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ABSTRACT

We report major and trace element X-ray fluorescence (XRF) data for mafic volcanics covering the
15-Ma evolution of Gran Canaria, Canary Islands. The Miocene (12-15 Ma) and Pliocene—Quatern-
ary (0-6 Ma) mafic volcanics on Gran Canaria include picrites, tholeiites, alkali basalts, basanites,
nephelinites, and melilite nephelinites. Olivine +clinopyroxene are the major fractionating or
accumulating phases in the basalts. Plagioclase, Fe-Ti oxide, and apatite fractionation or
accumulation may play a minor role in the derivation of the most evolved mafic volcanics. The
crystallization of clinopyroxene after olivine and the absence of phenocrystic plagioclase in the
Miocene tholeiites and in the Pliocene and Quaternary alkali basalts and basanites with MgO > 6
suggests that fractionation occurred at moderate pressure, probably within the upper mantle. The
presence of plagioclase phenocrysts and chemical evidence for plagioclase fractionation in the Miocene
basalts with MgO <6 and in the Pliocene tholeiites is consistent with cooling and fractionatton at
shallow depth, probably during storage in lower-crustal reservoirs. Magma generation at pressures in
excess of 3-0-3-5 GPa is suggested by (a) the inferred presence of residual garnet and phlogopite and (b)
comparison of FeO' cation mole percentages and the CIPW normative compositions of the mafic
volcanics with results from high-pressure melting experiments. The Gran Canaria mafic magmas were
probably formed by decompression melting in an upwelling column of asthenospheric material, which
encountered a mechanical boundary layer at ~100-km depth.

INTRODUCTION

The Canary Islands (Spain) form a 600-km chain of seven volcanic islands (Fig. 1) off the
coast of southern Morocco. The age progression for the inception of volcanism is roughly
from east (30-80 Ma) to west (2—4 Ma) (McDougall & Schmincke, 1976; Feraud et al., 1985,
Le Bas et al., 1986b). The geochemical and morphologic evolution of some of the Canary
volcanoes is similar to that of other ocean island volcanoes such as those in the Hawaiian
chain (Schmincke, 1973, 1982). To place constraints on the origin of the diverse suite of
basaits on Gran Canaria, the third most easterly island, and ultimately on models for the
origin of the Canaries, we have undertaken a detailed study of the major and trace elements
(in this paper and in a companion paper, Hoernle & Schmincke, this volume), and Sr, Nd,
and Pb isotopes (Hoernle et al., 1991) of the mafic volcanics on Gran Canaria.

We chose to study Gran Canaria for several reasons: (1) the island is centrally located in
the chain; (2) the mafic volcanics range widely in chemical composition, from picrite and
tholeiite to alkali basalt to basanite to nephelinite, including melilite-bearing nephelinite; (3)
tholeiite—nephelinite suites are present in both the Miocene and the Pliocene cycles of
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FiG. 1. Geological map of Gran Canaria with an inset map of the Canary Islands modified from Schmincke (1976).
PQ—Pliocene—Quaternary.

volcanism; (4) deep radial canyons provide both relatively fresh samples and excellent
stratigraphic control; (5) there have been several K/Ar age-dating studies (Abdel-Monem et
al., 1971; Lietz & Schmincke, 1975; McDougall & Schmincke, 1976; Feraud et al., 1981;
Schmincke et al., in prep.) and some Ar/Ar age-dating studies (van den Bogaard et al., 1988);
and (6) there are systematic variationsin composition and eruption rates as a function of age.
Because of the extremely wide compositional range of magmas erupted from a single
volcano, this study has implications for the petrogenesis of mafic magmas.

Although some of the Miocene and Pliocene—Quaternary mafic volcanics with > 44 wt.%
SiO, show evidence of slight lithospheric contamination, the isotopic data are consistent
with all of the mafic magmas from a given age group (i.e., Miocene and Pliocene—Quatern-
ary) being derived from similar source material (Hoernle et al., 1991). Therefore the
differences in major and trace element concentrations between the mafic volcanics in an age
group primarily reflect differences in melting conditions, such as temperature, pressure, and
volatile content, and fractionation and accumulation processes during transport to the
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surface. The objectives of this paper are (1) to present the major and trace element [X-ray
fluorescence (XRF) and instrumental neutron activation analysis (INAA)] data for the
diverse suite of mafic volcanics on Gran Canaria, (2) to determine which, if any, of the mafic
volcanics represent primary or near-primary compositions, (3) to evaluate the role of crystal
fractionation in generating the non-primary mafic volcanics, (4) to place constraints on the
depths at which the mafic magmas cooled and fractionated, and (5) to define the depths
(pressures) of melting at which the mafic magmas were generated. In the companion paper in
this volume, we will evaluate (1) the role of partial melting in generating some of the major
and trace element variations, (2) differences in the major and trace element composition of
the Miocene and Pliocene—Quaternary sources, and (3) the geochemical evolution of the
Gran Canaria sources over the past 15 Ma.

GENERAL GEOLOGY

The subaerial eruptive history of Gran Canaria can be divided into three cycles (Fig. 2): a
Miocene Cycle (8:5-15 Ma), a late Miocene through Pliocene Cycle (1-8-6-0 Ma), which we
will simply refer to as the Pliocene Cycle hereafter, and a Quaternary Cycle (0-1-8 Ma)
(Schmincke, 1976, 1982, 1990). Each cycle on Gran Canaria has an evolution similar to that
proposed for a typical Hawaiian volcano. The Hawaiian pre-shield, shield, post-shield (or
post-caldera), and rejuvenated (or post-erosional) stages are contained within a single Gran
Canana cycle of volcanism (Fig. 2). The initial stage of the Miocene Cycle is not subaerially
exposed on Gran Canaria. The oldest subaerially exposed volcanics of the Miocene Cycle,
belonging to the Guigui, Hogarzales, and Mogan Formations (13-4-15 Ma), range in
composition from picrites and tholeiites to peralkaline rhyolites, with the overall degree of
differentiation increasing up section. The Fataga and Tejeda volcanics and intrusives
(8:6-13-4 Ma) consist predominantly of trachyte and phonolite, with rare basanite and
nephelinite dikes and flows. In summary, the mafic volcanics and calculated parental
compositions for the evolved volcanics become more SiO,-undersaturated up section. The
recharge or magma production rate (which equals the eruption rate corrected for volume loss
as a result of crystal fractionation) also decreased with decreasing age (Schmincke, 1982;
Crisp, 1984; van den Bogaard et al., 1988; Hoernle & Schmincke, this volume).

