.57 240 90 1.8
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A4-20

ROt S (T4ING 20 ENO ]
86Sr ppm__ ppm __86Sr 868l 144Nd 204Pb _ 204Pb _ 204Pb
Gabbro
Al-7 0 0704107 10 1 130 0.0222  0.704107 -84 0513023 40 19461 15660 39,186
Al-8 0 0.702983 9 1 103 00281 0.702983 -244 | 0513104 10 9.09 | 19126 15621 38,745
Al-9 0 1 197 19557 15625 39141
—Tow Zr/Nb
Al-60 H 0 4794 | 0703130 14 27 551 0.1417 0703130 <223 0.512971 11 6.50 7.07
Al-212 H 0 4734 | 0,702921 11 33 §74 01663 0702921 -26.2 0512972 9 652
Al-157 H} 0 ] 4769 | 0702929 9 3R 533 04736 0702029 -251 | 0512969 12 646 | 19630 15622 39140 | 679
Al-61 H 47.45 653 6.11
—Tigh ZNG-
Al-128 B) O | 4909 | 0702814 11 20 418  0.1384 0702814 -26.8 | 0.513060 8 823 | 19451 15599 39014 | 783 587
Al-107 B 0 48.55 0.702811 0 18 436 0.1194 0.702811 -26.8 0513028 12 761 19566 16605 39.106 { 6.12
Al-40 8 0 4755 | 0702892 10 19 §39 01019 0702892 -25.7 0.512992 9 691
Al-64 8 0 5058 | 0702766 12 28 414 01956  0,702766 -27.4 0.513066 8 835 | 19389 15626 39.027 | 6.26
Al-172 B 0 4964 | 0.702912 g 2 404 01432 0702912 -25.4 0.513006 7 718 { 19421 15616 39017 { 681
Al-127 B 48,44 699 621
Al-37 B 47.59 569 3.42
e 2T
Al-100 B| O} 4753 ) 0702831 15 11 385 00826 0702831 265 | 0513018 10 741 | 19482 15607 39062 | 637 6.79
Al-102 8 48.00 669 670
Al-158 B 47.47 697 648
Al-28 B 0 4728 | 0702942 11 23 469 01418  0.702942 -249 0.513008 7 722 ] 19740 15685 39370 | 6,866
Al-62 8 47.38 5§54 996
Al-132 B) O} 48583 ) 0702790 10 27 491 041590 0702790  -27.1 | 0513038 9 760 | 19580 15620 39160 | 741 592
Al-123 B 0 48.87 0.702941 9 25 492 01470  0.702941 -25.0 0.513040 7 784 | 19446 15623 39,008 | 741
Al-14 8| o 4927 | 0703035 11 13 435 00884 0703035 -236 | 0513038 7 178 7.22
Al-274 8| 0| 4940 | 0703263 10 25 435 01662 0703263  -204 | 0513011 8 7.28
A28 ] 50,49 668 653
A-159b B | 0 | 48,09 | 0702766 9 27 477 04637 0702766  -27.4 | 0513013 9 732 | 19445 15594 39,000 | 6.76
Al-24 H{ O | 4982 | 0702845 14 3 497 01804 0702845 -263 | 0512978 9 663 5,03
Al-7S H 49.41 527 547
Al-89 H 49.76 5§80 644
Al-72 H 0 4854 | 0.702951 9 27 645 01211 0.702951 -24.8 0512960 12 628 | 19658 15641 39290 | 7.2%
Al-182 H| o | 4828 { 0702791 9 25 539 0.1341  0.702791 -27.1 0.513015 7 735
Al-139 8 0 51.01 0.702661 11 ¥ 470 02277  0.702861 -26.1 0513016 22 735 ( 19517 15609 39.060 | 6.18
Al-82 H 48.48 6468 637
Al-143 M] O 5190 | 0702945 10 32 57 0.1621 0,702945 -24.9 0.513004 7 714 ) 19564 15617 39,160 | 7.84
Al-165 Mj] O 65,29 | 0.702844 9 39 446 02529 0702844 -26.3 0513016 11 737 | 19516 15603 39,054 | 648
Al-168 M] O | 5088 | 0703011 11 34 487 02019 0703011 240 | 0513028 7 761 ] 19610 15629 39178 | 566
Al-178 M 50.78 8676 689
Al-80 M 53.06 637 580
Al-122 Be| 0 | 5559 | 0702836 10 49 436 03250 0702836 -265 | 0513024 7 753 | 19587 15605 39.107 | 6.80
Al-130 Be| 0 | 5531 | 0.702838 9 46 433 03072 0702838 -264 | 0.513021 8 747 | 19602 15605 39,133 | 6.08



