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ABSTRACT
MAGMA MIXING IN ICELAND
By

Steven R. Mattson

Magma mixing is evaluated as a process in the Icelandic crust. Two general
types of magma mixing are thought to occur: the mixing between silicic and
mafic magmas and the mixing between individual mafic magmas.

The mixing processes between a silicic and mafic magma are evaluated for
the Austurhorn and Vesturhorn Intrusions located in Southeastern Iceland. Simple
mechanical mixing processes are thought to predominate in these complexes,
although diffusional processes probably play a minor role. The interaction of
mafic and silicic magmas in the Icelandic crust may have many important
ramifications on both silicic and intermediate eruptive products, the eruption
mechanics of silicic magmas, and control the evolution of the central volcanic
complexes.

Many examples of intermediate compositions occur in these silicic-mafic
complexes and in those found in other magma mixing localities elsewhere in
Iceland. A comparison of the intermediate compositions found in these known
examples of silicic-mafic magma mixing with the intermediate lava variation in
Iceland indicates that many similarities are found between groups. This suggests
that intermediate lavas are the result of silicic-mafic magma mixing processes.
Simple fractional crystallization models are not consistent with the observed
trace element ratios (e.g., (Ce/Yb)N, (La/Lu)N, (Ce/Lu)N) and the abundances of

intermediate and silicic rocks.






Steven R. Mattson

Mafic magma evolution (i.e., high magnesia basalt through ferrobasalt) is
most consistent with a modified open system model. The open system model is
modified from the terace element model of O'Hara (1977) because it is proposed
that major element changes are occurring in the magma chamber and the system
is non-steady state. Open system processes can account for the range of trace
element ratios observed (e.g., (Ce/Yb)N, (La/Lu)N, (Ce/Lu)N), the distribution in
K0, TiOz, P205 and Ti02/P205 ratio with volume of eruptive products, and the
aerial distribution of lavas observed. Simple fractional crystallization, partial
melting models, and mantle heterogeneity models cannot account for all the
variation observed.

Mafic magmas effected by modified open system processes may mix at any
point in their evolution with silicic magmas and form intermediate compositions.
Silicic magmas are most likely generated by the partial melting of a hydrated

basaltic crust.
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GENERAL INTRODUCTION: PART I

The Austurhorn and Vesturhorn silicic intrusions, located in Southeastern
Iceland, have associated with them silicic and mafic complexes. The silicic and
mafic complexes consist of pillow-like bodies of mafic rock entirely surrounded by
silicic rock. The mafic pillow-like bodies have highly cuspate boundaries in
contact with the silicic rock. Many pillowed bodies have chilled and sharp cuspate
boundaries while others have gradational boundaries in contact with the silicic
rock. These gradational zones are intermediate in composition. The presence of
rare swallow-tailed plagioclase in the chilled margins of the mafic pillows confirm
a liquid-liquid relationship between a silicic and a mafic magma and thus present
a unique opportunity to observe the interaction of mafic magma and silicic
magma at high levels in the crust (< 2 km). Many silicic and mafic complexes are
probably mistaken for intrusion breccias or solid xenoliths.

A model of commingling of magmas with "limited" magma mixing is best
supported by the data. Mixing is "limited' because large volumes of a throughly
mixed magma have not been produced. The visible scale of mixing is of the same
order of magnitude as the size of the pillows enclosed within the silicic rock.
Mechanical mixing processes are thought to predominate at the margins of pillows
with gradational boundaries. Models involving silicate-liquid immiscibility can be
strongly rejected based upon the liquidus temperature differences between the
silicic and mafic magmas (i.e., quenched margins) and the trace element data.

As a result of mixing, intermediate compositions are produced, some of
which are similar to intermediate compositions found as lavas in Iceland (e.g.,
basaltic andesite and Icelandite) whereas other intermediate compositions occur

which have no or only a rare volcanic equivalent.






The silicic rocks at these two intrusions were likely superheated because
many of the mafic pillows lack chilled boundaries on all of the pillow or only on
part of a pillow margin. If superheating of silicic magmas is common in the
Icelandic crust, then this may have many important ramifications on the
possibility and extent of mixing between mafic and silicic magmas (i.e., large
amounts of mafic magma may mix with small amounts of silicic magma but not
vice versa) and thus the hybridization of mafic and silicic magmas and the
production of intermediate compositions. The eruption potential of silicic
magmas is enhanced if they are superheated.

In Iceland volcanism occurs in the form of overlapping en echelon
overlapping en echelon eruptive lenses in time. The central portion of each lens
contains the thickest accommulation of erupted lavas and usually has one or more
central volcanic complex(es). The central volcanic complexes are almost
exclusively associated with the more evolved basalts, intermediates and silicic
rock types, and the occurrences of silicic and mafic complexes. This suggests
that the evolution of all of these rock types and the silicic and mafic complexes
are related.