An ~3-Ma volcanic hiatus and period of erosion separates the Miocene from the Pliocene
Cycle (Fig. 2). The evolution of the Pliocene Cycle is considerably more complex than that of
the Miocene Cycle. The oldest dated unit from the Pliocene Cycle is a sequence of tholeiitic
pahochoe flows belonging to the El Tablero Formation. Sample B14 from this sequence
produced a whole-rock K/Ar age of 57+0-5 Ma (H.-U. Schmincke, unpub. data). This
tholeiitic unit is under- and overlain by alkali basalt and basanite lava flows. In addition,
basanite, nephelinite, hawaiite, and tephrite flows from the El Tablero Formation have
yielded K/Ar whole-rock ages of > 5:6-50 Ma (Lietz & Schmincke, 1975; McDougall &
Schmincke, 1976; Feraud et al., 1981). In summary, the early part of the Pliocene Cycle
(~6-5 Ma)ischaracterized by a wide range of mafic volcanics (nephelinite through tholeiite,
with rare hawaiite and tephrite), erupted from vents scattered across the island.

In contrast to the El Tablero Formation, the Roque Nublo Group (~4:9-3-2 Ma)
contains a limited range of mafic volcanics, but a wide range of evolved volcanics and
intrusives. The Roque Nublo volcanics consist of complete suites of alkali basalt through
trachyte and basanite through phonolite. Nephelinites are absent and tholeiites are rare.
Rocks within a suite can be related through crystal fractionation processes. With decreasing
age during the Roque Nublo, there was a decrease in (1) SiO, saturation of the mafic
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F1G. 2. Eruption rate vs. age for the Miocene, Pliocene, and Quaternary subacrial cycles of volcanism on Gran

Canaria. Heavy stippled pattern denotes predominantly mafic (mg-number >62) volcanism, whereas the light

stippled pattern denotes periods of predominantly evolved (mg-number < 62) volcanism. The Miocene Cycle makes

up ~ 80% of the subaerial volume, the Pliocene Cycle ~ 18%, and the Quaternary Cycle ~2%. A Gran Canaria
cycle contains the pre-shield, shield, post-shield, and rejuvenated stages of a Hawaiian volcano.

volcanics and of the estimated parental compositions for evolved volcanics and (2) eruption
rates and calculated magma production rates, but an overall increase in the degree of
differentiation (Brey & Schmincke, 1980; Hoernle, 1987; Hoernle & Schmincke, this
volume).

The Llanos de la Pez Formation (~3-2-1-8 Ma) stratigraphically overlies the Roque
Nublo Group. Although the contact between the two is unconformable in many locations,
recent data suggest that these formations are not separated by a volcanic hiatus as previously
proposed (Lietz & Schmincke, 1975; McDougall & Schmincke, 1976). The oldest dated
Llanos de la Pez flows, both nephelinites, are 3-1 Ma (McDougall & Schmincke, 1976,
Schmincke et al., in prep.). An alkali basalt and mugearite from northern Gran Canaria,
which have geochemical characteristics of the Roque Nublo Group, have ages of 3-15 Ma
and 291 Ma, respectively (Schmincke et al., in prep.). Nephelinite flows under- and overlie a
phonolite tuff in Barranco de Guayadeque, and at several locations evolved dikes intrude
nephelinite flows and are intruded by nephelinite dikes. Further evidence against a volcanic
hiatus comes from the La Fortaleza section near Santa Lucia. Two Roque Nublo flows, a
tephrite and the immediately overlying tephritic phonolite, yielded ages of 3-6 Ma and
3-5 Ma, respectively [Abdel-Monem et al. (1971) dated the tephrite; McDougall &
Schmincke (1976) dated both flows]. These flows are reversely magnetized (H.-U.
Schmincke & U. Bleil, unpub. data) and are overlain by several thick volcanic breccias,
common in the upper Roque Nublo Group. More than seven nephelinite flows overlie the
breccias but underlie one of the nephelinite flows dated at 3-1 Ma by McDougall &
Schmincke. The dated flow is reversely magnetized yet the stratigraphically lower
nephelinites are normally magnetized (H.-U. Schmincke & U. Bleil, unpub. data) and thus
must have ages between 3-15 and 3-4 Ma (Mankinen & Dalrymple, 1979). Therefore the
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boundary between the Roque Nublo and Llanos de la Pez primarily reflects a change in
chemistry to more mafic and more SiO,-undersaturated volcanics, rather than a hiatus in
volcanism. Erosional rates were particularly high during late Roque Nublo volcanism, as
evidenced by abundant vegetation imprints, conglomerates, and intragroup canyons.

Primitive nephelinite is the most abundant rock type in the Llanos de la Pez, followed by
primitive basanite and melilite nephelinite. Compositions with mg-number <61 are rare.
Although most of the melilite nephelinites stratigraphically overlie the nephelinite flows
(Schmincke, 1976, 1990), consistent with the age of 1-8 Ma obtained from a melilite
nephelinite dike (McDougall & Schmincke, 1976), at least one melilite nephelinite at Los
Pechos was erupted during the early nephelinitic volcanism. Melilite nephelinite sample 1112
came from a flow which is five flows beneath a nephelinite flow dated at 2-8 Ma (sample 1118;
Lietz & Schmincke, 1975).

