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ABSTRACT

Sulfur, chlorine, and fluorine concentrations of primary silicate glassinclusions in olivine and clinopyroxene from basaltic
hyaloclastites representing the Gran Canaria shield stage at Sites 953 and 956 were investigated using an electron microprobe.
Inclusion compositions corrected for post-entrapment, host-mineral crystallization range from 46.3 to 54.4 wt% SiO,, and from
5.7 to 10.3 wt% MgO. Significant spread in S and Cl values (200-2390 ppm S, and 120-870 ppm CI) and the lack of correla-
tion between S and ClI with MgO and P suggest partial degassing of the magmas prior to eruption. F was not degassed during
magma evolution and thus can be used to discuss magma source compositions. The lack of correlation betmeeR BiO
the calculated parental magmas suggests that pressure is not likely to have exerted the main control on volatile contents. A
source with heterogeneous F contents is inferred. The occurrente a$ Sie only detectable S species in the glass inclusions,
suggests crystallization conditions with, levels at or below the Ni-NiO (NNO) buffer.

INTRODUCTION

One purpose of Leg 157 was to recover samples from the subma-
rine and early shield stages of Gran Canaria and to tie these into the
evolutionary history of the island. Because the seamount and shield
stages of an oceanic island represent the highest magma production
and eruption rates during its history (e.g., Schminckeet al., 1995), in-
vestigations of melt generation and evolution during these early phas-
es are of essential importance for better understanding the origin of
oceanic intraplate volcanism.

During Leg 157, at Sites 953 through 956, core samples covering
practically the complete time interval from the Quaternary to middle
Miocene, were recovered from the volcaniclastic apron north and
south of Gran Canaria (Schmincke, Weaver, Firth et a., 1995; Fig.
1). Samples recovered from Sites 953 and 956 include Miocene se-
quences corresponding to the shield stage of Gran Canaria. Hyalo-
clastites of Miocene age, recovered during Leg 157, are described in
detail by Schmincke and Segschneider (Chap. 12, this volume). We
have studied the same 13 samples of basdltic hyaoclastic tuffs and
lapillistones from Sites 953 and 956 as Gurenko et al. (Chap. 22, this
volume; Table 1). Sample descriptions, compositions of liquidus
mineras and fluid inclusions, and the major and trace element com-
positions of glassinclusions are given in that paper. The samples are
strongly to moderately altered, but contain opticaly fresh
phenocrysts of clinopyroxene and, more rarely, optically fresh oliv-
ine cores; both minerals contain abundant primary glass, crystal, and
fluid inclusions.

This paper focuses on the halogen and sulfur concentrations of
primary glass inclusions in these minerals. The abundance and evo-
lution of such volatile and incompatible elements are used to make
inferrences about the mantle source during the shield stage of Gran
Canaria, and to describe the degassing behavior at depth in the litho-
sphere and during eruption.
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ANALYTICAL METHODS
Electron Microprobe Analysis

Fluorine, chlorine, sulfur, and phosphorous were analyzed as
trace elements with a Cameca SX-50 electron microprobe at Re-
search Center for Marine Geosciences, Federal Republic of Germany
(GEOMAR), using an acceleration potential of 15 kV and a beam
current of 20—-25 nA. The electron beam was rastered between 3 pm
x 4 ym and 10 prm 12 pm, and peak counting times were 60 s. The
standards used were chalcopyrite for S, scapolite USNM R6600-1 for
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Figure 1. Schematic map showing locations of Site 953 through 956 in rela-
tion to the Canary Islands (after Funck, 1996). Fields are seismically defined
volcaniclastic aprons of Fuerteventura, Gran Canaria, and Tenerife.
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Table 1. Volatile compositions of selected major element data of melt inclusions, and calculated volatile compositions of the trapped melts.