The interaction of mafic and silicic liquids in crustal level magma chambers,
in Iceland, is manifest by the numerous occurrences of silicic and mafic
complexes or net-veined complexes. The silicic and mafic complexes may be the
only evidence remaining of the interaction of mafic and silicic magmas at high-
levels of the the Icelandic crust before the magma chamber is emptied and
erupted at a central volcanic complex. In general, Smith's model for evolution of
high-level silicic magma chambers is supported by field and chemical relationships

found at two Tertiary silicic and mafic complexes in Iceland.
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PART I: THE INTERACTION OF MAFIC AND SILICIC MAGMAS
AT TWO INTRUSIONS

INTRODUCTION

The coexistence of silicic and mafic magmas may have been a characteristic
of the North Atlantic Tertiary Province (Harker, 1904; Blake et al.,, 1965;
Thompson, 1980) and may be a general feature of high-level silicic magma
chambers (Smith, 1979). A major portion of these small volume silicic magma
systems have been erupted as pyroclastics (Smith, 1979) and these have either
been lost to surfacial processes or have not been the subject of extensive study.
An exception to this has been the 1875 Askja eruption which has been studied in
detail (Sigvaldason, 1979; Sparks et al., 1981; Sigurdsson and Sparks, 1981). This
eruption contained many silicic pyroclastics as well as many intermediate, mafic,
and "mixed" ejecta compositions. A study of the silicic and mafic complexes may
reveal the processes that have effected these high-level silicic intrusions and
ultimately their erupted products, such as those found in the Askja eruption.

In Iceland volcanism occurs in overlapping eruptive lenses, spatially and
temporally arranged in en echelon arrays (e.g., Gibson, 1966; Gibson and Piper,
1972; Jakobsson et al., 1978). The central portion of each lens contains the
thickest accumulation of erupted lavas and usually one or more central volcanic
complex(es) (e.g., Walker, 1963, 1966, 1975; Gibson, 1969; Sigvaldason, 1974;
Palmason and Saemundsson, 1974). The central volcanic complexes are almost
exclusively associated with the more evolved basalts, intermediate and silicic
rock types and the occurrences of the silicic and mafic complexes (e.g., Walker,
1962, 1964, 1966; Blake, 1966, 1969; Blake et al., 1965; Sigurdsson, 1971; O'Nions
and Gronvold, 1973; Wood, 1976; Sigvaldason, 1979). This suggests that the






evolution of all of these rock types and the occurrences of the silicic and mafic
complexes are related.

Two models can account for the coexistence of silicic and mafic magmas
(e.g., Holmes, 1936; Vogel and Wilband, 1978). The first has been termed
commingling (Chapman, 1962) and is the failure of two potentially miscible
magmas to mix due to viscosity and temperature differences (i.e., rapid
crystallization of the mafic magma upon coming into contact with cooler silicic
magma). The second model is silicate-liquid immiscibility, whereby a
homogeneous magma unmixes to form two thermodynamically stable liquids of a
highly contrasting nature, one liquid essentially mafic and the other silicic.

The main objectives of this paper are to evaluate these two models and to
suggest mechanisms of formation of the silicic and mafic complexes consistent
with the petrographic, major element and trace element data obtained from these
complexes. In Part I of this paper the unequivocal liquid-liquid nature of the
silicic and mafic complexes will be established and an evaluation of the two
models proposed above will be presented. Silicate liquid immiscibility will be
shown to be a untenable process based upon the field and chemical data. A
commingling model with limited magma mixing between silicic and mafic magmas
is the model most strongly supported. Documentation of a complex series of
events in these magma chambers will also be presented. In Part II of this paper a
comparison of the chemical variation observed in the known mixed rocks in
Iceland with the chemical variation observed in the lavas of Iceland will be
presented in order to evaluate the significance of magma mixing between mafic
and silicic magmas in the Icelandic environment.

A close association of silicic and mafic rocks has been reported from a
number of tectonic settings, on a variety of scales, and in both plutonic and