Nephelinites were erupted during the early Quaternary (1-1-8 Ma), whereas the more
recent volcanics (0—1 Ma) consist primarily of basanite with rare alkali basalt and local
tephrite through phonolite. These volcanics may represent the initiation of a third cycle of
volcanism on Gran Canaria (Schmincke, 1982). As the Pliocene and Quaternary Cycles have
the same Sr, Nd, and Pb isotopic compositions, they were probably derived from the same or
similar source material (Hoernle et al., 1991) and thus will be considered together in this
paper. The Pliocene-Quaternary volcanics, however, are isotopically distinct from the
Miocene volcanics. The Pliocene—Quaternary volcanics make up ~20% of the subaerial
volume of Gran Canaria but compose <1% of the combined submarine and subaerial
volume of the volcano (Schmincke, 1982; Hoernle, 1987).

NOMENCLATURE

Our classification of the Gran Canaria basalts, shown in Fig. 3, is similar to that of Le Bas
et al. (1986a). The boundary between the alkali basalts and tholeiites is a best-fit line
separating the basalts with normative hypersthene [Fe**/(Fe** +Fe?*)=0-2], picrites
(MgO > 15) and tholeiites (MgO < 15), from those with normative nepheline, alkali basalts.
A few of the hypersthene-normative Pliocene basalts, however, fall within the alkali basalt
field in Fig. 3. Division on the basis of SiO, vs. the alkalis correlates better with other
geochemical parameters than division based on the presence of hypersthene or nepheline in
the norm. Although all of the Miocene picrites and tholeiites are hypersthene to slightly
quartz normative, they have been classified as moderately alkaline or transitional in the past
on the basis of their high alkali contents (Schmincke, 1976, 1982, 1990). These basalts fall on
the boundary dividing Hawaiian tholeiitic from alkalic rocks (Macdonald & Katsura, 1964)
and thus are equivalent to Hawaiian transitional tholeiites. Alkali basalts and basanites are
denoted by a single symbol to help reduce confusion by reducing the number of different
symbols.

PETROGRAPHY

The following brief petrographic summary of the Gran Canaria basalts is based on the
examination of more than 200 thin sections (for a more detailed discussion, see Schmincke,
1976, 1990; Hoernle, 1987). Miocene picrites and tholeiites have phenocrysts of olivine
(< 30%, up to 50 mm), titanaugite (<20%, up to 50 mm), and chromite (<€ 1%, <1 mm).
Olivine +clinopyroxene phenocrysts in the Miocene picrites commonly have partially
resorbed edges and occur as glomerocrysts. Plagioclase (< 5%, <3 mm) and Fe-Ti oxides
are present in samples with MgO <6. The groundmass consists of olivine, titanaugite,



TABLE 1
Representative major (XRF) and trace element [XRF, INAA, and isotope dilution (ID)] data for Gran Canaria basalts listed in order of decreasing age

8LS

Sample no. G1262 G1377 G265 G1379 G}378

G1528 G1392 G1263 HI390 HI382 HI268 M1721 FI1714 FI715 F253872 F683 ET781 ETS4 ET83 ETS2 ETS3
Age (Ma) 145 14:5* 145 145 145 145 145 145 14-3*  14:3* 143 137 128+ 128 126* 126 60 59 58 58 58
Rock type P P TH TH TH TH TH TH TH TH TH AB B B N N B B AB B AB
XRF
Si0, 4460 4530 4490 4560 4600 4620 4840 4650 4800 4770 4780 4400 4040 41°50 3900 3981 4320 4380 4380 4190 4440
TiO, ’ 2:48 270 335 361 372 393 392 407 415 4-37 410 465 477 491 509 518 425 379 380 427 335
Al O, 7-50 908 10:30 1056 1080  12:38 1284 1310 1414 1419 1430 1478 1360 1409 13-98 1405 1341 1179 12202 1202 1189
Fe,O, 466 791 492 604 479 689 481 576 629 1006 566 628 578 837 1437 1526 588 753 838 649 550
FeO 809 516 720 678 785 559 710 687 633 349 664 655 797 488 693 630 527 669 726
MnO 018 019 018 018 019 018 16 ¢t6 019 017 016 19 019 021 0-20 021 020 017 019 019 018
MgO 20010 1593 1240 1233 10-53 7-86 722 630 521 471 4-56 558 662 598 667 655 792 912 844 809 1040
CaO 881 972 990 1071 11195 10-51 977 1080 9-60 9-85 955 1149 1311 1283 1319 1331 1064 1102 1103 11448 1049
Na,0 1-48 1-62 209 1-81 1-85 2:50 243 284 289 284 333 2:68 1-61 1-27 223 239 286 273 198 287 286
K,0 0-63 062 096 096 097 105 0-87 1-17 1-10 114 1-40 1-20 079 043 092 103 166 1117 120 092 082
P,0, 027 030 040 042 0-42 044 043 048 052 049 062 073 1-66 1-68 203 232 104 09 09 111 079
H,0 1-30 1-50 290 1-42 1-24 1-41 071 210 073 101 1-70 1-06 1-58 233 138 1-12 1:33 144 160 242 195
CO, 017 0-52 029 019 018 0-06 024 10 034 037 0-06 009 021 007 007 11 032 016 009 O11 021
Total 10027 100-55 9979 10061 10049 9900 9890 100-25 9949 10039 9988 9928 9829 9855 9913 10134 9964 9992 9874 9856 100-12
v 253 339 359 354 375 416 377 374 463 312 309 295 352 256
Cr 1217 1106 709 594 520 281 299 105 15 22 43 17 191 197 18 39 105 n 336 267 291
Co 86t 86t 64t 65t 70 66 49t 43t 40 36 38¢ 45 38 39 37 40 37 44 52 40 51
Ni 809 700 383 337 235 161 9 18 59 53 73 105 112 25 15 145 300 236 127 284
Cu 76 148 92 130 151 155 120 127 86 172 136 137 95 83 43 120 59 85 110 74 92
Zn 101 107 109 110 105 113 113 115 124 13 11 140 134 142 95 84 133 135 141 128 122
Rb 17 6 19 14 16 23 12 24 17 20 34 25 11 5 15 18 41 31 36 64 31
Sr 281 334 408 499 503 513 538 576 623 574 730 895 2832 2877 2872 3166 1359 1011 1083 1245 857
Y 22 27 32 30 30 28 36 30 40 39 35 38 29 39 26 3 34 31 30 31 28
Zr 178 193 252 260 261 303 318 305 328 324 391 349 127 134 124 126 323 331 354 434 272
Nb 29 26 42 39 39 44 35 49 43 45 62 64 57 59 49 60 84 73 79 94 61
Ba 108 200 228 N 303 305 287 317 345 367 319 552 1480 1533 1255 1207 822 624 644 916 583
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TABLE | (continued)