Sample Phase SO, MgO K,0 Cl F S P Mg#,Fo  Olyg  CPXadd
157-953C-
82R-1, 52-82
57a o] 45.63 5.24 2.05 0057 0224 0103 0333 0439 — —
mit 474 6.7 1.9 0051 0199 0.092 0295 0.548 0 11.3
CpX 48.47 14.49 ND ND ND ND ND 0.797 — —
157-953C-
82R-1, 94-103
68 gl 43.61 5.39 1.41 0.085 0.204 0.196 0.292 0.408 — —
mit 48.4 10.2 0.9 0.051 0.123 0.118 0.176 0.653 0 39.8
cpx 52.07 16.96 ND ND ND ND ND 0.879 — —
157-953C-
83R-7,0-12
47a g 49.93 5.2 0.87 0.033 0.161 0.022 0.189 0.422 — —
mit 50.7 8.3 0.7 0.025 0121 0.016 0.143  0.603 0 24.6
CcpXx 50.6 17.39 ND ND ND ND ND 0.842 — —
47b al 49.11 4.67 0.98 0.032 0.176 0.020 0.219 0.392 — —
mit 50.1 8 0.7 0.023 0.13 0.014 0.162 0.587 0 25.9
cpXx 49.73 16.64 ND ND ND ND ND 0.83 — —
157-953C-
89R-1, 0-13
26 gl 48.26 6.07 1.09 0032 0141 0029 0231 0489 — —
mit 49.3 7.7 1 0028 0122 0025 0.2 0.601 0 137
CcpXx 49.84 16.04 ND ND ND ND ND 0.838 — —
157-953C-
90R-1, 82-101
14 gl-1 47.42 5.79 0.92 0.027 0.179 ND 0.220 0.461 — —
mit-1  48.8 7.6 0.8 0.023 0.152 ND 0.187 0.582 0 14.9
14b gl-2 4718 6.09 0.9 0.018 0.213 ND 0.202 0.464 — —
mit-2  48.4 7.8 0.8 0.015 0.182 ND 0173  0.581 0 14.4
CcpX 49.64 15.89 ND ND ND ND ND 0.824 — —
16 gl 46.9 5.08 1.09 0.030 0.195 0.023 0.232 0.399 — —
mit 48.4 7.9 0.9 0.023 0.152 0.018 0.18 0.569 0 22.3
CcpXx 48.64 15.98 ND ND ND ND ND 0.815 — —
157-953C-
93R-6, 45-55
4 gl 49.44 6.16 114 0.030 0.160 0.014 0.273 0.5 — —
mit 49.8 6.8 11 0.028 0151 0.013 0257 0575 0 5.6
CcpX 50.39 16.09 ND ND ND ND ND 815 —
14 al 50.31 2.79 1.08 0.029 0.174 0.051 0.285 0.344 — —
mit 49 71 0.9 0.025 0.15 0.044 0.246 0.585 11 25
ol 39.04 42.59 ND ND ND ND ND 814 — —
16 gl-1 5067 3.15 1.22 0.028 0158 0.028 0280 0.362 — —
mit-1  49.6 6.9 11 0.024 0137 0.024 0244 0581 9.1 39
16b gl-2  49.64 2.84 112 0026 0175 0031 028 034 — —
mit-2 484 7 1 0.023 0.152 0.027 0.248 0.579 11.2 1.9
ol 38.85 42.35 ND ND ND ND ND 81 — —
19 o] 50.46 2.96 119 0.028 0206 0.035 0315 0334 — —
mit 49.8 7.2 0.9 0.022 0162 0.028 0.248 0.587 6.5 14.8
ol 38.16 42.32 ND ND ND ND ND 81.2 — —
22 gl 50.34 343 113 0.024 0152 0072 0275 0.384 — —
mit 495 7.3 1 0.021 0.13 0.062 0.237 0.593 8.8 5.2
ol 39.13 43.12 ND ND ND ND ND 819 — —
24 gl 50.96 3.18 11 0.028 0177 0088 0269 0.375 — —
mit 49.7 7 1 0025 0156 0.078 0237 0.589 9.9 2
ol 39.06 42.83 ND ND ND ND ND 81.6 — —
25 gl 50.17 257 114 0.046 0177 0089 0280 0.306 — —
mit 49.2 74 0.9 0.037 0.139 0.07 0.221 0.585 95 11.7
ol 38.78 42.42 ND ND ND ND ND 811 — —
35 gl 50.17 3.92 127 0028 0165 0025 0290 0.416 — —
mit 49.6 6.8 11 0025 0147 0022 0258 0.587 5.9 5.3
ol 39.11 42.75 ND ND ND ND ND 81.6 — —
37 gl-1 49.58 3.42 113 0.036 0.175 0.019 0.287 0.372 — —
mit-1  48.9 7.3 1 0.031 0.149 0.016 0.245 0.586 8.6 6
37b gl-2  49.96 2.82 1.05 0025 0192 0021 0253 0.339 — —
mit-2  48.8 7.1 0.9 0021 0166 0018 0219 0.581 11.6 15
ol 3855  42.39 ND ND ND ND ND 81.4 — —
40 g-1 5016 2.46 1.24 0025 0179 0022 0286 0.319 — —
mit-1  49.2 6.3 11 0.022 0.157 0.019 0.252 0.569 104 15
40b gl-2 50.01 2.76 1.15 0.019 0.149 0.053 0.278 0.328 — —
mit-2  48.9 6.7 1 0.017 0.131 0.047 0.244 0.569 105 17
ol 3874 4173 ND ND ND ND ND 80.1 — —
43 gl 49.35 3.24 11 0036 0174 0131 0324 0.388 — —
mit 48.6 7.8 1 0031 0148 0111 0277 0611 111 3.6
ol 38.6 43.83 ND ND ND ND ND 83.4 — —
157-953C-
97R-2, 0-16
69 gl 51.08 5.64 0.95 0.017 0.137 ND 0.220 0.495 — —
mit 51.9 7.3 0.8 0.015 0.119 ND 0.191 0.609 0 13.3
cpx 51.99 17.75 ND ND ND ND ND 0.842 — —
157-953C-
98R-1, 0-12
44 gl 46.72 5.69 1.19 0.049 0.178 0.032 0.249 0.452 — —
mit 47.7 7.2 1 0042 0154 0028 0215 0.567 0 134
cpx 48.85 15.13 ND ND ND ND ND 0.811 — —
51 gl-1 48.67 5.38 1.33 0.020 0.187 0.022 0.279 0.462 — —
mit-1  49.6 71 12 0.017 0.16 0.019 0.238 0.586 0 14.4



