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Abstract

Andesitic to dacitic magmas of the Plat Pays volcanic complex (Dominica, Lesser Antilles) that erupted during the last ~100 ka

equilibrated at temperatures of 800–880 8C and total pressures of 1.1–2.3 kbar. Magmatic conditions were moderately oxidizing

( fO2 ~1.5F0.3 log units above FMQ) and estimated melt water contents vary from 5.2 to 6.5 wt.%. The crystal-rich nature of the

samples, the relatively narrow bulk rock compositional range and the similarity of the intensive crystallization parameters

throughout the sample suite are consistent with the presence of a long-lived, highly crystallized magma reservoir. Further

crystallization during ascent produced highly evolved rhyolitic glass compositions. The silicic magma reservoir was occasionally

invaded by more mafic melts of basaltic andesitic to basaltic composition. These were rarely erupted, but they mixed with the

silicic magmas and were frequently incorporated as mafic enclaves. The mafic magmas record temperatures of ~1060 8C at

fO2=1.6–2.0 log units above FMQ. The similarities in mineralogy, petrology and inferred magma storage conditions of the Plat

Pays volcanic complex with the Soufriere Hills volcano, Montserrat, and Montagne Pelée, Martinique, can serve as a useful guide

for forecasting and evaluation of possible future eruptions.

D 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Knowledge of the pre-eruptive conditions of sub-

duction-zone magmas is essential for understanding

volcanic processes and better evaluating the potential

associated hazards. At the Plat Pays volcanic complex

(Southern Dominica, Lesser Antilles island arc), fuma-

rolic activity and frequent seismic swarms of volcanic

earthquakes indicate the existence of an active magma
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reservoir at depth (Wadge, 1985; Stasiuk et al., 2002;

Lindsay et al., 2003), and it can be considered as a

potentially active volcano (Fig. 1). Lindsay et al. (2003)

introduced the term bPlat Pays volcanic complexQ to

describe the southernmost volcanic center on Domin-

ica, which will be referred to as Plat Pays in the

following. The complex includes several volcanic

domes and the horseshoe-shaped Soufrière depression.

Detailed stratigraphy and a compilation of published

and new 14C age determinations of volcanic deposits

from Plat Pays (Lindsay et al., 2003) confirm Wadge’s

(1985) findings that the most recent volcanism on

Dominica occurred 685F55 years B.P. from the
al Research 153 (2006) 200–220



Fig. 1. (a) Simplified map of the Lesser Antilles arc. (b) Map of Dominica after Lindsay et al. (2003) with the location of the Plat Pays complex

(dark grey) and other volcanic centers (cross-hatched pattern). (c) Sample locations on a simplified geological map (modified after Le Friant et al.

(2002) and Lindsay et al. (2003)). Only the sample numbers are given, prefix for all samples is DOM. Dark grey areas are volcanic lava domes

(MP=Morne Patates, TM=Tête Morne, Cr=Crabier, BI=Bois d’Inde), medium grey is the area of recent volcanism. Dashed lines indicate flank-

collapse scarps.
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Morne Patates dome in the southern part of Plat Pays.

The exposed volcanic deposits are dominated by block-

and-ash flows (BAFs) that were most likely generated

by collapse of actively growing lava domes, similar to

those formed during the 1902 and 1929 eruptions of

Montagne Pelée on Martinique (Lacroix, 1904; Perret,

1937) and the 1995–2003 eruption of Soufriere Hills,

Montserrat (e.g. Young et al., 1998; Druitt and Koke-

laar, 2002). Minor pyroclastic flow and fall deposits

and dome carapace breccias interfinger with the BAF
deposits. The most voluminous ash-and-pumice flow

deposit, the Grand Bay ignimbrite, is dated at ~39,000

years B.P. (Lindsay et al., 2003). Based on submarine

geophysical and on land field data, Le Friant et al.

(2002) identified three major flank-collapse events in

the history of the complex, one of which formed the

Soufrière depression between 6600 and 2380 years B.P.

Flank collapse events played an important role in the

development of Plat Pays, as evidenced by the exten-

sive debris-avalanche deposits on land and off the
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southwest coast (Deplus et al., 2001; Le Friant et al.,

2002). The youngest flank collapse event occurred

between 2380 and 685 years B.P., whereas an older

event is thought to have taken place at N100,000 years

B.P. (Le Friant et al., 2002).

Although several general studies of the Lesser Antil-

les include data of rocks from Dominica (e.g. Brown et

al., 1977; Arculus and Wills, 1980; White and Dupré,

1986), very few studies have been carried out on the

petrology and geochemistry of specific volcanic centers

on Dominica except for two papers on the recent

volcanism on Southern Dominica by Lindsay et al.

(2005) and Gurenko et al. (2005). Since there are

several settlements within close distance of Plat Pays,

more investigations are necessary to better understand

the behavior of this particular volcano and to evaluate

the volcano’s potential activity in hazard assessment.

As on Montserrat, where the Soufrière Hills volcano

became active in 1995 after a ~350-year long period of

dormancy (Young et al., 1998), activity at Plat Pays

after a long repose period is conceivable, if not likely.

In this study, we use thermobarometry and mineral

chemistry of phenocryst assemblage(s) to quantify

pre-eruptive crystallization conditions of the Plat Pays

magmas. A model of magma storage conditions is

proposed and compared to other volcanoes of the

Lesser Antilles arc.

2. Location and samples

Dominica is part of the Central Lesser Antilles arc

(Fig. 1a), which formed as a consequence of the

westward subduction of the North American Plate

beneath the Caribbean Plate. The Plat Pays complex

is located in the south of the island, near the capital

Roseau (Fig. 1b). Studied samples range in age from

N100,000 years B.P. (Le Friant et al., 2002) to ~685

years B.P. (Lindsay et al., 2003). Thus, the sample

set includes samples from the volcanic complex that

existed before the first inferred flank collapse event

to the most recent lava domes. The analyzed samples

are mainly dense dome fragments from undated

block-and-ash flow deposits. Pumice from ash-and-

pumice flow deposits, scoria and mafic enclaves

from host dacites/andesites have also been analyzed.

One mafic scoria (DOM-38) is from a coarse scoria

air fall deposit on top of a finer grained scoria fall

deposit intercalated with scoriaceous surge deposits.

The entire scoriaceous pyroclastic sequence, located

close to the Fond Baron Estate at the road between

Berekua and Loubière, overlies a sequence of block-

and-ash flow deposits. Sample locations are shown in
Fig. 1c. Using the age constraints given by the flank-

collapse events as described in Le Friant et al.

(2002), 12 of the 36 samples analyzed are younger

than 6600 years B.P. All samples were analyzed for

major and trace elements, including 2 mafic enclaves

separated from their host rocks (DOM-8d and DOM-

34e) and 3 scoriaceous samples (DOM-8a, DOM-

14b1 and DOM-38). A total of 20 thin sections

were made, of which samples representative for the

textural and mineralogical variations were prepared

for electron microprobe analysis. Three of those

comprise mafic enclaves (DOM-8d, DOM-26b and

DOM-34b/e), but enclaves occurred in other samples

as well. Although there are significant temporal gaps

between the samples investigated and despite diffi-

culties to establish a complete record of eruptions

due to dense vegetation and lack of outcrops, the

sample suite is thought to be fairly representative for

the eruptions in the time-span under consideration.

We also looked for temporal variations in the geo-

chemistry of the samples, but it was not possible to

identify clear trends or distinct differences. Therefore,

we think it is justified to draw general conclusions

on the magma reservoir of the Plat Pays volcanic

complex.

3. Analytical methods

Whole-rock major element contents were deter-

mined by ICP–AES at the Service d’Analyse des

Roches et des Minéraux, CRPG–CNRS, Vandoeuvre-

lès-Nancy (France), using a Jobin-Yvon JY 70 instru-

ment. Typical errors are b1% for Si, Al and Fe, b2%

for Mn, Ca, Na and K and b10% for Mg and Ti. Trace

element concentrations were determined by INAA

using the OSIRIS reactor at the Centre d’Etudes de

Saclay (France), following a method described by

Joron et al. (1997). Detection limits range from 0.5

ppb (Ta) to 1.5 ppm (Zr). Errors, based on repeated

analysis of the geochemical standard BEN, are typical-

ly b3.5% (Joron et al., 1997). Mineral and glass anal-

yses were carried out using Cameca SX 50 and SX 100

electron microprobes at the Service d’Analyse CAM-

PARIS, Paris. Analytical conditions were 10 nA beam

current and 15 kV acceleration voltage. Various natural

and synthetic silicates and oxides were used as stan-

dards, and a PAP (Pouchou and Pichoir, 1985) correc-

tion procedure was employed. For glass analyses, a

defocused beam to minimize Na loss was applied.