Sample no. ET60 ET62:2 ET633 ETBI4 ET63! ETIO6 ETVS ETV0 ETB47 ET88 ETB4S RN94 RN70 RN99-2 RNIO4 RN1249 RN86 RNI257 RNBI29 RNBI25 RN9S!
Age (Ma) 57 57 57 57* 57 56* 54 54 50 30 50 48 47 45 44 44 43* 42 41 L3 41
Rock type TH TH TH TH TH B B B N N N AB AB B B AB AB AB B B B
INAA C 1D 14 C C C 14 (o} 14 C C C C C C H C
Sc 2323 2260 2380 2586 2326 2430 2357 2480 2236 2132 2544 2020 2079 2396 2550 2099
La 27:35 2380 2666 4480 5900 51150 5350 5910 4020 51170 62:10 7630 470 3999 6060 7060
Ce 63-00 50620 5905 9820 119:20 9560 11000 11220 8610 11630 13260 15810 9670 9729 13500 14550
Nd 3697 3107 2940 3563 5446 5763 4710 5918 5510 4602 6071 6811 7323 5463 4410 6800 69-28
Sm 833 748 7-56 815 1148 1143 1068 1160 1242 9-23 1241 12:82 1353 11:50 1041 1300 1400
Eu 269 2-59 2:67 331 328 341 345 3-87 290 393 388 415 345 365 408 410
Tb 1901 094 097 108 1113 108 114 126 096 1131 129 132 120 128 143 141
Yb 173 177 1-70 1-53 1-80 191 1-53 214 1-58 1-81 1-72 197 1-84 208 1-68 1-84
Lu 022 024 022 018 022 021 017 21 ¢19 ¢22 022 025 023 @25 022 022
Hf 529 500 554 813 7-86 5-80 680 650 671 976 94 10-24 7-55 772 920 9-47
Ta 2:39 2:00 217 461 455 400 426 4-40 393 511 483 623 408 379 640 5:60
Th 221 1-86 210 224 378 544 560 524 5-80 387 427 510 702 357 296 590 616
Sample no. RN677 RN1258 RN1130 RNC49 RNBIO5S LL1424 LL11IS LLCI6 LLI138 LLII41 LL1142 LLC9 LLI415 LLC22 QC21 Q307 QD6 Ql414 QI369 Q1499 Q1433
Age (Ma) 41* 41 38 37 36 31 390 29 28 2:6* 2:4* 19 18* 18 13 10* 03 0-2* 00 00 00
Rock type B B B B B N N N B N N N N N N N AB B B B B
XRF

SiO, 4200 4370 4140 4050 4360 3860 4060 3920 4100 3860 3870 3690 3740 3700 3870 3840 4465 4240 4170 4190 4320
TiO, 427 363 368 388 3-60 398 342 352 364 351 401 409 378 320 339 562 345 420 335 370 3-80
Al,O, 1190 1224 1055 1031 11:76 922 1076 9-84 997 978 1015 998 935 878 10:29 976 1195 1230 1050 11:60 1190
Fe,0, 8-87 639 637 487 566 993 580 761 814 8-61 972 557 571 471 492 412 1361 406 315 351 396
FeO 4:56 619 7-40 773 7-58 402 730 517 475 4:61 4:51 811 669 750  T14 1033 840 880 810 852
MnO 019 019 019 018 19 020 020 019 018 020 022 021 020 020 019 ¢19 ¢18 ¢19 018 018 018
MgO 10-21 1004 1224 12770 1015 1402 1330 1407 1393 1428 1321 1335 1402 1677 1320 1268 904 1036 1620 1240 1120
CaO 11t 1100 1184 1163 1152 1288 1240 1255 11-89 1329 1291 1316 1427 1385 1368 1156 1088 12:11  11'20 1210 11-40
Na,0 325 298 2:55 294 231 272 220 2:68 266 233 268 2770 297 279 325 290 3-58 306 247 263 313
K,O 098 I-11 0-65 1-47 088 1-18 0-60 1-24 058 103 1-11 0-62 1-41 084 106 1-15 114 1-51 133 1-59 1-50
P,O4 1-14 -89 0-88 081 078 145 133 098 086 1-46 141 173 1-38 138 131 7 054 096 0-67 078 080
H,0 1-36 226 190 1-35 1-96 092 1-50 1-18 1-89 1-13 1-61 1-71 0-56 1113 085 1-34 047 019 010 0-60 020
Co, 012 (120 020 005 003 038 ¢19 005 ¢15 028 021 003 138 006 003 005 013 005 0-05 0-06 ¢15
Total 9996 10073 9985 9842 10002 9950 9960 9828 9964 9511 10045 9816 9912 9821 9801 9927 10002 9979 9370 9915 9994
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Sample no. RNG677 RN1258 RN1130 RNC49 RNBIOS LLI1424 LL1115 LLCI6 LLI1138 LLI1141 LL1142 LLCY LLI415 LLC22 QC21 Q307 QD6 Ql414 Q1369 Q1499 Q1433