volcanic regimes (For example: Harker, 1904; Holmes, 1931; Wilcox, 1944; Wager






and Bailey, 1953; Wells, 1954; Buist, 1959; Chapman, 1962; Wager et al., 1965;
King, 1964; 1965a, 1965b; Windley, 1965; Skelhorn et al., 1966; Walker and
Skelhorn, 1966; Philpotts, 1971, 1972, 1979; Wiebe, 1973, 1974, 1979, 1980; Yoder,
1973; Vogel and Walker, 1975; Vogel et al.,, 1976; Vogel and Wilband, 1978;
Holgate, 1978; Eby, 1980; McSween et al., 1979; Gamble, 1979; Taylor et
al., 1980; Vogel, 1982; Reid et al., 1983; Wiebe and Wilde, 1983.) Specifically, in
the Icelandic oceanic island rifting environment, silicic and mafic associations
have been reported by Bunsen (1851), Guppy and Hawkes (1925), Anderson (1949),
Gibson and Walker (1963), Blake et al. (1965), Walker (1962, 1963, 1966), Blake
(1966, 1969), Gunn and Watkins (1969), Roobol (1971, 1974), Jakobsson (1979);
Sigurdsson (1971a), Sigvaldason (1979), Jorgensen (1980), Prestvik (1980), and
Sigurdsson and Sparks (1981). Review papers on silicic and mafic associations
have been presented by Walker and Skelhorn (1966), Roobol (1971), Yoder (1973),
and King in a series of articles (1962, 1963a, 1963b, 1964, 1965a, 1965b). In many
of these associations silicic and mafic rocks are interpreted as representing the
coexistence of two distinct liquids.

The Austurhorn and Vesturhorn Tertiary complexes of Southeastern Iceland
contain classic examples of coexisiting silicic and mafic magmas which
crystallized in a hypabyssal environment (Blake, 1966; Roobol, 1974). These
complexes consist predominantly of silicic intrusions, which have within them an
intimate association of silicic and mafic rocks. The most conspicuous features of
these complexes are mafic pillow-like xenoliths with cuspate boundaries
surrounded by silicic rock. These types of complexes have been referred to by
many workers as "composite intrusions", "acidic and basic complexes", "net-
veined complexes" or "silicic and mafic complexes".

As has been pointed out (Vogel, 1982), the advantages of studying these

high-level silicic and mafic complexes is that they represent, in comparison to






plutonic complexes, "quenched" systems and contain few cumulate phases. The
small scale of the individual relationships between mafic "pillows" and the silicic

rock aide in the field interpretation and sampling techniques.

FIELD DESCRIPTION OF THE SILICIC-MAFIC COMPLEXES

General

The silicic and mafic complexes occur within the Austurhorn and Vesturhorn
Tertiary intrusions. K-Ar ages are 6.6 + 0.4 (Austurhorn) and 6.6 + 0.3 m.y.
(Vesturhorn) (Moorbath et al., 1968). These intrusions occur along the coast of
Southeastern Iceland with an exposed outcrop area of 1l km2 and 19 km2
respectively (Blake, 1966; Roobol, 1974) (Figure 1). They occur within 30 kms of
each other and both have intruded basaltic lavas which gently dip to the west.
These intrusions are composite stock-like bodies and were probably emplaced at
depths less than 2 km, based upon the zeolite metamorphic facies of the intruded
volcanics (Blake, 1966; Roobol, 1974). The intrusions consist of predominantly
silicic rocks with subordinate basaltic and intermediate rocks. Tertiary silicic
rocks in Iceland are almost exclusively associated with major volcanic centers
(Walker, 1966).

The silicic and mafic complexes consist of differing amounts of silicic,
mafic, and intermediate rocks. Although actual volumes of the contrasting rock
types are difficult to estimate, silicic rocks at the level of exposure are the most
abundant and the intermediate rocks are the least abundant. The general field
relationships and distribution of rock types within the Austurhorn and Vesturhorn
intrusions have been reported previously by Blake (1966) and Roobol (1974). The
silicic and mafic complexes comprise only part of the total area of the intrusions,
approximately 30-40% of the Austurhorn intrusion (Blake, 1966) and less than 10%

of the Vesturhorn intrusion. The silicic and mafic complexes occur in three main






NEOVOLCANIC

Figure 1. Location of the Austurhorn (A) and Vesturhorn (V)
intrusions in Iceland in relation to the Neovolcanic zone.



areas in the Austurhorn intrusion and two main areas in the Vesturhorn intrusions
(see maps of Blake, 1966, Figure 1; and Roobol, 1974, Figure 2). The Austurhorn
silicic and mafic complexes have the best exposure. The exposed parts of the
silicic and mafic complexes form at the margins of the silicic intrusions, however,
the relationship of one silicic and mafic complex within the Austurhorn intrusion
at Austurhorn is obscured by the sea. Silicic and mafic outcrops are dominated by
pillow-like bodies of mafic rock with cuspate boundaries which are entirely

surrounded by silicic rock (Figure 2a).

Description of Mafic Pillows

A description of these mafic pillow-like bodies, their petrography, and
relationships with the silicic rocks will be presented in order to establish that
these rocks represent the coexistence of two magmas. This detail is presented
because many silicic and mafic complexes have often been misinterpreted as
intrusion breccias. In addition, the described relationships of the pillows with the
silicic rocks are interpreted to indicate a very complex sequence of cooling and
intrusion events in the silicic magma chamber.