87ST EST (14 ]
86Sr 66Sr! 144Nd
Al-176 Be| O §7.30 | 0.702861 10 656 431 03758 0.702861 -26.1 0513006 14
Al-71 Be §7.71
Al-137 Be] O 60.06 | 0702798 10 5% 388 0.3801 0,702798 -27.0 0512982 7
— Dark Stope
Al-2 pe H 0 48.51 0703106 10 41 782 0.1516 0.703106 -226 0.612967 8
Al-6 M] O §212 | 0703120 11 €6 1105 0.1727 0.703130 -22.3 0512918 12
Al-154 H 0 4833 | 0703024 10 33 719 0.1327 0.703024 -23.8 0512974 10
Al-208 M| O 5§2226 | 0.703107 9 50 864 0.1674  0,703107 -226 0,512951 10
| Broken Yoolh
Al-76 Be| O 6005 | 0702868 10 51 203 0.7266  0.702868 -26.0 0.513091 12
Al-87 Ml O 5475 | 0.702859 10 37 418 02560 0.702859 -26.1 0513077 11
Al-88 ™M 54,67
Al-187e Sy] O 6174 | 0702860 10 303 2666 03287 0.702860 -26.1 0.513020 9
Malic Inclusions
Al-97 Bej O 65145 | 0702983 10 65 565 03327 0.702983 -24.4 0512987 13
Al-234b M} O 6124 | 0702797 10 2% 407 0.1492  0.702797 -27.0 0513017 8
[~ Trachyle
Al-111 T}|10| 6391 0,705038 9 63 184 09904 0705024 46 0513046 13
Al-79 T}10|]| 6600 | 0703605 10 79 29 7.879 0.703493 174 0513024 10
Al-41 T ] 10] 6693 | 0.703651 9 88 15 16.97 0.703410 -18.3 0.513008 8
Al-175 T|] 10| 6684 | 0703117 8 94 24 11.33 0.702956 -247 0.513026 9
Al-91 T{110}] 6739 | 0707188 11 109 7 45,05 0,706548 26,2 0.512992 6
Al-109 T] 10} 6535 ] 0705950 10 69 24 8.317 0.705832 16.1 0,513007 9
Al-67 T|10{ 6728 | 0703715 10 117 7 48.34 0.703029 -23.7 0512999 10
Al-103 T}j10)] 6658 | 0704755 11 81 4 68.57 0.,703923 -11.0 0513056 11
Al-96 T} 10] 6882 | 0704053 9 87 10 25,16 0.703696 -14.2 0.513026 8
Al-94 R{10]| 7253 | 0706306 14 126 1 3645 0.701130 -50.6 0.513027 8
Al-177 R (|10 7375 { 0708917 11 161 1 4659 0,702301 -34.0 0.613026 7
AI-70 T 65.60
Al-104 T 66.23
Al-115 T 66.70
Al-126 T 65.40
I~ Pumice
Al-120 T[10] 6359 { 0.703255 9 75 114 1.903 0.703228 -20.9 0.513015 8
Al-121 T}10] 6099 | 0702898 10 64 270 06855 0.702888 -257 0513025 18
Al-44 T}110]) 6872 ] 0706388 15 115 16 20,79 0.706073 19.5 0.513027 9
Al-43 T)]10] 6695 ) 0703498 10 83 67 3.583 0.703447 -17.8 0.513000 9
Al-135 T 66.56 118 20
Al-42 R}10| 7207 | 0707603 10 188 7 77.7% 0,706500 256 0.512998 8
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144Nd

Al-41 WR 0.703651 9
trachyte Fsp 0.702896 9
L 0708192 10
LR 0703016 30
Al-44  WR 0,706368 15
pumice Fsp 0.704317 1
L 0706533 42
LR 0.705278 20
Al-67 WR 0.703715 10
trachyte Fsp 0703028 13
L 0706759 22
LR 0703386 13
Al-96 WR 0.704053 9
trachyte Fsp 0703236 15
L 0706357 15
LR 0703273 10
AI-103  WR 0704755 11
trachyte Fsp 0703787 10
L 0.708649 15
LR 0703389 14
[ Granite
Al-213¢ WR | 092} 7390 | 0706920 11 1527 4.96 89,07 0.705756 15.0
Fel 092 0709250 10 1099 1.18 269.5 0.705729 146
Maf 0.92 0705850 10 277 851 9403 0705727 14.6
Al-l213dWR | 122} 7383 | 0707210 10 867 380 66.00 0706067 194 | 0512998 8 7.02
Fel 1.22 0707560 16 6§32 1.75 87.87 0.706038 19.0
Maf 1.22 0706140 10 144 744 5.610 0.706043 19.1
[ Borenotes
GH1-3 76{ 0 | 4943 | 0702726 9 13 405 00928 0,702726 -28.0 0513045 9 794
GH2-12 §5] O 4992 | 0702819 11 29 §07 0.1654 0.702819 -26,7 0513003 19 7.12
GH4-3 64] O 4919 | 0702783 11 16 459 01008 0702783 -27.2 0513009 9 7.24
GH5-7 571 0 4915 | 0702830 11 22 505 01260 0.702830 -26.5 0512971 8 6.50
GH6-3 89| o 4846 | 0702763 11 18 405 0.1285 0.702763 -275 0513042 9 788
LOT-1 66] 0 | 4998 | 0702787 10 N 451 01924 0702787 -274 0.513047 11 798
[ Guano O70%0/T 10 4 T555
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