Age (Ma) 41* 41 38 37 36 31 30 29 28 26* 2:4* 1-9 1-8* 18 13 10* 03 0-2* 00 00 00
Rock type B B B B B N N N B N N N N N N N AB B B B B
XRF

v 339 300 299 280 294 274 300 276 315 269 328 290 296 265 282 342 360 293 282
Cr 292 352 364 424 324 481 510 462 719 445 354 408 373 592 410 358 337 438 808 744 385
Co 54 50 57 58 54 9 13 61 82 77 77 52 68 63 57 65 59 69 59 60
Ni 230 221 290 232 254 338 144 331 n 322 288 223 337 446 322 133 227 152 424 245 229
Cu 86 65 95 69 96 88 62 81 90 83 9 69 102 87 100 63 68 70 68 87 62
Zn 128 123 128 111 136 129 107 120 109 118 139 121 116 105 113 116 122 108 88 100 100
Rb 24 34 29 24 48 18 64 30 75 18 41 12 25 14 35 15 21 31 21 30 37
Sr 1234 1061 858 1358 911 1392 1356 1204 978 1502 1490 1787 1355 1333 1439 1187 1198 1109 830 974 1038
Y 30 29 27 28 27 37 36 33 16 38 39 39 37 33 32 28 33 kX] 30 33 24
Zr 7 342 252 255 275 358 321 303 292 262 351 264 317 260 289 329 344 276 212 279 279
Nb 80 85 64 66 66 87 80 86 77 79 91 88 90 100 94 73 83 64 57 67 62
Ba 838 809 620 755 639 1156 745 751 710 703 660 882 759 1005 941 603 698 696 509 594 435
INAA C C C H H H H H 14 H H H .4 W  XRF H w w 14
Sc 20005 2169 2450 2350 2460 2360 2410 2400 2440 2630 2370 2410 2360 2320 1700 2850 2980 3100 28350
La 6360 6510 4880 5660 5010 8460 7190 10300 8250 9700 10100 9600 9290 6040 9400 5920 4710 5300 4920
Ce 13150 12980 10380 12000 10600 18600 156-00 21700 169-80 21800 21600 (9700 18600 12970 9i-00 13100 8540 103-50 104:50
Nd 70:19 6374 6067 5900 5340  92:00 7300 10100 84440 10600 10000 8800 8430 6280 6800 6400 4100 5020 5170
Sm 1318 11.87 1128 1140 1050 1690 13-60 1760 1660 1880 1750 1550 1445 1283 1400 1200 901 1033 1013
Eu 404 352 346 357 336 521 412 534 515 578 526 463 443 415 368 279 319 328
Tb 133 1118 1-18 1-20 1-22 1-62 1-38 1-67 1-59 1-78 177 1147 143 133 123 0-89 105 106
Yb 191 1-79 1-63 1-54 1-69 175 1-75 1-87 268 215 1-88 170 2110 1-85 1-86 1-74 213 214
Lu 024 023 020 022 023 023 024 027 024 029 025 023 028 026 026 022 0-24 026
Hf 858 891 694 680 680 920 790 680 $10 700 7-80 660 760 800 690 520 670 660
Ta 510 508 394 520 473 730 650 630 640 710 670 540 4-60 500 340 390 3-80
Th 567 6-58 422 590 510 830 790 10-30 790 950 1060 11110 950 510 600 440 530 530

The letters preceding the sample number correspond to the following formation names: G—Guigui, H—Hogarzales, M—Mogan, F—Fataga, ET—EI Tablero, RN—Roque Nublo, LL—Los Listos and Los
Pechos, Q—Quaternary. Samples M1721, F253872, and F683 are from basalt units T4, T5, and T6, respectively. About 120 volcanic units have been dated on Gran Canaria.

*Ages from dated units [Lictz & Schmincke, 1975; McDougall & Schmincke, 1976; Feraud et al., 1981; Schmincke et al., in prep.; H -U. Schmincke, unpub. data; ages from studies predating 1979 were
multiplied by 10266 (Mankinen & Dalrymple, 1979)]. The other ages arc estimated based on stratigraphic position and paleomagnetic data (H -U. Schmincke & U. Bleil, unpub. data). Based on detailed Ar/Ar
dating of the Mogan ignimbrites (van den Bogaard et al., 1988), the ages for the Guigui and Hogarzales basalts from McDougall & Schmincke (1976) are too young and have been modified slightly. Some of ages
reported by Hoernle ez al. (1991) for the same samples in this study have been changed as a result of new age data (Schmincke et al., in prep.; H.-U. Schmincke, unpub. data). Errors in the absolute ages of the
undated flows are estimated at +0-25 Ma at the 1o confidence level.

The abbreviations for rock type are P—picrite, TH—tholeiite, AB—alkali basalt, B—basanite, N—nephelinite, MN—melilite nephelinite. Some of the XRF analyses are from Schmincke (1976, 1982, 1987,
and unpub. data) and Hoernle (1987). The major element and some of the trace element (Ni, Cu, Sr, Y, and Nb) data for F683 are from XRF (Cousens et al., 1990), the other trace clement values are from INAA
(this study).

+Co values from INAA.

The letters in the rows labeled INAA are as follows: C—Castillo, H—Hertogen, W—Walker are the INAA analysts; ID—isotope dilution (from Hoernle et al., 1991). The Nd concentrations for the Castillo
analyses are from 1D (Hoernle et al., 1991). The Sr, Nd, and Pb isotope ratios and the ID data (Rb, Sr, Sm, Nd, U, Th, and Pb) have been reported by Hoernle et al. (1991; most of the samples in this table) and
Cousens et al. (1990; sample F682, same flow as F683, and unit T4). When available, the ID data were used in preference to XRF or INAA data in plots in this paper and in Hoernle & Schmincke (this volume).
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GRAN CANARIA MAFIC VOLCANICS
Miocene (Filled Symbols); Pliocene-Quaternary (Open Symbols)
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FIG. 3. SiO, vs. the alkalis (Na,0 +K,0) and magnesium number with (Fe** /(Fe** +Fe?*)=02 for Gran

Canaria mafic volcanics. The boundaries between nephelinites (triangles), basanites +alkali basalts (circles), and

picrites + tholeiites (squares) are shown on both diagrams. The boundary between tholeiites and alkali basalts

roughly divides the samples with normative hypersthene or quartz from those with normative nepheline. Boundary
between nephelinites and basanites is from Le Bas et al. (1986b).

plagioclase, and Fe-Ti oxides. The Miocene alkali basalts, basanites, and nephelinites are
clinopyroxene (<7%) and olivine (<3%) phyric. The groundmass is made up of olivine,
titanaugite, plagioclase, Fe~Ti oxides, and apatite (Schmincke, 1987).