In general, three types of mafic "pillows" occur. These pillow types are
defined for discussion purposes only and are not defined to carry genetic
inferences because there is a continuous variety of pillow endmembers between

those generally discussed. Chilled pillows have distinctive fine-grained margins

(Figure 2b). They are typically aphantic and porphyritic with occasional

phaneritic centers. Chilled and gradational pillows distinctively display a

gradational boundary on an edge of the pillow with the silicic rock (Figure 2c).
They also are often porphyritic. The gradational boundary is typically coarser-
grained than the rest of the pillow and may have a cuspate or diffuse boundary

with the silicic rock. Chilled and chilled-gradational pillows contain pyroxene and



al outcrops
found in the silicic and mafic complexes (see text). Chilled
pillows of mafic rock are entirely surrounded by silicic rock.
Hammer in photograph is provided for scale.

Figure 2b. Austurhorn. Close-up of a chilled pillow. The chilled
margin of the pillow often appears as a darker colored rind.
Cuspate boundaries of several different orders are visible on the
pillow (see text).



Chilled-gradational pillows with a

Figure 2c.  Vesturhorn.
distinct chilled margin and gradational zones outside the chilled

Gradational zones may entirely surround a
chilled pillow or only partially surround the pillow.

pillow margins.
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plagioclase as phenocrysts (Figure 3a). They are medium-grained pillows with a

typical grain size of 0.25 cm. The third type of pillows are unchilled pillows and

they, distinctly, have no fine-grained textures and display boundaries which can be
sharp to gradational with the silicic rock. These pillows may have phenocrysts of
plagioclase.

All pillows are generally rounded, although a few have high aspect ratios,
and range in size from several millimeters to 3-4 meters across with many being
approximately one meter in diameter. Many pillows have cuspate boundaries with
smaller cusps developed on the larger cusps. Third and fourth order cuspate
boundaries are common on chilled and chilled-gradational pillows (Figure 2b), but
are less common on unchilled pillows. Pillow density within a given outcrop can
be highly variable, but typically occurs as depicted in Figure 2a. Two outcrop
patterns are observed: those which contain only chilled pillows (Figure 2a) and
others which contain all three generalized types of pillows (Figure 3b).

Chilled pillows are aphanitic at their margins with a visibly chilled boundary
up to several centimeters in thickness. Chilled margins are easily distinguishable
because they are darker than the pillow interiors (Figure 2b). The visible chilled
rinds vary in thickness from one or two centimeters to several tens of
centimeters. These pillows gradually increase in grain size toward their centers.
Some pillows have a well developed, chilled margin, several centimeters in
thickness, on one side of the pillow and a homogeneous, fine-grained margin on
the other. No systematic orientation of chilled margins was noted. The
distribution of phenocrysts within chilled pillows is erratic and variable, and
usually no more than a few percent are present. Phenocrysts consist of pyroxene
and plagioclase at the Austurhorn, whereas only plagioclase was noted at the
Vesturhorn. In the silicic rock adjacent to many of the pillows there is an

increase in the abundance of mafic minerals or clots of mafic minerals present as
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Figure 3a. Austurhorn. Unchilled pillow (samples Ic-4 to Ic-9)
with a gradational boundary at its top margin and a sharp and

cuspate boundary at its bottom. Note the chilled boundary on
the uppermost and lowermost (Ic-3) pillows.

Figure 3b. Austurhorn. Photograph exhibiting the intimate
nature of all pillow types (i.e., chilled, chilled-gradational, and
unchilled pillows) in a single outcrop. The unchilled pillow with
both cuspate and angular boundaries (i.e., pillow with the
hammer and those pillows to the right of it) looks as if it could
be fit back together in a "jig-saw puzzle" manner. Observe the
chilled pillows in between these unchilled pillows. Multiple
intrusions events in the silicic chamber are based upon these
relationships (see text).
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one approaches the pillow (see Figure 2). This feature results in a mottled texture
in the silicic rock.

The chilled-gradational pillows have a lighter grey "gradational zone" of
variable width which, in some cases only partially surrounds them. These pillows
are coarser grained and usually have cuspate boundaries although sharp angular
boundaries do occasionally occur. The darker pillow interior may have cuspate
boundaries in contact with the graduational zone or the silicic rock, and increases
in grain size from its margin to its interior. The darker pillow interior may or
may not have an obvious chilled margin. This relationship of a more mafic pillow
interior surrounded by a gradational or hybridized zone, all of which is surrounded
by the silicic rock (Figure 2c) has been termed a skialith (Chapman, 1962) or a
"pillow within a pillow" structure (Taylor et al., 1980). Chilled-gradational pillows
are often porphyritic with plagioclase and any individual pillow may contain a
highly variable phenocryst content (usually less than 5%). Figure 2c also shows
the highly mottled texture of the silicic rock as well as many smaller pillows
which can have cuspate, angular, and diffuse margins. These smaller pillows
probably represent fragments of larger pillows.