Peak counting times were usually 10 or 15 s depending

on the element and mineral analyzed, and analytical

uncertainty is typically b1% for major elements.
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4. Petrography, mineral and glass chemistry

4.1. Andesites and dacites

The andesitic and dacitic dome fragments from BAF

deposits as well as the pumice samples are highly crys-

talline with 49–63 wt.% phenocrysts and micropheno-
Fig. 2. Images of thin sections from Plat Pays rocks. (a), (b) and (d)–(f) are

electron image; fsp=feldspar, opx=orthopyroxene, cpx=clinopyroxene, mag

calcic core (DOM-12). (b) Two orthopyroxene crystals. Note the thick

Orthopyroxene with clinopyroxene overgrowth (DOM-8c). (d) Amphibole

pyroxene. (DOM-1). (e) Amphibole overgrowth over orthopyroxene withi

clinopyroxene within a mafic enclave (DOM-8d).
crysts (calculated on a bubble-free basis). The proportion

of large crystals (N500 Am) is relatively high (N25% in a

typical thin section, determined using the NIH Image

software). The phenocryst assemblage consists of pla-

gioclase (36–44%), orthopyroxene (6–10%), amphibole

(0–13%), titanomagnetite (1.9–2.9%), clinopyroxene

(b1%), and accessory apatite. Ilmenite is rare andmainly
photomicrographs ((a) is with crossed polars), (c) is a back-scattered

= titanomagnetite, amph=amphibole; (a) Feldspar crystal with highly

reaction rim of the crystal on the left hand side (DOM-34a). (c)

with thick reaction rim consisting of plagioclase, titanomagnetite and

n a mafic enclave (DOM-8d). (f) Amphibole with remnant core of
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occurs as inclusion in pyroxenes. Slightly rounded

quartz crystals were found in one dacitic sample

(DOM-34b). Microlites (b~100 Am) in the groundmass

comprise plagioclase, pyroxenes and Fe–Ti oxides. A

continuous grain size distribution of crystals is observed

from microlites to phenocrysts for plagioclase and the

pyroxenes, but amphibole occurs predominantly as large

(N500 Am) phenocrysts. Matrix glass is usually absent in

the dense dome fragments but relatively more abundant

in pumice and scoria samples. Glass inclusions occur

frequently in plagioclase and orthopyroxene in all types

of samples. The observed mineral compositional varia-

tions predominantly occur on hand-specimen scale, but

systematic changes on the sample set scale are lacking.

Variations between different mafic phenocrysts within a

given sample are usually greater than those observed

within a single crystal.

Plagioclase textures vary widely within the same

thin section and normal, reverse and oscillatory zoning

patterns occur. The compositional range within a single

thin section can be significant and the overall range is

An48–An93 (An=100 Ca / [Ca+Na+K]). Some plagio-

clase phenocrysts contain dusty sieve-textures, whereas

others have cores with relatively constant anorthite

contents between 88 and 93 mol% (Fig. 2a).

Orthopyroxene (opx) is the most common mafic

mineral. Orthopyroxene phenocrysts are often euhedral

(Fig. 2b), but subhedral crystals with overgrowths of
Fig. 3. Composition of clinopyroxenes and orthopyroxenes from Plat Pays ro

Wo=Ca).
clinopyroxene are not uncommon (Fig. 2c). Reaction

zones around orthopyroxene phenocrysts are relatively

rare and they occur together with euhedral crystals (Fig.

2b). In other samples, orthopyroxene cores overgrown

by amphibole are observed. Compositions of most

orthopyroxenes from andesitic and dacitic samples fall

into a narrow compositional range (Fig. 3). Only few

crystals plot largely outside of this range. Orthopyrox-

ene cores have Mg# (100 Mg/ [Mg+Fe2+]) between 50

and 67 and Wo (Ca / [Ca+Mg+Fe2+]) between 0.015

and 0.036 (Table 1, Fig. 3). For the crystals analyzed,

there is no obvious correlation between crystal size and

composition. Rim compositions generally overlap with

core compositions, but a few crystals with normal core

to rim chemical zoning were also observed. Some of the

orthopyroxene surrounded by clinopyroxene show rel-

atively Mg-rich compositions (Mg#=62–63). Al2O3

concentrations vary between 0.30 and 2.27 wt.%.

Clinopyroxene (cpx) phenocrysts and micropheno-

crysts, and clinopyroxene partly or completely sur-

rounding orthopyroxene, are euhedral to subhedral.

The bulk of the analyses, independent of crystal size

or position within the crystal, define a rather narrow

compositional field (Fig. 3). Mg# varies between 60

and 74 and Wo between 0.41 and 0.48 (Table 1).

Concentration ranges of Al2O3 and TiO2 are 0.8–4.4

and 0.08–0.73 wt.%, respectively. As for orthopyrox-

ene, large departures from the main compositional do-
cks, plotted in the En–Fs–Wo triangle (En=Mg, Fs=Fe2++Fe3++Mn,



Table 1

Representative pyroxene compositions of Plat Pays rocks, determined by electron microprobe

Sample DOM-1 DOM-31 DOM-36 DOM-38 DOM-8d DOM-26b DOM-8a DOM-12 DOM-31 DOM-38 DOM-8d DOM-26b

Rock

type

Dacite Dacite Andesite Basaltic

andesite

Mafic

enclave

Mafic

enclave

Dacite Dacite Dacite Basaltic

andesite

Mafic

enclave

Mafic

enclave

Mineral opx opx opx opx opx opx cpx cpx cpx cpx cpx cpx

Comment Core Rim Core Core Core in

amphibole

Core Core Rim Core Core Core in

amphibole

Core

SiO2 51.65 52.66 52.24 52.46 52.10 51.77 52.24 51.61 52.45 51.90 52.36 51.63

TiO2 0.10 0.07 0.12 0.30 0.10 0.17 0.34 0.15 0.28 0.61 0.61 0.42

Al2O3 0.37 0.69 0.65 1.93 0.57 0.68 0.95 0.95 1.22 2.91 5.17 4.05

Cr2O3 0.01 0.03 0.00 0.00 0.00 0.03 0.02 0.05 0.06 0.00 0.83 0.21

FeO 27.99 26.57 25.89 20.45 25.13 26.85 12.42 12.61 11.27 10.69 5.54 6.03

MnO 1.27 0.78 1.10 0.67 1.06 1.00 0.31 0.70 0.45 0.26 0.14 0.15

MgO 17.47 18.87 18.71 22.89 19.02 18.48 12.40 12.08 13.24 14.85 13.50 15.10

CaO 1.14 1.20 1.18 1.79 1.03 1.01 20.91 21.36 21.00 19.01 21.14 22.00

Na2O 0.01 0.00 0.02 0.10 0.04 0.03 0.23 0.24 0.26 0.32 0.48 0.25

Total 100.01 100.87 99.89 100.60 99.04 100.02 99.82 99.74 100.23 100.53 99.77 99.84

Formulae based on 4 cations and 6 oxygens:

Si 1.99 1.99 1.99 1.93 2.00 1.98 1.98 1.96 1.97 1.92 1.93 1.90

Al 0.02 0.03 0.03 0.08 0.03 0.03 0.04 0.04 0.05 0.13 0.22 0.18

Ti 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.02 0.02 0.01

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01

Fe3+ 0.00 0.00 0.00 0.05 0.00 0.01 0.00 0.05 0.02 0.02 0.00 0.01

Mg 1.00 1.06 1.06 1.25 1.09 1.05 0.70 0.68 0.74 0.82 0.74 0.83

Fe2+ 0.90 0.84 0.83 0.57 0.81 0.85 0.39 0.35 0.33 0.31 0.17 0.17

Mn 0.04 0.02 0.04 0.02 0.03 0.03 0.01 0.02 0.01 0.01 0.00 0.00

Ca 0.05 0.05 0.05 0.07 0.04 0.04 0.85 0.87 0.84 0.75 0.84 0.87

Na 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.02 0.02 0.02 0.03 0.02

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Mg# 53 56 56 69 57 55 64 66 69 73 81 83

Wo 0.024 0.025 0.024 0.036 0.021 0.021 0.435 0.440 0.432 0.394 0.476 0.460

En 0.503 0.538 0.539 0.635 0.552 0.531 0.359 0.346 0.379 0.428 0.424 0.439

Fs 0.473 0.438 0.436 0.329 0.427 0.449 0.207 0.214 0.188 0.177 0.100 0.101

Mg#=100 Mg/ (Mg+Fe2+); Wo, En and Fs are calculated after Morimoto et al. (1988): WouCa, EnuMg, FsuFe2++Fe3++Mn; note that these

values can be slightly different to those calculated by QUILF.
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main may be observed for few particular crystals. For

example, elevated Al2O3 concentrations (up to 2.9

wt.%) are exclusively found in clinopyroxene rims

around orthopyroxene, whereas the composition range

of individual crystals is 0.9–1.3 wt.%. Clinopyroxenes

of reaction zones around amphibole also display ele-

vated Al2O3 (2.0–2.2 wt.%) and TiO2 (0.52–0.73 wt.%)

concentrations.

Amphibole occurs as large (up to 1 cm), euhedral to

rounded, brown phenocrysts. In a same thin section,

other amphibole crystals may be surrounded by thick

reaction rims (up to 300 Am), consisting of plagioclase,

clinopyroxene and titanomagnetite (Fig. 2d). Amphi-

bole phenocrysts are magnesio-hornblendes (nomencla-

ture after Leake et al., 1997). Mg# and Al2O3 ranges are

55–67 and 5.9 to 8.1 wt.%, respectively (Table 2). Rare

amphiboles with ~12 wt.% Al2O3 are also present. The

bulk of the amphiboles have an A-site occupancy
(Na+K per formula unit) of 0.2 to 0.4, but some

crystals reach values of up to 0.7 (Fig. 4). Cl concen-

trations range from 0.08 to 0.24 wt.%.