The Pliocene tholeiites contain olivine (< 11%, <3 mm) with chromite inclusions (< 1%,
<1 mm), plagioclase (< 7%, <3 mm), and Fe-Ti oxide (<2%, <1 mm) phenocrysts. The
rare titanaugite phenocrysts are in most cases broken and/or partially resorbed. The
groundmass consists of olivine, plagioclase, titanaugite, and Fe-Ti oxides.

The Pliocene and Quaternary alkali basalts and basanites contain phenocrysts of olivine
(<15%, <5 mm), titanaugite (<25%, <6 mm), Fe-Ti oxides (<8%, <2 mm), and
chromite (€1%, <1 mm). As MgO decreases, the abundance of olivine phenocrysts
decreases, whereas the abundance of titanaugite and Fe-Ti oxides increases (Hoernle, 1987).
Plagioclase, amphibole, and apatite are present in some rocks with MgO <6. The
groundmass consists of olivine, plagioclase, titanaugite, Fe-Ti oxides, amphibole, apatite,
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and glass. The basanites also contain groundmass nepheline, and some of the primitive
basanites also contain primary(?) carbonate.

The Pliocene and Quaternary nephelinites are aphyric to moderately phyric. Olivine
(£15%, <5 mm) is the major phenocryst phase and minor titanaugite is present in some
rocks. Olivine, titanaugite, oxides, nepheline, apatite, and primary(?) carbonate form the
groundmass. The melilite-bearing nephelinites also contain perovskite and groundmass
sodalite, as well as spinel lherzolite xenoliths and abundant olivine, enstatite, and chrome
spinel xenocrysts. Quaternary(?) nephelinite dikes in the cliff above Risco Blanco at the head
of Barranco de Tirajana and at Cazadores also contain spinel lherzolite xenoliths.

ANALYTICAL METHODS AND SAMPLE SELECTION

Approximately 200 basalts from Gran Canaria were analyzed for major and trace elements
(Table 1) by X-ray fluorescence on fused discs using a Phillips PW 1400 Spectrometer at the
Ruhr Universitdt in Bochum, Germany. FeO, H,0*, H,0~, and CO, were determined
using wet chemical techniques. Analysts were Henni Niephaus, Beate Schulz, and Kaj
Hoernle. The.procedures used have been described in more detail by Flower et al. (1983) and
Feraud et ul. (1981). The datain Table 1 are listed as analyzed. The data in plots and the data
used for the CIPW norms are recalculated on a volatile-free basis with Fe3*/(Fe3* +
Fe?*)=02.

Approximately 70 samples were also analyzed for Sc, Cr, Co, La, Ce, Nd, Sm, Eu, Tb, Yb,
Lu, Hf, Ta, and Th (Table 1) by INAA at Washington University in St. Louis, Missouri
(analyst Pat Castillo), at the University of Leuven (analyst Jan Hertogen), and at Oregon
State University Radiation Center (analyst Bob Walker). Average values are reported for
samples which were multiply analyzed. Samples from the same formation or basalt group
were sent to at least two laboratories to minimize the effects of inter-laboratory bias. In
addition, comparisons of the standard and sample data from the three laboratories showed
no significant inter-laboratory bias for the elements reported except that Ta values from the
University of Leuven appear to be systematically too high when compared with Ta from
other laboratories. More detailed descriptions of the INAA method and error analyses for
the various laboratories have been given by Jacobs et al. (1977) and Lindstrom & Korotev
(1983) (Washington University), Hertogen & Gijbels (1971) (University of Leuven), and
Laul & Schmitt (1973) (Oregon State University). A detailed comparison of analytical
methods will be provided in a forthcoming paper on Holocene volcanics from the Canary
Islands.

Additional sources of major and trace element data used in some of the plots are
Schmincke (1976, 1982, 1990, unpub. data), Crisp (1984), Hoernle (1987, unpub. data),
Cousens (1990), Cousens et al. (1990), H. R. Bowman & H.-U. Schmincke (unpub. data),
and H.-U. Schmincke & P. T. Robinson (unpub. data). Sr~Nd-Pb isotopic compositions
and Rb, Sr, Sm, Nd, Pb, U, and Th concentrations determined by isotope dilution have been
reported for 66 of these samples by Hoernle et al. (1991).

Although Gran Canaria contains a wide variety of evolved volcanics including hawaiite
through trachyte and peralkaline rhyolite and tephrite through phonolite, only mafic
volcanic samples [picrite, tholeiite, alkali basalt, basanite, and nephelinite, using the Le Bas
et al. (1986a) classification] are included in this study. Several criteria were used to screen
data for alteration. Samples which contained >2-5 wt.% H,0 and >05 wt.% CO,, and
samples that showed significant groundmass alteration in thin section, especially those that
contained secondary micas, were excluded. As a result of high F contents (as high as 2 wt.%),
many totals, without F, summed to less than 99%.
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MAJOR AND TRACE ELEMENT DATA

The mg-numbers [=Mg/(Mg+Fe?*) with Fe3*/(Fe3* +Fe?*)=02] for the Gran
Canaria mafic volcanics range from 45 to 80. Using the value for K[ (Fe/Mg)/(ol/liq)]=0-30
at 1 atm (see Takahashi & Kushiro, 1983), only the most mafic Pliocene—Quaternary
nephelinites and basanites and the most mafic Miocene picrites have compositions in
equilibrium with mantle olivine of Fogg_o, . If the 3-0-GPa value for K[ (Fe/Mg)/(ol/lig)] =
0-36 is used, then only the two most mafic Miocene picrites and one melilite nephelinite
(excluding sample 1185 which contains abundant nodule debris) have compositions in
equilibrium with olivine of Fogg o4.