Unchilled pillows are coarser grained than the chilled or chilled-gradational
pillows. These pillows distinctly lack a chilled zone. Unchilled pillows have
cuspate and angular boundaries often on the same pillow. This feature can be
seen on other pillow types, but is more commonly seen with the unchilled pillows.
Gradational boundaries or diffuse zones also occur around the unchilled pillows
(Figure 3a). These pillows can be porphyritic (i.e., plagioclase), but most are
hypidiomorphic-granular and non-porphyritic. Higher concentrations of
phenocrysts were observed in some pillows, compared with other pillow types

(Figure 3a), especially in proximity to the silicic rock.
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Figures 3a and 3b are examples of the intimate nature and occurrence of all
pillow types in close proximity which is a common feature of many of the
outcrops. The bottom boundary of the unchilled pillow has a sharp cuspate
margin. The upper boundary of the unchilled pillow grades into a more porphyritic
leucocratic rock which in turn grades to the left and right (out of the photograph)
into the typical silicic rock. At the top of the photograph is another chilled
pillow.

It is emphasized that the pillow display a continuous variety of pillow
endmembers and pillow types have only been described only to facilitate their
description. Thus it is not suggested that these pillow names be carried on to

other localities.

Complex Pillow Relationships

It is not uncommon to find all of the pillow types in a single exposure
(Figure 3b). In general, two types of outcrops occur most often within the silicic
and mafic complexes; those which contain only chilled pillows and those which
contain all three pillow types. These observed pillow relationships reveal a
complex sequence of events in the magma chamber. These relationships are best
interpreted as the result of several coexisting liquids with varying viscosities,
temperatures. This implies different comingling histories for different pillows.

For example, in one case, chilled pillows surrounded by silicic rock were
observed with internal zones characteristic of unchilled pillows. In another
exposure (Figure 3b) there are many unchilled pillows which are non-porphyritic
and have cuspate boundaries on one side of the pillow and angular boundaries on
another. This feature occurs in other pillow types but is less common in chilled
and chilled-gradational pillows. Chilled and chilled-gradational pillows also occur
within the photograph. The large cluster of unchilled pillows (Figure 3b) appear to

have broken up into smaller pieces by "brittle" fracture and the silicic rock
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intruded along these fractures. The angular boundaries of these pillows have a
"jig-saw puzzle" fit whose unified parts would form a single large pillow which had
cuspate boundaries on all sides. At the far right of the photograph is a chilled
pillow with chilled boundaries "sandwiched" between the angular boundaries of the
unchilled pillow described above. Again this is indicative of a complex sequence
of events in the silicic magma chamber.

Chilled pillows with sharp boundaries and chilled margins and textures most
certainly represent liquid-liquid relationships between the silicic and mafic
magmas. The origin of the unchilled pillows is less clear; however, because of
their relationships to other pillows and the presence of cuspate boundaries on
these pillows, they are interpreted as also being in a liquid state with the silicic
magma albeit with different cooling and crystallization histories than many of the
chilled pillows. Similar types of cuspate boundaries have been experimentally
produced (Yoder, 1973; Kouchi and Sunagwa, 1982).

For the field description of Figure 3b, the sequence of events is interpreted
as follows: The unchilled pillow would have intruded the silicic magma in a liquid
state, formed pillows, brittlely failed, broken apart, and then was intruded by the
still liquid silicic magma and another pulse of molten mafic magma which
pillowed and had a more rapid cooling history.

Other relationships are observed which indicate a complex intrusion history
of mafic pillows. For example, in Figure 4a, a chilled pillow with a chilled
boundary (center of photograph) is partially surrounded by a material
indistinguishable from a unchilled pillow. The chilled pillow has chilled and
cuspate boundaries in contact with the unchilled pillow material on two sides and
the silicic rock on the third side. In another exposure, observed only at one
locality in the Austurhorn intrusion (Figure 4b), silicic pillows are surrounded by

the silicic rock. Both the pillows and the silicic rock are highly silicious with



Figure 4a. Austurhorn. All three pillow types in intimate
association exhibiting that all forms of pillows occur between
the endmember types described. Pillow described in the text is
to the right of the ruler.