Titanomagnetite phenocrysts (Mt66–73) are subhe-

dral, and some of them show oxy-exsolution lamellae

of ilmenite. Representative analyses of titanomagnetite

are presented in Table 3. Single ilmenite crystals

(Ilm83–92) are scarce, and magnetite and ilmenite in

contact can rarely be found.

Glass inclusions in andesitic and dacitic samples are,

without exception, rhyolitic (Table 4, Fig. 5) with SiO2

contents (anhydrous) between 74.8 and 83.8 wt.%.Water

contents, determined using the dby differenceT method

from electronmicroprobe analyses (100%� (Sumof oxi-

des+Cl)=H2O) (Devine et al., 1995), range between 0

and 7 wt.%. Matrix glass compositions could only be

measured in one andesitic scoria (DOM-14b1). Their

anhydrous composition (75.0–78.3 wt.% SiO2) and



Table 2

Representative amphibole compositions of Plat Pays rocks, determined by electron microprobe

Sample DOM-1 DOM-1 DOM-8a DOM-8c DOM-14b1 DOM-14b1 DOM-14b1 DOM-8d DOM-8d DOM-8d

Rock type Dacite Dacite Dacite Dacite Andesite Mafic

enclave

Mafic

enclave

Mafic

enclave

Mafic

enclave

Mafic

enclave

Amphibole

namea
Edenite Mg-hbl Mg-hbl Mg-hbl Mg-hbl Mg-

hastingsite

Pargasite Mg-

hastingsite

Tschermakite Tschermakite

Comment With

corona

Rim around

opx

Green Green

SiO2 47.67 48.03 46.56 47.57 47.09 41.06 41.21 44.34 44.04 43.36

TiO2 1.49 1.64 2.04 1.65 1.63 1.91 2.03 2.42 2.23 1.99

Al2O3 7.02 7.16 7.17 7.37 7.23 13.43 13.00 10.95 10.73 10.92

Cr2O3 0.05 0.00 0.03 0.04 0.00 0.18 0.00 0.00 0.05 0.06

FeO 15.89 17.24 17.45 16.94 17.28 15.59 15.97 12.61 14.60 14.89

MnO 0.30 0.44 0.23 0.13 0.37 0.34 0.25 0.09 0.29 0.44

MgO 12.31 11.62 11.37 12.22 11.75 10.87 10.61 14.09 13.17 13.08

CaO 11.11 10.30 10.87 11.02 10.92 11.35 11.35 11.68 11.00 10.57

Na2O 2.93 1.50 1.29 1.42 1.35 2.15 2.15 1.93 1.79 2.02

K2O 0.32 0.27 0.33 0.31 0.26 0.27 0.26 0.32 0.37 0.42

Cl 0.11 0.11 0.18 0.13 0.17 0.04 0.03 0.05 0.04 0.09

F 0.41 0.08 0.35 0.40 0.24 0.00 0.32 0.45 0.01 0.00

Total 99.09 98.20 97.33 98.67 97.88 97.14 96.83 98.43 98.26 97.75

Formulae and Fe3+ contenta:

Si 6.97 7.02 6.91 6.93 6.93 6.11 6.17 6.40 6.39 6.33

Al(IV) 1.03 0.98 1.09 1.07 1.07 1.89 1.83 1.60 1.61 1.67

Al(VI) 0.18 0.25 0.16 0.19 0.18 0.46 0.46 0.26 0.23 0.21

Ti 0.16 0.18 0.23 0.18 0.18 0.21 0.23 0.26 0.24 0.22

Fe3+ 0.09 0.44 0.37 0.39 0.41 0.51 0.44 0.41 0.62 0.74

Cr 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01

Mg 2.69 2.53 2.52 2.65 2.58 2.41 2.37 3.03 2.85 2.85

Fe2+ 1.85 1.67 1.80 1.67 1.71 1.43 1.56 1.11 1.15 1.08

Mn 0.04 0.05 0.03 0.02 0.05 0.04 0.03 0.01 0.04 0.05

Ca 1.74 1.61 1.73 1.72 1.72 1.81 1.82 1.81 1.71 1.65

Na (B-site) 0.24 0.27 0.17 0.17 0.16 0.10 0.10 0.10 0.15 0.19

Na (A-site) 0.59 0.16 0.20 0.23 0.22 0.52 0.53 0.44 0.35 0.38

K 0.06 0.05 0.06 0.06 0.05 0.05 0.05 0.06 0.07 0.08

Mg# 59 60 58 61 60 63 60 73 71 72

a Amphibole names and calculation of formulae after Leake et al. (1997) Mg-hbl = magnesio-hornblende, Mg-hastingsite = magnesio-hastingsite;

note that AlVIbFe3+ for Mg-hastingsite, whereas AlVINFe3+ for pargasite. Mg#=100 Mg/ (Mg+FeU).
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water contents (0.6–2.4 wt.%) are similar to those of the

glass inclusions.

4.2. Basaltic andesites: mafic enclaves and vesiculated

scoria

Mafic enclaves represent a minor (~1–3%) component

of many dacites and have sharply defined smooth or

crenulated contacts with the host. They are fine-grained,

often ellipsoidal and 0.5 to 20 cm in size. Two types can be

defined. (i) Enclaves dominated by plagioclase (An47–81)

and acicular amphibole (sample DOM-8d). Some of the

amphiboles contain cores of orthopyroxene (Fig. 2e) or

clinopyroxene (Fig. 2f). The amphibole compositions

partly overlap with the compositions of the magnesio-
hornblendes from the host rock. They trend towards

tschermakitic and magnesio-hastingsitic compositions

with higher AlIV, AlVI and (Na+K) per formula unit

(Fig. 4). Al2O3 contents range from 6.7 to 12.7 wt.%

and Cl contents fall between 0.03 and 0.12 wt.%. The

orthopyroxene cores in amphibole haveMg# between 55

and 60 and Wo between 0.020 and 0.028 and are similar

in composition to rare individual crystals in these

enclaves (Mg#=52–58, Wo=0.021–0.023) and to the

orthopyroxenes from the host rock. However, clinopyr-

oxene cores in amphibole are considerablymoreMg-rich

(Mg#=81–85), higher in Al2O3 (2.6–5.2 wt.%) and TiO2

(0.45–0.61 wt.%). (ii) Enclaves with randomly orientat-

ed, rather fine-grained crystals, predominantly consist-

ing of plagioclase with variable core compositions



Fig. 4. Composition of amphiboles from Plat Pays rocks: (a) Na+K on A-site vs. Al on tetrahedral site (AlIV). (b) Al in octahedral coordination

(AlVI) vs. AlIV; experimental data are from Rutherford and Devine (2003).
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(An48–85), orthopyroxene (Mg#=51–67, Wo=0.008–

0.035) and clinopyroxene (Mg#=83–87, Wo=46–51)

with lesser amounts of amphibole and subordinate tita-

nomagnetite (Mt58–68) (enclaves in samples DOM-26b

and DOM-34e). Al2O3 concentrations are quite variable

(0.4–3.7 wt.%) in orthopyroxenes and relatively high

(4.0–6.7 wt.%) in clinopyroxene. Clinopyroxene com-

positions tend to higher TiO2 (0.42–0.91 wt.%) and Wo

values (0.46–0.51) than the clinopyroxene from the

dacites/andesites. Both brown magnesio-hornblendes

with Al2O3 ~7 wt.% and green amphibole (magnesio-

hastingsite/pargasite) with elevated Al2O3 contents

(11.1–13.4 wt.%) and low Cl concentrations (0.03–

0.06 wt.%) are present.

Except for the mafic enclaves, there is only one

sample of basaltic andesitic composition in the sample

suite (DOM-38). It is an undated scoria from a fall

deposit with relatively abundant matrix glass and con-

tains plagioclase, clinopyroxene, orthopyroxene and

titanomagnetiteF ilmenite, but no amphibole. Compo-

sitions of plagioclase microlites and phenocrysts (up to

300 Am) range between An48 and An80. Rare, very

large plagioclase crystals (N1 mm) are characterized

by highly calcic (An96), unzoned cores. Orthopyroxene

is more Ca-rich (Mg#=53–69, Wo=0.033–0.040) and

generally higher in Al2O3 (1.2–2.2 wt.%) than in the

silicic rocks. Clinopyroxene (Mg#=69–76) is more

common than orthopyroxene and has elevated Al2O3

(1.9–4.2 wt.%) and TiO2 (0.42–0.92 wt.%) concentra-

tions compared to clinopyroxene from dacites/ande-

sites, whereas Wo contents (0.37–0.44) are lower

(Table 1, Fig. 3). Titanomagnetite (Mt49–65) is abun-

dant, mainly as individual crystals but also overgrowing

the scarce ilmenite (Ilm84–86). Matrix glass is of rhyo-
litic composition (71.5–72.9 wt.% SiO2, anhydrous),

and water contents give 3.1–4.0 wt.%.

5. Geochemistry

Representative whole-rock data are presented in

Table 5. The dome fragments and the pumice clasts

are of relatively constant, silicic andesitic to dacitic

composition (~60–64 wt.% SiO2, Mg#=42–57) (Fig.