Both the Miocene and Pliocene—Quaternary mafic volcanics exhibit systematic variations
in compatible elements as a function of SiO, content (Fig. 4). For a given MgO content, the
picrites—tholeiites have the highest abundances of Ni, Cr, and Co; the alkali basalts and
basanites have intermediate abundances; and the nephelinites have the lowest abundances.
Ni, Cr, and Co decrease for a given rock type with decreasing MgO, except for the Pliocene
tholeiites. Although the MgO content of the Pliocene tholeiites varies from 10-2 to 6:3 wt.%,
all compatible trace elements remain nearly constant with decreasing MgO. Of the elements
analyzed, only Al,0, and FeO' exhibit good correlations with MgO in the Pliocene
tholeiites. Both oxides vary by <10% and correlate negatively with MgO.

With decreasing MgO, the CaO content of the Miocene picrites—tholeiites and of the
Pliocene—Quaternary alkali basalts and basanites initially increases gradually (Fig. 4). At
MgO =7 wt.%, the CaO content decreases sharply. For a given MgO concentration, the
CaO concentration for both age groups increases as a function of rock type, i.e. in the
sequence tholeiite—alkali basalt—basanite-nephelinite. Al,O, content shows an exceptional
negative correlation with MgO (Fig. 4). In contrast to CaO, there are no significant
differences in Al,O; content as a function of rock type. With decreasing MgO, the
CaO/Al,O, ratio of the Miocene picrites—tholeiites decreases gradually until MgO =
7 wt.%, after which it decreases sharply. The Pliocene—Quaternary tholeiites, alkali basalts,
and basanites have roughly constant CaO/Al,O; ratios for MgO>7 wt.%, but below
MgO =7 wt.%, the ratio decreases with decreasing MgQO. As observed for the CaO content,
the CaO/Al, O, ratio for both the Miocene and Pliocene—Quaternary volcanics increases
systematically with decreasing SiO, content of the rock group. For the Pliocene-Quaternary
basalts, the ratio decreases more than a factor of two from 1-6 in the melilite nephelinites to
~@75 in the tholeiites, which is slightly lower than the chondritic ratio of ~0-9.

For all rock types, the content of incompatible elements increases roughly with decreasing
MgO contents (Fig. 4). At a given MgO content, the undersaturated mafic volcanics
generally have higher concentrations of the incompatible elements.

DISCUSSION
Crystal fractionation and accumulation

Before discussing the petrogenesis of the Gran Canaria basalts, it is important to
determine the effects of crystal fractionation and accumulation on the basalt chemistry. High
mg-number and high compatible trace element abundance (see Figs. 3 and 4 and Table 1) are
often used as indicators of the primary (non-differentiated) nature of basalts (e.g., Frey et al.,
1978; Clague & Frey, 1982; Clague & Dalrymple, 1988). Although some of the Miocene
tholeiites have high mg-number (up to 72), they are only in equilibrium with Fo < 86 (using a
K, of 0-3 for Fe/Mg in olivine), lower than found in most mantle olivines, and thus probably
none are primary compositions. Based on mass-balance calculations of the major elements,
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olcanics. (See Fig

the Miocene tholeiites with MgO > 6 wt.% and the most mafic Miocene picrite (1262) can be
related by removal or addition of olivine (up to 34% )+ clinopyroxene (up to 13%) (Table 2).
The elements (and oxides) incompatible in olivine, for example, Al,O,, P,O4, Sr,and TiO,,
yield excellent negative correlations with MgO (Fig. 4). The most incompatible elements
increase roughly two-fold from the most mafic picrite to the tholeiites with MgO =6 wt.%,
consistent with removal or addition of ~ 50 wt.% phenocrysts. Clinopyroxene fractionation
becomes important in tholeiites with MgO <7 wt.%, as is evident by the sharp decrease in
CaO, Ca0/Al,0,, CaO/MgO, and Sc with decreasing MgO for these samples (see Fig. 4
and Table 1). The absence of either a positive or negative Eu anomaly in the rare earth
element (REE) patterns (Fig. 5) and the almost two-fold variation in Al,O, and Sr
concentrations argues against substantial plagioclase fractionation or accumulation in



Summary of results from least-squares mass-balance fractional crystallization calculations

TABLE 2

Rock Rock
Parent type MgO Daughter type MgO OL CPX ox PLAG AP T.S.R S.S.R.
M-G-1262 P 205 M-G-1265 TH 129 —229 -59 —288 015
M-G-1262 P 205 M-G-1528 TH 81 =316 -86 —402 022
M-G-1262 P 205 M-G-1263 TH 65 -339 —-126 —46'5 0-04
M-G-1262 P 20-5 P-ET-B14 TH 10- -297 —-156 —453 039
M-G-1262 P 20-5 P-ET-62-2 TH 80 —320 —163 —483 038
M-G-1262 P 205 P-ET-63:1 TH 63 —341 —-167 —~50-8 037
P-ET-B14 TH 10-2 P-ET-631 TH 63 —102 —~1-5 —10:5 014
P-RN-94 AB 12:8 Q-Dé6 AB 9-6 —-9-7 —-58 —142 044
P-RN-9%4 AB 128 -M-1721 AB 56 —166 —82 —24-8 0-22
P-RN-94 AB 12-8 P-ET-83 AB 88 —10-6 —14 10 —-110 036
P-RN-94 AB 12-8 P-RN-70 AB 55 —191 —11-5 -306 036
P-ET-90 B 12:7 P-ET-52 B 85 —108 —-10-8 037
P-LL-1138 B 14-4 P-RN-B129 B 79 —156 -97 —253 0-36
P-RN-1130 B 124 P-RN-109 T 53 —150 —29-1 —34 —-05 —480 027
P-LL-1115 N 137 M-F-683 N 67 —171 —151 1-8 —-304 035