Table 1 (continued).

SULFUR, CHLORINE, AND FLUORINE IN GLASS INCLUSIONS

Sample Phase SIO, MgO K,O Cl F S P Mg#,Fo  Olgy  CpXadg
cpx-1 5012  16.17 ND ND ND ND ND 0.824 — —

52 gl 48.72 541 127 0028 0173 0014 0275 0465 — —
mit 49.7 7.2 11 0.024 0147 0012 0233 0.591 0 15
cpx 5015 1596 ND ND ND ND ND 0.828 — —

157-953C-

102R-1, 8-28

16 gl-1 4663 5.9 1.26 0022 0171 0.018 0.286 0.469 — —
mit-1  47.6 6.9 12 0.02 0156 0.016 0.262 0.558 0 84
cpx-1 4872 1477 ND ND ND ND ND 0.804 — —

16b gl-2 4714 5.62 144 0026 0166 0.016 0316  0.465 — —
mit-2  48.1 6.8 13 0.024  0.15 0.014 0285 0563 0 9.9
cpx-2 4949 1514 ND ND ND ND ND 0.807 — —

32 gl 48.71 5.28 1.49 0.022 0165 0.068 0306 0.445 — —
mit 49.6 7 13 0019 0142 0.059 0.263 0.568 0 139
cpx 5103 1634 ND ND ND ND ND 0.812 — —

33 gl 46.5 6.23 115 0020 0165 0142 0267 0468 — —
mit 47.6 7.3 11 0.018 0.5 0129 0243 0559 0 9.2
cpx 4917 1478 ND ND ND ND ND 0.809 — —

34 gl 48.7 6.02 12 0.015 0159 0.016 0.288 0.496 — —
mit 49.4 6.9 11 0.014 0148 0.015 0.267 0.579 0 71
cpx 4988  15.85 ND ND ND ND ND 0.817 — —

157-956B-

44R-3,57-71

7 gl 48.1 47 134 0058 0195 0251 0244 0429 — —
mit 49.4 5.7 13 0.054 0.18 0.232 0226  0.547 0 7.3
cpx  49.03  14.77 ND ND ND ND ND 0.785 — —

10b gl 48.41 4.66 0.98 0.059 0155 0305 0.196 0429 — —
mit 50.3 74 0.8 0.046 0122 0239 0153 0.621 0 215
cpx 5131 1633 ND ND ND ND ND 0.847 — —

13 gl 47.29 5.85 12 0.039 0153 0.045 0219 0489 — —
mit 49.2 7 11 0.036 0.14 0.041 0201  0.602 0 85
cpx 5024  15.87 ND ND ND ND ND 0.832 — —