5). The pumiceous samples plot in the more silicic part

of this range. One scoria (Mg#=55; sample DOM-38)

and the mafic enclaves are of basaltic andesitic compo-

sition. CIPW mineral modes in dacites/andesites are

mostly uniform and all samples are quartz-normative,

although mineral zoning and textures reveal a high

degree of complexity in individual samples.

Incompatible trace elements are well correlated for

all samples (e.g. Ba vs. Th, Fig. 6a). The dacites/

andesites define the higher end member of this range,

whereas both, the basaltic andesite scoria and the mafic

enclaves, define the lower, more primitive end member.

The compositional variation in incompatible trace ele-

ment concentrations in the dacites and andesites is very

limited (e.g. Ta: 0.23–0.32 ppm, Hf: 2.4–3.2 ppm).

Compatible trace elements are negatively correlated

with highly incompatible elements (e.g. Sc vs. Th,

Fig. 6b). There is a marked kink between the more

primitive samples and the evolved andesites and dacites

with low Sc contents (Sc: 13–22 ppm). On a N-MORB

normalized multi-element plot (Fig. 6c), the sample

suite as a whole is characterized by an enrichment of

large ion lithophile elements (LILE) compared to light

rare earth elements (LREE; BaN /LaN=6.5–10.8). Both

groups, LILE and LREE, are enriched relative to the



Table 3

Representative titanomagnetite analyses of Plat Pays rocks, determined by electron microprobe

Sample DOM-8c DOM-12 DOM-14b1 DOM-31 DOM-36 DOM-38 DOM-38 DOM-8d DOM-26b

Rock type Dacite Dacite Andesite Dacite Andesite Basaltic

andesite

Basaltic

andesite

Mafic

enclave

Mafic

enclave

Comment Around ilmenite

SiO2 0.07 0.03 0.03 0.06 0.08 0.13 0.08 0.04 0.28

TiO2 9.55 9.51 10.02 10.71 10.28 13.93 17.49 9.87 13.69

Al2O3 1.92 1.53 1.74 1.94 1.89 2.38 2.11 1.87 1.36

Cr2O3 0.11 0.02 0.14 0.00 0.02 0.09 0.07 0.28 0.08

FeO 82.32 82.24 80.92 80.81 81.98 77.67 74.89 82.57 79.15

MnO 0.44 0.70 0.35 0.53 0.40 0.47 0.46 0.38 0.53

MgO 0.74 0.57 1.14 0.89 0.86 1.89 2.28 0.61 0.80

CaO 0.00 0.00 0.02 0.07 0.02 0.07 0.07 0.04 0.03

Total 95.14 94.60 94.36 95.00 95.53 96.63 97.45 95.65 95.91

Formulae calculated on the basis of 3 cations and 4 oxygens:

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Al 0.08 0.07 0.08 0.09 0.08 0.10 0.09 0.08 0.06

Ti 0.27 0.27 0.28 0.30 0.29 0.38 0.48 0.28 0.39

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Fe3+ 1.37 1.39 1.35 1.31 1.34 1.12 0.94 1.36 1.15

Mg 0.04 0.03 0.06 0.05 0.05 0.10 0.12 0.03 0.04

Fe2+ 1.21 1.21 1.21 1.23 1.23 1.26 1.34 1.22 1.33

Mn 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Mg# 3.3 2.6 5.0 3.9 3.7 7.6 8.5 2.7 3.2

XUsp 0.28 0.28 0.30 0.32 0.30 0.41 0.50 0.29 0.40

XMt 0.72 0.72 0.70 0.68 0.70 0.59 0.50 0.71 0.60

Parameters for QUILF calculations:

NTi 0.270 0.271 0.285 0.303 0.289 0.386 0.481 0.279 0.387

NMg 0.040 0.031 0.062 0.048 0.046 0.100 0.120 0.033 0.044

NMn 0.014 0.022 0.011 0.017 0.013 0.015 0.014 0.012 0.017
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high field strength elements (HFSE; BaN /HfN=24–36;

LaN /HfN=2.7–4.1). There is a large negative Ta anom-

aly and small negative P and Ti anomalies, which are

typical of calc-alkaline suites. Dacites and andesites

have nearly identical patterns with very similar concen-

trations. Both the basaltic andesite and the mafic en-

clave have also similar patterns. The latter two show a

slight relative depletion in Zr, Hf and some LILE (Rb,

Ba, Th, U) compared to the more silicic rocks.

6. Intensive crystallization parameters (P, T, fO2)

and melt water contents

6.1. Pressure

A minimum pressure estimate can be derived from

the stability of amphibole in the magma, which requires

P N1.1 kbar (if PH2O=Ptotal) for andesitic to dacitic

whole-rock compositions comparable to the Plat Pays

rocks (Rutherford and Hill, 1993; Barclay et al., 1998).
The minimum pressure estimate goes up to ~1.6 kbar if

temperatures reach 900 8C. Application of the Al-in-

hornblende geobarometer (Johnson and Rutherford,

1989) for 73 crystals yields P=1.7F0.6 kbar, whereby

the error of the method (F0.6 kbar) is larger than the

error obtained from data dispersion (F0.3 kbar).

The range of pressures obtained varies between 0.8 and

2.5 kbar (Fig. 7a). Application of the temperature-

dependent calibration for the Al-in-hornblende geoba-

rometer of Anderson and Smith (1995) gives an average

of �0.5 kbar, which is not in agreement with the min-

imum stability limit of amphibole. However, the Plat

Pays samples do not meet all required conditions for this

barometer, such as the presence of K-feldspar, titanite or

quartz. The lack of K-feldspar and titanite does not

significantly affect the pressure determinations (Ander-

son and Smith, 1995). In addition, the samples are

quartz-normative and some samples contain quartz crys-

tals, suggesting that they were close to quartz saturation.

QUILF (Andersen et al., 1993) calculations of silica



Table 4

Representative analyses of glass inclusions and matrix glasses of Plat Pays rocks

Sample DOM-8c DOM-8c DOM-8c DOM-26b DOM-26b DOM-26b DOM-31 DOM-36 DOM-14b1 DOM-14b1 DOM-38 DOM-38

Type GI GI GI GI GI GI GI GI MG MG MG MG

Host

mineral

plag plag opx opx opx plag opx opx

SiO2 73.53 76.92 76.65 74.09 72.68 72.64 75.52 76.12 73.97 76.66 68.56 70.34

TiO2 0.19 0.44 0.14 0.04 0.05 0.31 0.11 0.20 0.36 0.36 0.78 0.77

Al2O3 12.43 9.97 11.32 14.00 11.01 9.10 12.52 12.84 11.75 11.18 12.51 12.51

FeO 1.49 1.88 1.17 1.63 2.55 2.34 0.74 1.48 3.01 2.39 4.85 4.41

MnO 0.06 0.12 0.05 0.12 0.07 0.04 0.04 0.04 0.06 0.11 0.16 0.10

MgO 0.19 0.26 0.30 0.21 0.16 0.36 0.05 0.10 0.39 0.22 0.76 0.67

CaO 1.37 0.93 1.64 1.63 0.12 1.37 1.75 1.51 1.78 1.26 2.50 2.30

Na2O 5.45 4.42 3.07 4.12 5.00 4.09 3.52 3.52 3.15 2.88 3.37 2.93

K2O 2.46 3.13 2.27 3.21 2.98 3.38 2.64 3.18 2.96 2.90 2.42 2.48

Cl 0.15 0.34 0.25 0.18 0.19 0.31 0.19 0.22 0.23 0.13 0.11 0.14

Total 97.31 98.40 96.85 99.21 94.81 93.93 97.09 99.22 97.65 98.07 96.01 96.66

H2O by

difference

2.69 1.60 3.15 0.79 5.19 6.07 2.91 0.78 2.35 1.93 3.99 3.34

Projection parametersa:

Qz’ 30.9 42.4 42.6 31.6 34.9 42.9 37.6 37.3 37.0 43.9 30.3 34.5

Ab’ 54.3 37.2 43.8 52.2 45.2 33.3 47.9 45.4 46.3 38.4 57.1 51.2

Or’ 14.8 20.3 13.6 16.2 19.9 23.8 14.5 17.3 16.7 17.7 12.6 14.3

a Projection parameters after Blundy and Cashman (2001); GI=glass inclusion, MG=matrix glass, plag= plagioclase, opx=orthopyroxene.
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activity often indicate quartz saturation as well (e.g. for

sample DOM-31, T=840 8C and aSiO2=0.96F0.06).