Figure 4b. Austurhorn. Rare unchilled silicic pillows surrounded
by silicic rock. These pillows were observed only at one locality.
A change in texture between the pillow and the surrounding
silicic rock probably accounts for their distinguishing features in
the field.
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Figure 4c. Austurhorn. Chilled pillows often have coarser
grained silicic rock unlying them. The silicic rock displays a
mottled texture due to the many smaller mafic pillows and clots
of ferromagnesium minerals.
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68.9% SiO, (Ic-38b) and 73.0% Sio, (Ic-38a) respectively (see Table 1). No
apparent chilled margin is present on these rocks. The rocks have similar
mineralogy, but differ texturally. @ The darker pillows lack the abundant
granophyric texture of the silicic rock. The presence of silicic pillows with
cuspate boundaries surrounded by silicic rock most likely result from a viscosity
difference between these two compositions. The three dimensional nature of

these pillows cannot be observed.

Silicic Rocks

The macroscopic texture of the silicic rock is variable, but usually displays
plagioclase phenocrysts which are often surrounded by graphic textures or, less
commonly, hypidiomorphic textures. Within the silicic and mafic complexes the
silicic rock often displays a mottled texture due to the variable mafic mineral
content (see Figures 2b, 2c, 4a, 4c). The silicic rocks locally contain many vugs
within the silicic and mafic complexes, and in the main body of the intrusion. The
main body of the Austurhorn intrusion contains a variable plagioclase phenocryst
content (from a few percent up to 43%, Blake, 1966) similar to the silicic and
mafic complex. Textural differences may represent variable mafic components

and/or changes in the physical parameters of crystallization.

Intrusion Breccia

There are angular mafic xenoliths (Austurhorn only) which are texturally
different from those previously described. They are coarset grained (up to 1 cm)
and have sharp or angular boundaries with the silicic rock. These xenoliths occur
only in very close proximity to the margin of the silicic intrusion, and resemble

the country rock. (e.g., sample Ic-40; see Table 1).
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Table 1. Sample descriptions.

Sample
Number Field Description Major Mineralogy or Texture
Ic-3 A  Chilled pillow margin Plagioclase and pyroxene
from lower pillow in phenocrysts
Figure 3a
Ic-9 Unchilled pillow with diffuse Mineralogy of plagioclase,
Ic-4 zone surrounding it in biotite, graphic patches,
Ic-5 A Figure 3a from top (Ic-9) quartz, +amphibole, + pyroxene
Ic-6 to bottom (Ic-7) plagioclase phenocrysts
Ic-7
Ic-8 A  Chilled pillow margin from Similar to Ic-3
top of Figure 3a
Ic-10a Unchilled pillow (Ic-10b) and Silicic rock has biotite, minor
Ic-10b A silicic rock surrounding it opaques, and phenocrysts
(Ic-10a) of plagioclase
Ic-12 Chilled pillow margin Pyroxene and plagioclase
Ic-13 (Ic-13) and interior (Ic-12) phenocrysts
Ic-14 Angular xenolith (see text
for probable origin) similar
in texture and mineralogy to
a unchilled pillow
Ic-20 Taken from large outcrop- Both contain biotite, minor
Ic-21 A pings of silicic rock opaques and plagioclase
within the silicic and phenocrysts surrounded by
mafic complexes graphic textures
Ic-22a Chilled pillow margin Silicic rock is similar to Ic-20
Ic-22b (Ic-22a), interior
Ic-22c A (Ic-22b), and silicic rock
surrounding it (Ic-22c)
Ic-29 Type 2 pillow chilled- Silicic rock has hypidomorphic
Ic-30 A radational diffuse zone texture with patches of graphic

Ic-29) and silicic rock
surrounding (Ic30)

texture
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Table 1 (continued).

Sample
Number Field Description Major Mineralogy or Texture
Ic-31 Chilled-gradational pillow Similar to Ic-20 with more
abundant biotite
Ic-28a Chilled-gradational pillow Variable
Ic-28b at margin (Ic-28b) and
25cm into pillow (Ic-28a)
Ic-37a Silicic rock from same Similar to Ic-20 except Ic-37b
Ic-37b pillowed outcrop with all is more leucocratic than
pillow types present Ic-37a
Ic-38a Highly silicious pillow Ic-38a is similar to Ic-20 and
Ic-38b Ic-38b surrounded by silicic Ic-38b, Ic-39 has hypidiomorphic
Ic-39 rock Ic-38a. Ic-39 is from texture with minor patches
pillow next to Ic-38b of graphic texture
(see Figure 4b)
Ic-41 Silicic rock collected from Similar to Ic-20
margin of silicic and mafic
complex
Ic-40 Angular, coarse grained, Contains coarse plagioclase,
gabbroic xenolith from pyroxene, opaques, and apatite
near wall rock of the
intrusion
Ic-53a
Ic-53b Chilled pillow margin 3cm Ic-53a and Ic-53c have large
Ic-53c (Ic-53a) and 89cm (Ic-53c) plagioclase phenocrysts and
from contact with the silicic silicic rock Ic-53b is similar
rock which surrounds to Ic-20
the pillow
Ic-59 Silicic rock from a 5m2 Similar to Ic-20

area which is free of
pillows within the silicic
and mafic complex
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Table 1 (continued).