15 gl 52.88 3.96 214 0107 0176 0.070 0330 0453 — —
mit 54.4 6.6 18 0.087 0143 0.057 0269 0.641 0 183
cpx 5103 1638 ND ND ND ND ND 0.854 — —

17 gl 47.77 4.95 1.29 0.048  0.169 ND 0220 0434 — —
mlt 49.1 6 12 0.044  0.155 ND 0.201  0.557 0 85
cpx  50.05  15.36 ND ND ND ND ND 0.796 — —

157-956B-

45R-3, 120-132

22 gl 49.78 5.15 141 0.067 0134 0243 0256 048 — —
mit 50.9 9 1 0.048 0.095 0173 0.182 0.701 0 28.8
cpx 529 17.52 ND ND ND ND ND 0.895 — —

23 gl 48.65 5.18 107 0025 0095 0032 0150 0476 — —
mlt 50.4 6.7 1 0022 0083 0028 0131 0.588 0 12.9
cpx 4936  15.33 ND ND ND ND ND 0.825 — —

26 gl 45.48 6.37 114 0048 0170 0129 0213 049 — —
mlt 48.2 81 1 0041 0146 0111 0183 0.628 0 14.1
cpx 5069  16.19 ND ND ND ND ND 0.855 — —

38b gl 45.22 6.03 1.04 0051 0166 0192 0.208 0.46 — —
mlt 48.1 8.7 0.8 0.04 0.13 0.15 0.162  0.636 0 218
cpx 5187 1679 ND ND ND ND ND 0.86 —

52 gl 47.24 5.32 1.56 0051 0180 0.057 0.283 046 — —
mit 49.3 6.9 14 0045 0159 0051 0.25 0.594 0 11.5
cpx 4945 1528 ND ND ND ND ND 0.824 — —

53 al 45,92 5.6 1.01 0042 0173 0196 0194 0442 — —
mit 48.1 7.7 0.9 0.034 0141 0.16 0.159  0.604 0 182
cpx 5161 1625 ND ND ND ND ND 0.839 — —

157-956B-

45R-CC, 7-17

57 gl 45.2 5.51 11 0025 0179 0.054 0211 0431 — —
mit 46.8 6.3 11 0023 0168 0.051 0197 0.538 0 6.2
cpx 485 14.6 ND ND ND ND ND 0.783 — —

58 gl 46.59 4.76 144 0026 0165 0.020 0.245 0.388 — —
mit 47.7 6.4 13 0.022 0142 0017 0211 0541 0 137
cpx 4834 1444 ND ND ND ND ND 0.786 — —

67 gl 51.62 4.48 1.08 0.047 0164 0163 0223 0.508 — —
mit 52.3 5.8 1 0.042 0146 0145 0198 0.622 0 109
cpx 513 15.96 ND ND ND ND ND 0.85 — —

73 gl 46 453 152 0.035 0183 0.026 0271 0.375 — —
mit 46.9 5.5 14 0.032 0167 0.024 0.247 0.504 0 8.6
cpx 479 13.79 ND ND ND ND ND 0.75 — —

Notes: Sample = sample studied (core, section, interval [cm], and analyzed grain). Mg# = atomic ratio Mg/(Mg + Fe,y) in glass inclusions and host clinopyroxenes. Fo = mol% forster-
itein host olivine, gl = glass (i.e., glassinclusion), mit = melt (i.e., calculated composition of trapped melt), Cpx = host clinopyroxene, Ol = host olivine, ND = not determined, and

— = not calculated. All values are given in weight percent.

Cl, Durango fluorapatite USNM 104021 for F, and basdltic glass
USNM 113498/1 (VG-A99) for P, respectively (Jarosewich et al.,
1980). The monitor samples used were basaltic glass ALV981R23
for S (Metrich and Clocchiatti, 1989) and comenditic glass KN 18 for
F and Cl (Moshah et al., 1991). Within each silicate glass inclusion,
three to eight spots were measured. Test analyses for F, Cl, S, and P

using lower beam currents (10-15 nA) and shorter counting times
(20-40 s) were performed on selected inclusions and compositional -
ly similar glasses. When three or more spots per sample were mea-
sured, no systematic differences were found between results obtained
using the various analytical conditions, except for significant varia-
tionsin the counting statistics.
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The oxidation state of sulfur dissolved in the glassinclusions was
measured through precise determinations of wavelengths for the S
Ko peak relative to standards with known sulfur valence states:
BaSO, (barite) was used for calibration of the S Ka peak, and FeS
(pyrrhotite) for & (e.g., Carroll and Rutherford, 1985; Wallace and
Carmichael, 1992). Only reduced sulfur () was detected in the in-
clusions. Detailed results of these studieswill be presented el sewhere
(J. E. Gardner, unpubl. data).