The pressures obtained can be regarded as an upper

pressure limit, because P is over-estimated if aSiO2b1

(Hammer et al., 2000). Taking into account the error

of method (F0.6 kbar), 2.3 kbar is the maximum

pressure estimate. The results of the Al-in hornblende

geobarometry are in agreement with melt inclusion

data (~2 kbar, Gurenko et al., 2004). The pressure

estimate is also qualitatively consistent with water-

saturated phase relations of compositionally similar

rocks, as for instance reported for the Mt. St. Helens

dacite (Merzbacher and Eggler, 1984; Rutherford et

al., 1985; Rutherford and Devine, 1988). Given the

arguments presented above, we consider that the likely

pressure range is 1.1–2.3 kbar for crystallization of the

amphibole-bearing Plat Pays rocks, but it requires

experimental corroboration, where the stability and

composition of amphibole would be more precisely

determined in relation to P–T–PH2O–fO2 changes for

typical Plat Pays rocks. The pressures can be con-

verted into a depth estimate if we assume PH2Oi -

Plithostatic and q =2600 kg/m3, leading to a reservoir

depth of 4–9 km. This is in agreement with constraints

from seismic signals, thought to result from magma

pressurization associated with the Plat Pays and

Morne Anglais centers, which indicate a depth of 2–

6 km (Lindsay et al., 2003).
6.2. Temperature

Magma temperatures are estimated using the QUILF

program (Andersen et al., 1993). Since chemical equi-

librium between clinopyroxene and orthopyroxene phe-

nocrysts only exists in a few samples, temperatures

have been calculated in the single pyroxene mode for

all samples. This procedure requires input of the ortho-

pyroxene core composition only, and QUILF then cal-

culates an equilibrium clinopyroxene composition and a

temperature (Murphy et al., 2000). Results are most

sensitive to variations of the CaO content in the ortho-

pyroxene. The accuracy of the thermometer is estimated

at F20 8C (Murphy et al., 2000) and the pressure

dependence is low (F3–7 8C/kbar). Calculations were
carried out at a fixed pressure of 1.5 kbar. The obtained

temperature range in the silicic magma is 760–1075 8C
(Fig. 7b). However, the majority of the phenocryst core

data (85 crystals in 10 samples) fall into a more narrow

temperature interval (800–880 8C) with an average

temperature of 840F20 8C. This result is consistent

with amphibole-plagioclase thermometry (Holland and

Blundy, 1994), which yields temperatures in the range

804–857 8C. The presence of amphibole, which has

been shown to become unstable in andesites from

Montserrat at T N875 8C (Barclay et al., 1998), and

the lack of biotite, which becomes stable at ~780 8C
(Rutherford and Devine, 2003), also constrain the



Fig. 5. Composition of whole-rocks, matrix glasses and glass inclusions of the Plat Pays complex in the TAS (Total Alkalies versus Silica) diagram.

Analyses were recalculated for all Fe as FeO and normalized to 100% volatile-free. The alkaline–subalkaline subdivision is after Irvine and Baragar

(1971).
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magma temperature. Orthopyroxenes overgrown by

clinopyroxene show slightly more elevated tempera-

tures (904F42 8C, 5 crystals). Temperatures in the

mafic enclaves range from 820 to 1050 8C (20 crystals

in 3 samples) and average 1058F38 8C (3 crystals) in

the scoria (DOM-38). This latter value is considered as

representative of the mafic magmas of basaltic andesite

composition at Plat Pays since the enclaves are likely to

have partly re-equilibrated in the dacitic host magma.

Temperatures of ~1060 8C are also in agreement with

the lack of amphibole in the scoria, as the upper stabil-

ity limit of amphibole is 980 8C in basaltic andesite

(Sisson and Grove, 1993).

6.3. Oxygen fugacity

Oxygen fugacities are estimated by QUILF using

the titanomagnetite compositions with the temperature

determined by pyroxene thermometry (Murphy et al.,

2000). This method has the advantage that ilmenite,

which is only present in very minor abundances, need

not be considered in the calculations and problems of

rapid re-equilibration of Fe–Ti oxides, particularly

ilmenite, are avoided (Murphy et al., 2000). Titano-

magnetite reaction rims on ilmenite were not used in

the calculations because of possible diffusion gradients

(Devine et al., 1998). Results yield oxygen fugacities

of 1.2 to 1.8 log units above the FMQ buffer in

dacites and mafic enclaves. Slightly higher values

are obtained for the basaltic andesite (1.6 to 2 log

units above FMQ).
6.4. Constraints from glass compositions

Further constraints on the evolution of the crystalli-

zation in the Plat Pays magmas can be derived from the

projection of glass compositions onto the Qz–Ar–Or

ternary. This procedure allows relative determination of

magma equilibration pressure because highly silicic

melts (N77 wt.% SiO2) form as a consequence of

contraction of the silica phase volume with decreasing

pressure (Cashman and Blundy, 2000; Blundy and

Cashman, 2001). Following the method described by

these authors, matrix glass and glass inclusion compo-

sitions of Plat Pays rocks are displayed in Fig. 8. Matrix

glass from the basaltic andesite (sample DOM-38) plots

on the Qz-poor side of the 200 MPa water-saturated

cotectic (Fig. 8a), whereas matrix glass from an andes-

ite (sample DOM-14b1) defines a linear trend from the

200 MPa cotectic towards the 0.1 MPa cotectic. Glass

inclusions span a broader compositional range on the

Qz–Ab–Or diagram (Fig. 8b). Some project on the Qz-

poor side of the 300 MPa cotectic, others between the

50 and 0.1 MPa cotectics. All together, they form a

roughly linear trend away from Ab towards the 0.1

MPa cotectic, similar to the matrix glass compositions

and roughly parallel to the depressurization trend of the

ternary minimum. The trends displayed by the glass

compositions are qualitatively similar to both the iso-

thermal decompression and the isobaric cooling models

from Blundy and Cashman (2001). Importantly, some

crystallization must have occurred at very shallow

levels within the conduit, because the high Qz contents



Table 5

Representative major and trace element whole-rock analysis of Plat Pays rocks

Sample no. DOM-6d DOM-8c DOM-8d DOM-12 DOM-13 DOM-14b1 DOM-16 DOM-26a DOM-31 DOM-34e DOM-36 DOM-38

Sample type Pumice DF ME DF DF Scoria DF DF Pumice ME DF Scoria

Classificationa Dacite Dacite BA Dacite Dacite Andesite Andesite Andesite Dacite BA Andesite BA

Major elements (wt.%)

SiO2 63.27 63.14 55.12 63.98 63.69 59.35 61.94 60.54 61.84 53.98 60.48 55.18

TiO2 0.43 0.41 0.85 0.43 0.44 0.50 0.48 0.48 0.45 0.72 0.52 0.67

Al2O3 16.91 17.01 17.57 16.93 17.12 17.46 17.60 18.07 17.06 18.95 17.34 19.40

Fe2O3 6.12 6.14 8.23 5.77 5.71 6.89 6.54 6.39 6.13 9.94 6.66 7.81

MnO 0.14 0.14 0.14 0.13 0.14 0.14 0.14 0.14 0.14 0.20 0.14 0.14

MgO 1.75 2.22 4.97 1.97 2.11 3.34 2.26 2.45 1.80 3.94 3.25 3.69

CaO 5.47 5.45 8.68 5.42 5.54 6.84 5.65 6.11 5.64 7.67 6.35 8.18

Na2O 3.25 3.48 2.80 3.55 3.37 3.09 3.28 3.26 3.12 3.46 3.19 2.92

K2O 1.41 1.64 0.96 1.57 1.59 1.23 1.50 1.23 1.51 0.76 1.40 1.04

P2O5 0.06 0.11 0.13 0.06 0.07 0.09 0.10 0.11 0.09 0.10 0.07 0.06

LOI 0.98 0.07 0.39 �0.01 0.04 0.87 0.32 1.04 1.52 0.10 0.41 0.72

Total 99.79 99.81 99.84 99.80 99.82 99.80 99.81 99.82 99.30 99.82 99.81 99.81

Mg# 44.2 50.1 60.9 48.6 50.6 56.5 48.0 50.6 44.9 50.5 56.6 54.9

Trace elements (ppm)

Sc 14.1 14.4 27.4 13.5 14.3 21.0 16.4 15.5 14.7 27.1 19.8 26.2

Co 12.5 13.1 24.7 12.0 12.7 18.3 14.8 14.0 12.8 23.1 17.2 22.9

Ni 2.5 2.2 42.3 2.2 2.2 11.6 3.3 2.5 2.6 4.1 14.4 6.0

Zn 66 63 72 61 67 66 67 65 57 99 71 69

Rb 44.2 45.1 27.3 43.8 43.3 35.7 41.2 45.8 45.3 22.5 43 30.2

Sr 228 230 324 220 214 216 233 218 225 268 237 245

Zr 110 94 68 106 95 91 97 104 92 58 86 73

Sb 0.26 0.21 0.17 0.22 0.22 0.23 0.15 0.21 0.28 0.19 0.26 0.20

Cs 2.16 2.25 1.34 2.05 1.53 1.84 0.77 1.25 2.25 0.95 2.09 1.37

Ba 270 275 182 273 272 226 275 284 269 170 258 190

La 11.53 10.93 11.16 11.30 10.94 8.85 12.63 9.74 10.97 9.59 10.28 8.09

Ce 24.7 25.2 29.22 24.10 24.0 20.9 25.0 22.9 23.6 22.8 22.7 19.2

Sm 2.90 2.77 5.44 2.85 2.81 2.58 3.29 2.62 2.83 3.51 2.91 2.71

Eu 0.92 0.96 1.44 0.78 0.82 0.90 1.02 0.92 0.96 1.11 0.86 0.91

Tb 0.441 0.452 0.821 0.436 0.438 0.445 0.488 0.436 0.451 0.570 0.459 0.467

Yb 2.48 2.26 3.61 2.49 2.48 2.19 2.34 2.22 2.2 2.91 2.25 2.3

Hf 2.84 2.86 2.48 2.91 2.78 2.47 2.83 2.97 2.86 1.91 2.57 2.2

Ta 0.279 0.281 0.271 0.293 0.283 0.225 0.292 0.282 0.273 0.218 0.259 0.208

Th 4.20 4.24 2.74 4.27 4.19 3.39 4.36 4.41 4.09 2.16 3.96 3.01

U 1.26 1.23 0.78 1.28 1.24 0.99 1.3 1.26 1.22 0.59 1.14 0.87

W 0.65 0.30 0.56 0.57 0.56 0.25 0.28 0.38 0.44 0.30 0.38 n.d.