Sample
Number Field Description Major Mineralogy or Texture
Ic-61 Chilled pillow interior Pyroxene, plagioclase, and
opaques. Plagioclase
phenocrysts
Ic-66 Chilled-gradational pillow Subophitic texture
Ic-67 from 10cm (Ic-66) and 30cm Plagioclase phenocrysts
(Ic-67)of contact with
silicic rock
Ic-68b Silicic rock near chilled- Ic-68b is similar to Ic-20 and
Ic-68c radational pillow interior Ic-68c is similar to Ic-61
Ic-68c)
Ic-74a Chilled-gradational pillow, Variable
Ic-74b Ic-75 is from the interior of
Ic-74c the pillow and Ic-74a is from
Ic-75 the contact with the silicic
rock. Ic-74b is 3-6cm and
Ic-74c is 8cm from the
margin
Ic-77 Chilled pillow interior Similar to Ic-61
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Summary of Field Description

In summary, both the Austurhorn and Vesturhorn intrusions are
predominantly composed of silicic rocks. Within these intrusions there are silicic
and mafic complexes which consist of an intimate association of silicic and mafic
rocks. Mafic rocks which are, generally, pillow-shaped bodies with cuspate
boundaries of mafic composition are entirely surrounded by silicic rocks. The
pillows are variable with respect to size, composition, and shape. Many pillows
have chilled margins. These field relationships indicate a complex history of
intrusion of the mafic pillows. The silicic rock is relatively homogeneous outside
the silicic and mafic complexes and heterogeneous with respect to their mafic
mineral content within the silicic and mafic complexes. The field data are
interpreted to indicate the presence of several liquids of differing compositions
and crystallization temperatures which are contemporaneous in the same

environment.

PETROGRAPHY

A petrographic description of all exposed rocks at the Austurhorn and
Vesturhorn intrusions has been reported previously, by Blake (1966) and by Roobol
(1974) respectively. To avoid redundancy, only the silicic and mafic complexes
will be described.

Similar pillow types have similar mineralogy and textures. In both of these
intrusions the silicic rocks are texturally similar but vary most importantly in
their mafic mineral content and the amount of plagioclase phenocrysts. As
discussed previously, because pillows display a continuous variation between
chilled pillows, unchilled pillows with gradational boundaries, and unchilled

pillows, the types are defined only for ease of description.
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In Pillows with Chilled Margins

Chilled pillows at their margins (e.g., Figure 5a) are very fine grained and
contain sparse and larger grains of plagioclase, opaques, + poikilitic biotite,
+ poikilitic amphibole, + augitic pyroxene. In many chilled margins an occasional
swallow-tailed plagioclase with a high aspect ratio is present. In addition, many
of these pillows at their margins have what is interpreted to be another quench
texture (Figure 5b), that of radiating acicular opaques presumably of a continuous
crystallographic nature. This texture occurs frequently along with the swallow-
tailed plagioclase at pillow margins.

Chilled pillows interiors consist of plagioclase, pyroxene and opaque grains
and often have a subophitic texture. Some of the larger pillows have equigranular
textures with grains up to 2 mm in diameter. Plagioclase, from the Austurhorn,
as determined from microprobe analysis, have cores which range up to An85 and
rims down to An32. Both complexes have chilled pillows which are porphyritic
with respect to plagioclase and range up to 3 mm across (Austurhorn) and 7 mm
across (Vesturhorn). The large plagioclases found at the Vesturhorn intrusion are
often corroded and rounded by resorption (Figure 6c). Pyroxene phenocrysts in
the Austurhorn are up to 1.5 mm across in the chilled pillows. Pyroxenes are
augitic and of those analyzed have an average composition of En,‘9 Fsl 3 W038,
and ranged from En“ Fs,g Wop7 to Engy Fs|) Wosq. Phenocrysts are not
abundant in chilled pillows of either suite (less than 2% by volume at the
Austurhorn and less than 5% at the Vesturhorn intrusion).

Grain size gradually increases from the margins to the centers of the chilled
pillows (Compare Figures 5a, 5c). Some pillow margins contain hydrated phases.
The effects of hydration are less visible in the interior of the pillow compared to

the margins, with amphiboles and biotites occurring at pillow margins and
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Figure 5a. Austurhorn. Textural relationships between the
margin of a chilled pillow with highly cuspate coundaries and the
silicic rock (scale 7mm).