GLASSINCLUSIONSIN OLIVINE AND
CLINOPYROXENE

Occurrence of Glass Inclusions

Olivine and clinopyroxene phenocrysts contain (1) inclusions of
crystals (inclusions of olivine and plagioclase in clinopyroxene, in-
clusions of clinopyroxene in olivine, and inclusions of opagque min-
erals in both olivine and clinopyroxene); (2) glass inclusions (multi-
phase inclusions of partialy crystallized glass, and naturaly
quenched glass inclusions); and (3) gas/liquid fluid inclusions. Fol-
lowing the classification of Roedder (1984), we subdivide glass,
crystal, and fluid inclusions into primary, pseudosecondary, and sec-
ondary types. We studied only primary inclusions because they con-
tain direct information on the conditions of magma evolution. Pseu-
dosecondary and secondary inclusions were excluded from further
considerations. The investigated primary glass inclusions range in
size from 30 to 150 um, and either contain gtagas bubble(s), or
additionally contain daughter crystals. In one case, a droplet of me
sulfide was found as a primary inclusion in clinopyroxene.

Within a group of presumably syngenetic inclusions, the individ
ual inclusions may range from completely glassy to having a daug
ter mineral content of several tens of percent. We restricted ¢
measurements to inclusions that are dominated by glass (>90
compared to daughter crystals and do not contain spinel or titanom.
netite daughter crystals. Only inclusions containing optically fres
glass were analyzed. Further inclusion descriptions have been f
sented by Gurenko et al. (Chap. 22, this volume).

Volatile Contents

All measurements were performed on naturally quenched gla
inclusions in olivine and clinopyroxene. As would be expected fc
such small systems, variable amounts of host mineral crystallizati
have occurred on the outer margins of the glass inclusions becaus
imperfect natural quenching or pre-eruptive cooling within the mag
ma plumbing system. This was detected through low and apparer
variable Fe-Mg distribution coefficients between inclusions and ho
olivine or clinopyroxene (e.g., Roeder and Emslie, 1970), suggesti
crystallization of normally zoned mineral rims along the inclusior
margins prior to final quenching (Gurenko et al., Chap. 22, this vo
ume). Compositions of the entrapped melts were thus recalculated
adding 0.1 wt% increments of the inferred momentary equilibrate
host mineral composition to the glass inclusions until the Fe-M
equilibrium was reached between the measured host mineral and
recalculated inclusion composition. This correction procedure is d
scribed in detail by Gurenko et al. (Chap. 22, this volume).

Concentrations of S, F, Cl, P, and selected major elements for
glass inclusions are given in Table 1. (Full major element analys
are given in Gurenko et al., Chap. 22, this volume). Only small vai
ationsin S, F, Cl, and P contents were found for inclusions within si
gle crystals. Compositions corrected for host-mineral crystallizatic
are listed in Table 1 and presented in Figures 2, 3, and 4. F and
cover restricted ranges at 158%20 ppm and 34& 170 ppm, re-
spectively, throughout the entire range of major element compo:
tions (46.3-54.4 wt% Siand 5.7-10.3 wt% MgO; Fig. 2). P and F
show good negative correlations with MgO, suggesting that both ¢
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Figure 2. MgO variation diagrams for the corrected compositions of glass
inclusions in alivine and clinopyroxene in Table 1. All values are in weight
percent. Legend: Open squares = Site 956, and solid diamonds = Site 953.



0.1

0.08
0.09 ~ —~

0.08
0.07
0.06

Cl .05 . . .
0.04 O
0.03 . . ’M‘ *
0.02 o ¢ ¢ e ’03‘ ¢

0.01
0.25

0.2

>

. * *

.
O S
MERCIIRS % T
0L |
0.1 0.15 0.2 0.25 0.3
P

Figure 3. Variation diagrams for the corrected compositions of glass inclu-
sionsin olivine and clinopyroxene in Table 1. Legend asin Figure 2.