As 1.83 1.15 1.69 1.18 1.15 1.26 1.01 1.11 1.43 0.39 1.26 1.02

Mo 0.95 1.00 3.00 0.85 0.88 0.73 1.04 1.08 0.82 0.27 0.80 0.81

Br 4.29 1.14 2.64 0.93 0.52 3.81 1.24 1.08 5.08 0.65 2.56 3.59

Crystallinity (%) 49.1 50.2 – 48.3 47.4 59.6 54.4 56.1 50.9 – 59.4 62.2

a The classification is based on the concentrations normalized to 100% volatile-free; n.d.=not detected; Mg#=100 Mg/ (Mg+FeU) in atomic

proportions, using Fe2O3 /FeO ratios recommended by Middlemost (1989); DF=dome fragment, ME=mafic enclave, ves.=vesiculated, BA=basaltic

andesite. Crystallinity is expressed as the weight fraction of phenocrysts. It is estimated by mass balance calculation using phenocryst, glass and

whole-rock compositions. Average glass and phenocrysts compositions were used in the calculations for most of the samples, except DOM-38 were

more mafic compositions for both glass and phenocrysts, as determined by microprobe, were used. The general accuracy of the method was tested

by comparing mass-balance calculations to point-counting measurements (Villemant and Boudon, 1998), and the values stated here are in

agreement with petrographic observations. Mean propagated error is estimated to be ~5%.
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of the most evolved glasses can only be attained at low

final crystallization pressures (Cashman and Blundy,

2000). The observed range in glass compositions

implies that crystallization occurred at a range of effec-
tive pressures. For the differences in the matrix glass

composition between the scoria samples DOM-38 and

DOM-14b1, this might be related to different ascent

rates, because magmas that ascend the most rapidly



Fig. 6. (a), (b): Correlation diagrams of selected trace elements (in ppm) from whole-rock analyses of Plat Pays rocks. Comparative data are more

primitive samples from Dominica (Joron, unpublished data) to illustrate the fractionation trends. Note that (b) has logarithmic scales and the steep

decrease of Sc, indicative of clinopyroxene fractionation. (c) N-MORB normalized multi-element plot of Plat Pays rocks. N-MORB normalization

data are from Sun and McDonough (1989).
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will record the highest values of the closure pressure

(Pc, i.e. the pressure at which the melt chemistry is

quenched). The position of the two analyses displaced

towards the Qz–Or join might be related to a non-

equilibrium crystallization path (Cashman and Blundy,

2000).

6.5. Water contents

Melt water contents were estimated by comparing

the compositions of natural glasses and phenocrysts

with compositions produced experimentally under con-

trolled conditions of T, P and fO2 . Experimental data

on an andesite from Montagne Pelée (Martel et al.,

1998), which is geochemically very similar to the Plat

Pays rocks, have been used as a reference. Glass inclu-

sion data were not used because of the unreliability of

glass inclusions for the estimation of pre-eruptive melt

water contents in eruption products from dome-forming

eruptions (Martel et al., 2000) due to leakage and
diffusion (e.g. Johnson et al., 1994), degassing of vola-

tiles before entrapment (Macdonald et al., 2000), or

secondary hydration. Unfortunately, the investigated

pumices did not contain measurable glass inclusions.

Amphibole crystallization requires ~4% dissolved

water in the melt (Merzbacher and Eggler, 1984). The

enstatite content of orthopyroxene is also related to the

melt water content at fixed P–fO2. At 875 8C, P=2 kbar
and DFMQ=+1.2 to +1.6, approximately the crystalli-

zation conditions of the Plat Pays silicic magmas (note

that an independent pressure estimate for a dacite pumice

from the Plat Pays complex of ~2 kbar is given in

Gurenko et al. (2005)), a minimum melt water content

of 5.5 wt.% is required in andesites and dacites (Fig. 9a).

The average SiO2 content of matrix glass from a Plat

Pays andesite (DOM-14b1) at 875 8C corresponds to a

melt water content of ~5.5 wt.% as well (Fig. 9b). The

range of glass compositions correspond to a range of

melt water contents between 4.5 and 6 wt.%, but it has to

be considered that melt water contents increase with



Fig. 7. (a) Histogram of pressures determined by Al-in-hornblende

geobarometry (Johnson and Rutherford, 1989). Note that the two

outliers were not considered in the average calculation. (b) Histogram

of temperatures determined by QUILF orthopyroxene thermometry of

phenocrysts in Plat Pays andesites and dacites (see text for details).
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decreasing equilibration temperatures. At fO2=DFMQ+

1.5, magnetite compositions indicate melt water contents

N5.2 wt.% (Fig. 9c). In summary, the comparison with

the experimental data on geochemically similar rocks

reveal that pre-eruptive melt water contents are probably

N5.2–5.5 wt.%, which is equivalent to a minimum PH2O

of 1.6 kbar, according to the solubility model of Newman

and Lowenstern (2002). Although these estimates need

experimental corroboration, in which phase stabilities,

mineral and glass compositions of both dacitic and an-

desitic Plat Pays rocks in relation to changes in the

intensive crystallization parameters would be more pre-

cisely determined (e.g. Rutherford et al., 1985; Martel et

al., 1998), they suggest that the magmas were close to

water-saturation at its storage pressures.

Maximum melt water contents can be derived from

the maximum pressure estimate of 2.3 kbar. Assuming

that the magmas are water-saturated and that other

volatiles such as CO2 are of minor importance, as
suggested from near-infrared spectroscopy data in the

case of Montagne Pelée (Martel et al., 2000) and FTIR

data from Montserrat (Barclay et al., 1998), the melt

water content would be ~ 6.5 wt.% H2O at 2.3 kbar

(calculated for rhyolite at 840 8C, using the VolatileCalc
1.1 software after Newman and Lowenstern (2002)).

Thus, our best estimate of the pre-eruptive melt water

content is between 5.2 and 6.5 wt.%.

7. Discussion

7.1. Crystallization environments of silicic magmas at

the Plat Pays complex

The diversity in composition and textures of pheno-

cryst phases in a same magma fragment or thin section

underlines that the erupted silicic magmas represent a

mixture of crystals that have experienced different ther-

mal histories (Murphy et al., 1998). Therefore, dacites

and andesites represent mixed hybrids. Evidences for

mixing are numerous and include the presence of An-

rich plagioclase cores that might derive from disaggre-

gation of mafic enclaves at shallow levels and rare Al-

rich amphiboles in some of the lava dome fragments

that point to crystallization at elevated pressures. High-

temperature (N900 8C) orthopyroxene cores can also be

interpreted as remnants from incomplete mixtures of

mafic and silicic magmas or as antecrysts (antecryst =

crystal that is derived from an earlier evolutionary stage

of the magmatic system but out of current equilibrium

(Streck et al., 2005)). The rare low-temperature ortho-

pyroxenes might be derived from cooler parts of the

magma reservoir (Murphy et al., 2000). Abundant dis-

equilibrium features observed at millimeter to microm-

eter scales are also consistent with mechanical mixing.

For instance, resorption of orthopyroxene and crystal-

lization of amphibole, consistent with an increase in the

water content in the melt or in fO2 (Martel et al., 1999),

only affected a few crystals in a given sample. Dis-

equilibria are also indicated by the co-existence of

amphibole with and without reaction rims, which are

thought to result from decompression of the magma

during ascent (Rutherford and Hill, 1993). Rounded

amphiboles suggest episodes of resorption and dissolu-

tion that accompanied heating of magma. Similarly, the

dusty sieve-textures in plagioclase can be explained by

resorption and rapid re-growth (Murphy et al., 1998).