Figure 5b. Austurhorn. Chilled pillow margin and texture of
radiating opaque phases believed to be of a continuous
crystallographic nature (scale > 2.5mm).
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Figure 5c. Vesturhorn. Plagioclase phenocrysts within a chilled
pillow. Most plagioclases have high An cores up to An” to An3
cores (Austurhorn). Plagioclase phenocrysts are oftefn round
and corroded (scale 7mm).
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pyroxene occurring in the pillow interiors. Cuspate contacts with the silicic rock

are typically sharp (Figure 6a).

Chilled Pillows with Gradational Boundaries

The chilled-gradational pillows are similar to the chilled pillows in their
textures and mineralogy. In general, grain size increases from the margin to the
interior of the pillow. The hybridized zone surrounding these pillows are typically
coarser grained, equigranular (approximately 0.5 mm), and consist of varying
amounts of plagioclase, pyroxene, amphibole, biotite, opaque phases, and graphic
intergrowths of quartz and feldspar. Chilled margins on the gradational zones
may be present or absent. The contacts of these diffuse zones with the silicic
rock range from being sharp to gradational over 10 to 15 cm. Plagioclase
compositions from the Austurhorn are variable and range from An80 down to

andesine rims (An37).

Pillows without Chilled Margins

The unchilled pillows exhibit a range of mineral constituents and contain
plagioclase, opaques, widely varying amounts of graphic intergrowths of feldspar
and quartz, amphibole, biotite, and pyroxene. Pyroxenes often have rims of
amphibole or biotite. Contacts of these pillows may be angular (Figure 6a) or
gradational. Figure 6a shows a contact of a unchilled pillow where mafic phases
appear to have crystallized and grown larger at the pillow boundary more readily
than other phases. These pillows are predominantly hypidiomorphic-granular, with
a few plagioclase or amphibole crystals being up to 7 mm in size at the contact,

with a typical grain size of 2-3 mm throughout the pillows.

Petrography of Silicic Rocks

The silicic rock exhibits a range in textures and mineralogy. The most

typical rock type consists of plagioclase, graphic intergrowths of feldspar and
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Figure 6a. Vesturhorn. Chilled-gradational pillow margin in
contact with silicic rock (scale 7mm). Coarser grained texture
of ferromagnesium minerals often develops at the gradational
pillow margin.

“Figure 6b. Austurhorn. Typical texture observed in the silicic
rock (scale 7mm). The silicic rock is commonly porphyritic with
plagioclase which are surrounded by graphic intergrowths of
feldspar and quartz.
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quartz, minor opaque phases, biotite, and quartz. The mottled texture of the
silicic rock in the net-veined complexes is due to a variable mafic mineral content
of amphibole, biotite, opaque phases, and variable amounts of plagioclase
phenocrysts, graphic intergrowths, and quartz. Blake (1966) reported that the
silicic rock near the pillows often has hypidiomorphic granular texture. However,
although this texture is present locally, no systematic distribution of this texture
was observed. Figures 5a and 6b show the typical textures of the silicic rock.
The plagioclase phenocrysts are zoned, often rounded (Figures 5a, 6b) and/or
rimmed by turbid feldspar and quartz. Plagioclase cores ranged up to An,”7
Ab450r7.5 at the Austurhorn intrusion. The turbid feldspar phenocrysts and the
turbid feldspars in the graphic intergrowths are cryptoperthic. Most of the
plagioclase phenocrysts are less than 0.5 cm, but a few are up to 1.0 cm. in
length. Opaque grains are exsolved.

The coarser-grained phenocryst zones of silicic rock located on the
undersides of many of the pillows (Figure 4c) contain plagioclase phenocrysts up
to 1.2 cm in length and euhedral amphiboles, opaques, zircon, and sphene. Some

of the zircons are up to 0.2 mm in size.

Alteration
Alteration in the silicic and mafic complexes can be locally abundant and is most
common along joints and fractures, but is usually of minor extent. The silicic
rock alteration locally has abundant epidote group minerals, chlorite and rarely
calcite. Alteration in the mafic rocks is minor, with alteration phases of chlorite
and/or epidote group minerals. Areas which displayed abundant alteration were
avoided during sampling.

The plagioclase and matrix feldspars in the silicic rocks often exhibit a
turbid appearence which is probably due to minor hydrothermal alteration.

Sampling of these feldspars was unavoidable since this alteration is common to
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the silicic and mafic complexes. It is believed that this alteration, which would
effect NaZO and K20, is minor because the silicic rocks have low Na/K ratios as

would be characteristic of unaltered silicic-oceanic rocks (Sinton and

Byerly, 1980).

SAMPLING AND ANALYTICAL METHODS

Table | gives a brief description of each sample which was collected and
analyzed, as well as the locality and any characteristic mineralogy or textural
features.

Samples were coll<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>