0.25 I - 1
0.2
B O

0.15 - hH
S * .

o1 o 0 *

: .
.
** ¢ O

0.05 & Lo 5 O L

*
Y. 225
O L
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Cl

|

Figure 4. Variation diagrams for the corrected compositions of glass inclu-
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SULFUR, CHLORINE, AND FLUORINE IN GLASS INCLUSIONS

ements have behaved incompatibly and were enriched in the melt
during crystal fractionation. S shows considerable scatter over the en-
tirerange of MgO, which can be ascribed to either deep-seated degas-
sing or mantle source heterogeneity.

DISCUSSION
Degassing Upon M agma Evolution

Concentrations of S, F, and Cl were plotted against the incompat-
ible element P (Fig. 3). Some of the data scatter is probably caused by
therelatively high analytical uncertainties at these low concentration
levels. The fair correlation between F and P (and between F and K)
suggeststhat F wasretained in the melt during crystal fractionation at
mantle depths, as was also shown for Pliocene sideromelane glasses
at Sites 953, 954, and 956 by Gurenko and Schmincke (Chap. 25, this
volume). On the other hand, Cl and S show almost no correlation with
P, but positive correlation with each other (Figs. 3, 4). Two possible
explanations could be suggested for this behavior. First, F was re-
tained amost quantitatively in the liquid during magma ascent and
fractional crystallization, and the less soluble elements such as S and
Cl seem to have been wesakly partitioned into the coexisting fluid
phase upon early fluid oversaturation, probably at upper mantle
depths. Thisisin partial agreement with experimental and glass in-
clusion datafrom basaltic rocks (e.g., Metrich and Clocchiatti, 1989).
Because of the higher volatility of Srelativeto Cl, the covariation be-
tween S and Cl may be fortuitous. This is further underlined by the
occurrence of sulfide as a primary inclusion in clinopyroxene, sug-
gesting that sulfide saturation was reached upon liquidus evolution
for at least some melt batches. Second, an alternative explanation is
mantle source heterogeneity and possible differences in the degrees
of its partial melting, which can only be traced using volatile ele-
mentsif the melts were not degassed prior to entrapment in their cur-
rent host minerals. Source characteristics are discussed below.

The glassinclusions analyzed represent evolved compositions af -
ter 10%—35% crystallization from the parental melts (Table 2) within
the Gran Canaria magma plumbing system and have been demon-
strated to have evolved in crustal and uppermost mantle magma res-
ervoirs (Gurenko et al., 1996, and Chap. 22, this volume). At these
levels, degassing may be an important process in basaltic magmas.
Because Cl and S are more strongly partitioned into a coexisting fluid
phase than F, the occurrence of relatively low Cl and S concentrations
in some of the glass inclusions is likely to reflect shallow lithospheric
degassing for these particular melt portions. An important conse-
quence is that the inclusions represent samples of different magma
batches, which may have evolved at various depths within the plumb-
ing system. These melts were mixed in reservoirs at shallow litho-
spheric levels before eruption.

Compositional Variationsin the Parental Magmas

Compositions of parental magmas, which are believed to have
been equilibriated with the mantle source, were calculated under the
assumption that between partial melting and melt extraction in the
source and entrapment of the glass inclusions in phenocrysts, frac-
tional crystallization was the only process operating. This was shown
not to be the case for S and Cl, so their concentrations are regarded as
minimum values. Parental magma compositions were calculated by
simulating the reverse path of fractional crystallization on the basis
of major element compositions of glass inclusions, using a similar
calculation routine as that applied for compositional correction of the
post-entrapment crystallization in the glass inclusions (Gurenko et
al., Chap. 22, this volume). The calculations were carried out in two
steps. First, we modeled the reverse path of olivine-clinopyroxene
cotectic crystallization until the composition of the calculated melt
became equilibrated with the most magnesian clinopyroxene found
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Table 2. Calculated volatile contents of parental magmas.