Clinopyroxene rims on orthopyroxene can be explained

by a local heating event, which raised the temperature

of the pre-eruptive magma to the reaction boundary at

which hornblende reacts to form clinopyroxene and

melt (Rutherford and Devine, 1988; Devine et al.,



Fig. 8. Quartz–albite–orthoclase (Qz–Ab–Or) projection of glass analyses from Plat Pays rocks according to the projection scheme of Blundy and

Cashman (2001). The plotting parameters Qz, Ab, Or are calculated from the CIPW norms of anhydrous glass analyses (for details of the

projection scheme, see Blundy and Cashman (2001)). Cotectic lines and compositions of H2O-saturated minima and eutectics in Qz–Ab–Or

haplogranitic melts are after Blundy and Cashman (2001) and references therein. (a) Matrix glass from samples DOM-14b1 (andesite) and DOM-

38 (basaltic andesite). (b) Glass inclusions in sample DOM-26b (andesite). The grey area encompasses glass inclusion analyses from all

investigated samples.
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1998). The rare occurrence of quartz crystals is consis-

tent with the calculated temperatures, as experimental

data suggest that quartz appears first at 750 8C under

H2O-saturated conditions in dacite (Scaillet and Evans,

1999) and between 790 and 825 8C at pressures of 200–

130 MPa in andesite (Rutherford and Devine, 2003).

Despite the mineralogical variability, there are no

significant variations in bulk rock chemistry of the

silicic samples with time. Minor compositional varia-

tions in the samples can be attributed to variable pro-

portions of the constituent minerals. Therefore, the

compositional monotony of the sample suite and the

comparable mineralogical complexities in any given

sample clearly suggest that long-term, time-dependent

compositional variations in the magma system are of

minor importance compared to the variability in the

crystallization environments represented in the mineral

assemblage of a particular sample. It is therefore useful

to define a major crystallization environment of the

silicic samples, which is defined by the presence of

hornblende, temperatures in the range 800–880 8C,
oxygen fugacities of +1.2 to +1.8 DFMQ and water

contents between 5.2 and 6.5 wt.%. The water contents

determined are in agreement with experimental data

from Montagne Pelée andesite, where N6 wt.% H2O

is required to stabilize amphibole (Martel et al., 1999)

and from Mt. Pinatubo dacite, where the absence of

hornblende occurs below melt H2O contents of 4–5

wt.% (Scaillet and Evans, 1999). The presence of clin-
opyroxene is also compatible with high water contents,

as clinopyroxene was only present in H2O-rich exper-

imental charges b900 8C of andesite (Martel et al.,

1999). The plagioclase zoning with elevated XAn is

consistent with conditions close to or at H2O saturation,

since compositions of XAnN60 require relatively high

temperatures and melt water content close to saturation

(Scaillet and Evans, 1999).

Although significant crystallization is thought to

have occurred within this dominant crystallization en-

vironment, there is also evidence of crystallization dur-

ing final ascent of the silicic magmas. Decompression-

driven crystallization is strongly indicated by the high

Qz contents in the evolved silicic glasses, which can

only be attained if the final crystallization pressure is

low (Blundy and Cashman, 2001). Although Martel et

al. (2000) suggested that highly differentiated glass

inclusions (N77 wt.% SiO2) result from devitrification

and are therefore not representative of the pre-eruptive

melt, the continuous trends on the Qz–Ab–Or diagram

(Fig. 8) are consistent with continuously changing melt

compositions recorded in response to slow magma

ascent. The complex plagioclase zoning patterns com-

bined with the absence of significant zoning in the

mafic minerals are also in agreement with crystalliza-

tion driven by decompression, since this crystallization

environment is compatible with plagioclase growth

largely in response to decompression inducing Ca/Na

variation while Mg# stays relatively unchanged (Streck
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et al., 2005). Following this argumentation, some of the

plagioclase and orthopyroxene crystals must indeed

have crystallized at a late stage during ascent, since

the evolved melts were incorporated into them.
7.2. Parental magmatic liquids of basaltic andesitic to

basaltic composition

Evidence for more mafic precursor magmas to the

andesites and dacites includes the presence of xeno-

crysts and disequilibrium features in the latter (see

above), and is manifested in the mafic enclaves and

an occurrence of scoria of basaltic andesitic composi-

tion (sample DOM-38). The crenulate contacts and the

presence of host-derived xenocrysts, such as the brown

magnesio-hornblendes with Al2O3 ~7 wt.%, in the

mafic enclaves are characteristic of magmatic mafic

inclusions which have been quenched in a cooler silicic

liquid (Bacon, 1986). Comparable whole-rock chemis-

tries and normalized trace element patterns of the mafic

enclaves and the scoria DOM-38 point to a common

mafic magma composition. However, some distinct

mineralogical and petrological differences might be

present, as exemplified for the enclave DOM-8d.

There, the growth of amphibole at the expense of

pyroxenes is evidence for an increase of water-pressure

during crystallization. T–fO2 re-equilibration of xeno-

liths with enclosing rocks after mixing is indicated by

correspondence in physical conditions between xeno-

lith and host rock data. It seems unlikely that this

xenolith represents a hydrous magma that never

reached the surface because of the chemical similarities

with the scoria and because amphibole is probably not

a liquidus phase but rather a reaction product between a

liquid and early formed crystals during a cooling stage

(Coulon et al., 1984). Although it cannot be excluded

that this enclave represents a cumulate crystallizing in a

marginal solidification zone (Langmuir, 1989), the con-

tinuously changing amphibole compositions (Fig. 4)

are more compatible with crystallization at variable

depths during ascent (Arculus and Wills, 1980).

Growth of amphibole during magma ascent is only

possible at pressures above ~ 1 kbar, suggesting that

amphibole phenocrysts started to crystallize at elevated

pressures. The acicular morphology of the amphiboles

suggests rapid crystallization of a quenched liquid
Fig. 9. Comparison of mineral chemical data from Plat Pays rocks

with experimental data on Montagne Pelée andesites (after Martel e

al., 1998). The shaded fields mark the predominant mineral and glass

compositions of Plat Pays andesites/dacites. (a) Enstatite content in

orthopyroxene vs. melt H2O content; given the temperatures deter

mined by QUILF (800–880 8C), a minimum water content of ~5.5

wt.% is indicated (b) weight percentage of SiO2 in glass (only matrix

glass) vs. melt H2O content; thick black line marks the average of 5

matrix glass measurement in sample DOM-14b1 (c) mole percentage

of magnetite (in titanomagnetite) vs. melt H2O content.
t

-



ig. 10. Clinopyroxene Mg# vs. Mg# of whole rock or glass. Values

r the Fe–Mg equilibrium distribution coefficient are from Sisson

nd Grove (1993).
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(Coulon et al., 1984) and implies that the intruding

mafic magmas were dominantly in a liquid state.

Similar trace element patterns and characteristic

trends on two-element plots (Fig. 6) are consistent

with a fractional crystallization relationship and suggest

a genetic link between the mafic enclaves and the

basaltic andesite scoria on the one hand and the ande-

sites/dacites on the other hand. In addition to the var-

iable proportions of constituent minerals, variable

amounts of mafic magma hybridization of andesitic

magma can also explain the minor compositional var-

iations in the dacite/andesite samples. Since it appears

that the enclaves were hydrated and partly re-equilibrat-

ed in contact with the silicic resident magma, the scoria

(DOM-38) is a more reliable indicator of the predom-

inant T–fO2 relationships (~1060 8C, fO2=+1.6 to +2.0

DFMQ) in the more mafic magmas of Plat Pays. Ad-

ditional qualitative information can be gained from the

highly calcic plagioclase cores in the silicic rocks that

are thought to reflect high water contents in the mafic

magma they crystallized from (Sisson and Grove,

1993).

Chemical differences between amphibole popula-

tions in the dacites and the mafic enclaves can be

related to higher temperature, higher crystallization

pressure or the SiO2-saturation of the melt (Johnson

and Rutherford, 1989; Scaillet and Evans, 1999;

Rutherford and Devine, 2003). A comparison of the

AlVI contents of the amphiboles with experimental

compositions produced at 200 and 250 MPa (Ruther-

ford and Devine, 2003) reveals that AlVI in the amphi-

boles of the mafic enclaves is significantly higher than

in the bulk of magnesio-hornblendes from the dacites

and consistent with crystallization at P N250 MPa (Fig.

4). Therefore, we conclude that the amphiboles of the

mafic enclaves represent crystallization at elevated

pressures compared to the bulk andesites. This inter-

pretation agrees well with the presence of high-Al

clinopyroxene cores in some of them.

Further constraints on the crystallization of ferro-

magnesian minerals can be derived from equilibrium

relationships of the ratio Fe /Mg between melt and

silicate minerals (Streck et al., 2005). Fig. 10 shows

the Mg# clinopyroxenes plotted versus the Mg# of

whole-rock or glass together with two curves for

pyroxene-melt distribution coefficients Kd
Fe–Mg using

values of 0.26 and 0.3 (Sisson and Grove, 1993;

Streck et al., 2005). The Kd values allow calculating

Fe /Mg and Mg# of a melt coexisting with a chosen

clinopyroxene composition. For clinopyroxenes from

the mafic enclaves, calculated Fe/Mg reaches values

down to 0.5, which translates into a maximum Mg# of
F

fo

a

67 (Fig. 10). This is significantly more magnesian

than the most Mg-rich erupted rock present, including

the basaltic andesite scoria with Mg#=56. Therefore,

we conclude that, at depth, magmas were more mafic

(i.e. basaltic) than magmas erupted as scoria or incor-

porated as enclaves. It is also noteworthy that the

calculated Mg# of the melts in equilibrium with the

clinopyroxene crystals in the silicic rocks yields values

of 28–41, which tends to be lower than the Mg# of

the whole-rocks. This strengthens the point that the

silicic rocks are hybrids between intruding mafic and

resident silicic magmas.