Sample SO, MgO K,0 Cl F S P

157-953C-

82R-1, 52-82 48.17 14.41 1.16 0.032 0124 0.057 0184
157-953C-

82R-1,94-103 4761 1555 0.72 0.042 0100 0.096 0.143
157-953C-

83R-7,0-12

Min: 4816 1715 052 0017 0093 0010 0115

Max: 4850 1712 049 0018 0090 0012 0106

Mean: 4833 1714 051 0018 0092 0011 0111
157-953C-

89R-1, 0-13 49.07 1384 0.67 0.020 0.086 0.018 0.141
157-953C-

90R-1, 82-101

Min: 46.74  18.04 0.58 0.016 0103 0.012 0.122

Max: 4720  16.32 0.59 0.017 0.112 0.137

Mean: 46.93 17.03 0.58 0.015 0116 0012 0.128
157-953C-

93R-6, 45-55

Min: 4802 1559 066 0011 0085 0030 0159

Max: 4755 1448 074 0024 0117 0088 0218

Mean: 4813 1517 070 0018 0104 0030 0172
157-953C-

97R-2, 0-16 49.95 14.75 0.65 0.012 0.092 0.148
157-953C-

98R-1, 0-12

Min: 46.68 16.14 0.74 0.030 0109 0.020 0.153

Max: 4797 1548 0.86 0.013 0120 0.014 0.178

Mean: 4755 1571 081 0020 0113 0014 0169
157-953C-

102R-1, 8-28

Min: 4805 1613 091 0013 0099 0041 0.184

Max: 4690 1550 081 0014 0109 0011 0182

Mean: 4741 1559 0.84 0.013 0.105 0.033 0.186
157-956B-

44R-3, 57-71

Min: 49.27 1436 0.57 0.033 0.088 0.172 0.110

Max: 48.99 1444 0.78 0.033 0110 0142 0.138

Mean: 4979 1411 090 0039 0101 0084 0151
157-956B-

45R-3, 120-132

Min: 50.29  12.40 0.65 0.015 0.056 0.019 0.088

Max: 4893  13.23 0.70 0.028 0100 0.076 0.125

Mean: 4950  13.29 0.70 0.027 0.085 0.079 0.122
157-956B-

45R-CC,7-17

Min: 47.63 16.25 0.74 0.013 0.083 0.010 0.124

Max: 51.04 11.17 0.81 0.034 0121 0120 0.164

Mean: 48.35 14.69 0.74 0.020 0.099 0.043 0.135

Note: Min = minimum, and max = maximum. All values are in weight percent.

in each particular sample. Second, we modeled reversed fractional
crystallization of olivine only, using the melt compositions obtained
during the first step. The calculation was ended as soon as the melt
reached equilibrium with olivine Fogy, the most magnesian olivine
phenocrysts found in Miocene shield basalts of Gran Canaria
(Gurenko et al., 1996). Compositions of the calculated parental mag-
mas averaged for each sample arelisted in Table 2. It should be noted
that calculated parental melt compositions depend strongly on the
model used, and on the clinopyroxene composition assumed. Thecal-
culated major element data therefore should be treated with care.
However, this is not a problem for the incompatible volatile ele-
ments, for which the addition of clinopyroxene and olivine to the
melts mainly amountsto adilution.

The average S concentration estimated for the Gran Canariaprim-
itive magmasis ~500 ppm. This average probably represents amini-
mum value because of partial degassing within holding chambers.
Thisisdlightly lower than the S content of primitive mid-ocean-ridge
basalt (MORB) magmas (800—-1000 ppm), which is consistent with
their formation by 10%-20% partial melting of a mantle source con-
taining 80-300 ppm of S (Chaussidon et al., 1989). The common
presence of sulfidesin peridotites of mantle origin impliesthat basal-
tic magmamay form in equilibrium with small but variable amounts
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of sulfide (Lorand, 1990). Average fractionation-corrected Cl con-
tents are 49 ppm for normal-MORB (N-MORB) and 153 ppm for en-
riched MORB (E-MORB; Jambon et a ., 1995). Our average estimate
is 230 ppm Cl in the primitive magmas, that is, similar but somewhat
higher than those of E-MORB. This may point to similar S and halo-
gen contents in the E-MORB source and the source of the Gran Ca-
naria shield stage magmeas.

Aoki et al. (1981) noted that a correlation between K,O and F can
be used to demonstrate the presence of phlogopite in the source. In
Figure 5, no clear correlation exists between K,O and F, so phlogo-
pite control in the source cannot be the only explanation for the vari-
able F concentrations in the Gran Canaria shield magmas. However,
Hoernle and Schmincke (1993a, 1993b) found trace element evi-
dence for the presence of phlogopite in the mantle source. A likely
scenario would be that the lithospheric mantle beneath Gran Canaria
was impregnated with reaction products of deep-seated basaltic mag-
mas prior to the shield-stage volcanism, similar to what has been in-
ferred for several Canary Islands (on the basis of mantle xenolith
studies; Neumann, 1991; Hansteen et al., 1991; Neumann et al.,
1995). Partial melting of a mantle source metasomatized or enriched
in basaltic components, which may contain variable amounts of phlo-
gopite and sulfides + amphibole, could possibly explain the scatter in
F and probably, to some extent, S and Cl contents in the glass inclu-
sions.

A new generation of experimental studies on partial melting of
peridotites indicates that the SiO, contents of the primary melts are
good indicators of the pressure of melting, where low SiO, contents
in partial meltsimply higher pressures of magma generation (Hirose
and Kushiro, 1993; Hirose and Kawamoto, 1995). SiO, does not cor-
relate significantly with F in the calculated parental magmas (Fig. 6).
Note that the calculated range in SIO, for the parental melts (46.7—
52.0 wt%) reflects a similar range of Sii@ the inclusions corrected
only for post-entrapment crystallization (46.3-54.4 wt%). When it is
assumed that the source is peridotitic, it follows that there is probably
little or no depth control on the parental F (and possibly also Cl and
S) contents. This is in agreement with the model of Gurenko et al.
(Chap. 22, this volume). The relative importance of the degrees of
partial melting and source heterogeneity on the parental volatile con-
tents cannot be resolved from the present data alone.

Sulfur Speciation and Oxygen Fugacity

Sulfur may occur in multiple valence states in basaltic liquids
(Fincham and Richardson, 1954). Experimental data demonstrate
that sulfur solubility in silicate liquids is dependent on temperature,
pressure, bulk composition, and the fugacities of oxyfieh &énd
sulfur (s, e.g., Haughton et al., 1974; Luhr, 1990). However, the dis-
solved S content in a basic magma does not change significantly as a
function of pressure at lithospheric depths (Wallace and Carmichael,
1992). It has also been shown that at magmatic temperatures, S is
present predominantly as sulfidefaf more reduced than the fay-
alite-magnetite-quartz (FMQ) buffer (e.g., Nagashima and Katsura,
1973; Carrol and Rutherford, 1985). The/S,, ratio further corre-
lates positively withfo, for sulfur-undersaturated melts. For natural
basaltic melts, >90% of the sulfur occurs &sdsfo, below the Ni-

NiO (NNO) buffer (Wallace and Carmichael, 1994).

For the Gran Canaria shield stage magmas, Gurenko et al (Chap.
22, this volume) have calculatég according to Kilinc et al. (1983),
using the equilibrium P&Fe* ratios in spinel and coexisting glass
inclusions (based on experimental data on spinel-silicate melt equi-
libria of Maurel and Maurel, 1982), major element compositions of
the melt, and estimated T of crystallization. Redox conditions of
magma crystallization were calculated at below the FMQ buffer for
the early stages of magma evolution, evolving to conditions of NNO
+1 during the late stages.

If sulfide saturation is not reached in a basaltic system, the relative
contents of 8/S is expected to correlate wifh,. A complication
here is that an immiscible sulfide droplet has been found as a primary
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evolved under different pressure conditions within the magma
plumbing system. Residence of large melt volumesin crustal or up-
per mantle magma chambersresulted in partial S and Cl degassing of
some of the magma batches before eruption. F contents in the inclu-
sions have not been significantly affected by degassing, and thus re-
flect the composition of the mantle source. The occurrence of practi-
caly only reduced S species (S) in the glass inclusions suggests
crystallization at fO, levels close to or below the NNO buffer.
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Figure 5. Variation diagrams for the calculated compositions of parental

melts in Table 2. Legend as in Figure 2.
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inclusion, meaning that sulfide saturation was probably reached for
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was found, the uncertainty of the measurements probably allows for
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occurrence of $2, as the dominant sulfur speciesin the Gran Canaria
shield phase inclusions, strongly supports an origin of the magmas at
fo, values below the NNO buffer. This is in qualitative agreement
with the results of Gurenko et al. (Chap. 22, thisvolume), which may
thus be regarded as maximum values.
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