In a recent geochemical study, Lindsay et al. (2005)

argue that the scoriaceous deposits from which sample

DOM-38 was collected can be correlated to scoria

deposits from the Morne Anglais complex in the

north of the Plat Pays complex. As outlined above,

the sample is compositionally very similar to the Plat

Pays mafic enclaves, both in terms of major and trace

elements. It also plots on the compositional trends

established for the Plat Pays rocks (Figs. 5 and 6),

consistent with a co-genetic origin. Even if the origin

of this sample is considered as doubtful, the presence of

mafic enclaves, the petrographic disequilibrium features

(Fig. 2) and the calculation of the Mg# of melts coex-

isting with clinopyroxene from the enclaves provide

clear evidence for the presence of more mafic magmas

at some point in the evolution of the Plat Pays complex.

T–fO2 conditions determined for the mafic enclaves and

DOM-38 overlap, so that the values determined for

DOM-38 can still be considered as representative for
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those mafic magmas. Therefore, the main conclusions

of this study remain valid.

7.3. Magma dynamics and magma storage

An important question regarding the magma reser-

voir at the Plat Pays complex is whether there is long-

lived reservoir present or whether there are only small

reservoirs established at each eruptive cycle. This has

important implications for possible eruptions, since in

the former case a relatively large magma volume might

be activated in an eruption. As demonstrated above,

mafic and silicic magmas that partly mixed were in-

volved in the magma generation. A coupling of the

mafic and silicic parts at Plat Pays, rather similar to a

model proposed by Pichavant et al. (2002) for Mon-

tagne Pelée, is supported by the fractional crystalliza-

tion relationship deduced from trace element data.

Magmas appear to have crystallized over a large pres-

sure range, starting perhaps at lower crustal depth as

indicated by the Al-in-hornblende geobarometry. Since

amphibole cannot survive for more than a few days

outside its stability field (Rutherford and Hill, 1993),

magma must have been stored at various levels within

the sub-volcanic system, partly within the amphibole

stability field (no reaction rims), some outside at shal-

lower levels (with reactions rims). This is consistent

with mixing textures and variable grain size observed.

In fact, mixing of magmas from different storage levels

is inevitable if the magma conduit remains at least

partially full between eruptions (Blundy and Cashman,

2001). A fairly shallow major magma storage region at

depths of 4–9 km from which magma degassing could

have occurred is supported with the very low total

volatile contents in most of the melt inclusions. It is

also in agreement with the dominant dome-forming

eruption style of Plat Pays, which requires open-system

gas loss (Villemant et al., 1996; Villemant and Boudon,

1998). All dome fragments investigated are dense and

crystal-rich, and the calculated temperatures and oxy-

gen fugacities are identical within error for the different

samples, apparently independent of the relative ages.

Although crystallization by decompression is a viable

mechanism to generate crystal-rich magmas (Métrich et

al., 2001) and the highly evolved glass compositions of

the Plat Pays rocks are clearly indicative of crystalli-

zation at very shallow depths, the high total pheno-

crysts abundance (N45%) suggests a high crystal

content of the pre-eruptive magma (Rutherford and

Devine, 2003). Additionally, the limited range in

bulk-rock chemistry points towards similar magma

chemistries, modified only by variations in the influx
of more mafic melts. The relatively low temperatures of

~840 8C compared to the experimentally determined

water-saturated liquidus of andesite (1050 8C at 1.5

kbar; Barclay et al., 1998) and the high crystallinities

characterized by a high proportion of large crystals,

reflecting extensive crystallization, are indicative of a

long cooling history. These features are consistent with

a long-lived magma reservoir that might have existed

in the crust from N100 ka to the most recent eruptions.

Magma residence times within arc crust in a similar

order of magnitude (~ 60 ka) were demonstrated by U–

Th isochron dating for instance at Soufrière, St. Vin-

cent (Heath et al., 1998b). In summary, the mineralogy

and the textures suggest a mixing together of pheno-

crysts and non-uniform re-heating and remobilization

of resident magma with near-identical pre-eruptive con-

ditions by intrusion of hotter, mafic melts. However,

the main impact of the mafic melts is the supply of

heat, since the small changes in overall magma chem-

istry and the small percentage of relatively intact

enclaves do not support extensive mingling. As postu-

lated for Montserrat (Murphy et al., 2000), the influx of

mafic magma might also trigger eruptions at Plat Pays,

so that the ascent of mafic magma could be a useful

warning, if detected.

7.4. Comparison of crystallization conditions with

other volcanoes from the Lesser Antilles arc

A comparison of petrological data from Plat Pays

with other volcanoes of the Lesser Antilles arc (Fig. 11)

shows that temperatures and oxygen fugacities of

the Plat Pays resident silicic magma are comparable

to those from Montagne Pelée (875–900 8C, fO2
~DFMQ +1.2 to +1.6; Martel et al., 1998, Pichavant

et al., 2002) and Soufrière Hills, Montserrat (810–

880 8C, fO2 ~DFMQ +1.5 to +2.1; Murphy et al.,

1998, 2000). Higher temperatures of the andesitic res-

ident magma were determined for the Soufrière volcano

on St. Vincent (T=1000 8C; Heath et al., 1998a) and La
Soufrière on Guadeloupe (T=950 8C, Semet et al.,

unpublished data) where, in contrast to Plat Pays, am-

phibole is lacking, in accordance with the stability limit

of amphibole. Dacites from Pitons du Carbet, Martini-

que, gave lower temperatures at comparable oxygen

fugacities (T=750 8C, fO2NDFMQ+0.8; D’Arco et

al., 1981). Crystallization pressure of the Plat Pays

magmas is lower than at Soufrière St. Vincent (~3

kbar; Heath et al., 1998a) and Pitons du Carbet (2.3–

4.5 kbar, D’Arco et al., 1981), but similar to Montagne

Pelée (2F0.5 kbar, Martel et al., 1998) and La Sou-

frière, Guadeloupe (1.8 kbar, Semet et al., unpublished



Fig. 11. T–fO2 diagram of Plat Pays rocks in comparison with published data from andesitic and dacitic rocks of the Lesser Antilles arc. FMQ is the

buffer reaction fayalite+O2=magnetite+SiO2. Comparative data sources: Soufrière Hills, Montserrat: Murphy et al. (2000); Montagne Pelée:

Martel et al. (1998), Pichavant et al. (2002); Pitons du Carbet: D’Arco et al. (1981); SW Martinique: Maury et al. (1985).
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data). Significantly higher total pressures of 6–11 kbar,

however, were estimated for andesites and dacites on

Martinique (Coulon et al., 1984). Estimated melt water

contents of the Plat Pays magmas are slightly elevated

compared to Soufriere Hills magmas (4.7 wt.%, Devine

et al., 1998), but compare well with andesitic magmas

from Montagne Pelée (5.3–6.3 wt.%, Martel et al.,

2000). It is likely that the upper parts of the Plat Pays

magma reservoir were saturated with a H2O-rich vapor

phase. In summary, temperatures and oxygen fugacities

of Plat Pays silicic magmas are in the middle range for

the Lesser Antilles arc, whereas water contents are at

the upper end and total pressures at the lower end of the

within arc variability.

The mafic magmas from Plat Pays show some sim-

ilarity to Soufrière, St. Vincent, where basaltic andesites

equilibrated at 1050 8C (Heath et al., 1998a), and to the

South Soufriere Hills basalt from Montserrat with tem-

peratures of 1050–1080 8C (Murphy et al., 2000).

Calculations of intensive parameters from mafic

enclaves yielded Tz1050 8C and fO2=DFMQ +2.0

to +2.8 in the current Montserrat andesite (Murphy et

al., 2000) and 1090 8C in xenoliths from Montagne

Pelée (Fichaut et al., 1989), also roughly equivalent to

the conditions estimated for the mafic Plat Pays mag-

mas. The postulated presence of basaltic magmas at Plat

Pays with high water contents could be comparable to

the situation at Montagne Pelée, where a magma cham-

ber fed by an evolved basaltic liquid (Mg#=55–60)

with high melt H2O (5–6 wt.%) was recognized (Picha-
vant et al., 2002). Thus, the mafic magmas of Plat Pays,

albeit volumetrically of minor importance, resemble

very much, both in geochemistry and crystallization

parameters, their counterparts from other islands of

the arc.

8. Conclusions

During the last ~100 ka, the Plat Pays volcanic

complex in southern Dominica was fed by mafic mag-

mas of basaltic andesitic to basaltic composition that

intruded a long-lived, highly crystallized silicic magma

reservoir. The mafic magmas started crystallization at

elevated depth N10 km at temperatures around 1060 8C.
They partially mixed with andesitic to dacitic magmas

in a relatively shallow magma reservoir at 1.1 to

2.3 kbar total pressure. In the silicic magma reservoir,

a dominant crystallization environment can be defined,

which is characterized by moderately oxidizing condi-

tions at DFMQ +1.5F0.3 and temperatures of 800–

880 8C. Estimated melt water contents of 5.2 to

6.5 wt.% suggest conditions at or close to H2O-satura-

tion in the reservoir. Decompression-driven crystalliza-

tion and degassing during final ascent lead to the

formation of SiO2-rich, volatile-poor residual liquids.

The inferred magma storage conditions of the Plat Pays

volcano are very similar to those at the Soufriere Hills

volcano, Montserrat, and Montagne Pelée, Martinique,

and may be useful in evaluating the evolution of pos-

sible future eruptions.
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