Parent and daughter compositions are in Table 1, except for tephrite sample 109 (Hoernle, 1987). Sample numbers are prefixed by abbreviations for the volcanic cycle (M—
Miocene, P—Pliocene, Q—Quaternary) and formation (same abbreviations as used in Table 1). Rock type abbreviations are the same as in Table 1, plus T—tephrite. The MgO
values were recalculated on a volatile-frec basis with Fe**/(Fe®t 4+ Fe?*)=0-2. Contents of minerals are in weight percent and refer to the amount of the mineral subtracted
(negative sign) or added (no sign). Mineral abbreviations are as follows: OL—olivine (Fo,4_g,), CPX—clinopyroxene (titanaugite-acmitic augite), OX—(magnetite-ilmenite),
PLAG—plagjoclase (An,,), AP—apatite. Mineral compositions are from the Pliocene basalts (Hoernle, 1987), except for plagioclase which is from Miocene tholeiite flow T1
(Crisp & Spera, 1987). T.S.R. refers to the total solids removed from the parent to derive the daughter. Il S.S.R. (sum of the squares of the residuals) < 1, then a basalt pair may be

related by fractional crystallization or accumulation.
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Fi1G. 5. Plots of incompatible trace elements normalized to primitive mantle (after Sun & McDonough, 1989) for

Miocene and Pliocene Cycle mafic volcanics. The overlapping HREE abundances are consistent with the presence

of garnet in both the Miocene and Pliocene-Quaternary sources. The increase in most incompatible elements from

tholeiite to alkali basalt to basanite to nephelinite is consistent with decreasing degrees of partial melting in this

sequence. The low abundances of K and Rb in the nephelinites from both cycles suggests that a phase such as

phlogopite or amphibole remains in the residuum at low degrees of partia} melting. (Note the anomalous pattern for
the Miocene nephelinite.)

samples with MgO>6 wt.%. Plagioclase, Fe-Ti oxides, and apatite are present as
phenocrysts in samples with MgO <6 wt.%. Mass-balance calculations (Cousens et al.,
1990) and variations in the trace elements require removal of these phases to derive these
samples from samples with MgO > 6 wt.%. The absence of plagioclase phenocrysts and of
evidence requiring plagioclase fractionation or accumulation and the presence of
clinopyroxene in the picrites and tholeiites with MgO > 6 wt.% suggests that fractionation
and/or accumulation in these samples occurred at depths > 15 km (Albarede & Tamagnan,
1988, and references therein) or during transport of these magmas through the lithospheric
mantle, as the Moho beneath Gran Canaria is at ~ 15 km (Banda et al., 1981). The presence
of plagioclase on the liquidus for the Miocene tholeiites with MgO < 6 wt.% indicates that
fractionation probably occurred at the base of or within the crust.

Based on the abundance and size of olivine and clinopyroxene phenocrysts in the Miocene
picrites, their whole-rock compositions clearly do not reflect liquid compositions but rather a
basalt—crystal mixture. The major and trace element data for the Miocene picrite-tholeiite
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suite form continuous trends (Fig. 4), consistent with a genetic relationship between these
rock types. Two possible origins for the picrites are (1) accumulation of olivine +clino-
pyroxene during crystal fractionation (i.e., the crystals are genetically related to the basaltic
groundmass) or (2) incorporation of olivine + clinopyroxene cumulates from earlier melts
(i.e., crystals are xenocrystic) (Schmincke, 1982). Partial resorption of olivine and, less
commonly, clinopyroxene phenocrysts and the occurrence of these phases as glomerocrysts
in the Miocene picrites suggest a secondary, or possibly cumulus, origin for at least some of
these phenocrysts. As the mg-numbers of the tholeiites are too low for them to be primary
compositions, and as olivine is the major fractionating phase in the tholeiites, accumulation
of fractionating olivine in or addition of xenocrystic olivine to a tholeiite will have a similar
effect on the magma composition, serving to shift it back to the primary or near-primary melt
composition. Therefore, although the picrites probably represent slightly fractionated
compositions which have incorporated cumulus olivine + clinopyroxene, the whole-rock
compositions of the picrites are probably similar to the parental compositions of the
tholeiites. A more detailed study of the picrites is under way.

The Pliocene tholeiites, with mg-numbers ranging from 52 to 65, are more restricted in
composition than the Miocene tholeiites. The nearly identical isotopic composition of the
five Pliocene tholeiites analyzed for isotopes (Hoernle et al., 1991) suggests that they were
derived from a single parent or source. Although the most evolved Pliocene tholeiite (sample
63-1) can be derived from the most mafic Pliocene tholeiite (sample B14) by removal of 10%
olivine and 1-5% plagioclase, and addition of 1-2% titanomagnetite (Table 2), olivine
fractionation is inconsistent with the nearly constant Cr, Co, and Ni concentrations in the
Pliocene tholeiites. For example, B14 has 340 ppm Cr, 51 ppm Co, and 290 ppm Ni,
compared with 345 ppm Cr, 57 ppm Co, and 276 ppm Ni in sample 63-1 (also see Fig. 4 and
Table 1). Therefore fractional crystallization cannot alone relate the different Pliocene
tholeiites.

Using a K, of 0-3 for Fe/Mg in olivine, the Pliocene tholeiites are only in equilibrium with
olivines of Fo,,_g,, too low for most mantle compositions, and therefore probably do not
reflect primary melts. Subtraction of 30-34% olivine and 15-17% clinopyroxene from the
most mafic Miocene picrite (sample 1262, which has a composition that could have been in
equilibrium with a mantle assemblage) can yield the range in major elements observed for the
Pliocene tholeiites (Table 2). Nonetheless, the roughly constant (1) compatible element (Cr,
Co, Ni, V, and Sc) concentrations and (2) CaO/Al,0,, CaO/Na,O, and Sc/YDb ratios (see
Fig. 4 and Table 1) in the Pliocene tholeiites are not consistent with derivation from a single
parent composition. Therefore the similarity in isotopic composition of the Pliocene
tholeiites suggests derivation from similar source material but under different conditions of
melting, ie. temperature, pressure, volatile content, etc. These parental melts then
underwent fractional crystallization to produce the Pliocene tholeiites.

The Miocene alkali basalts and basanites and the Pliocene—Quaternary alkali basalts also
represent evolved compositions (Fig. 3). The Pliocene—Quaternary basanites, which are in
equilibrium with Fo,_g, using a 1-bar K, or with Fo,,_g, using a 3-0-GPa K, (Takahashi &
Kushiro, 1983), range from near-primary compositions to somewhat evolved compositions.
The roughly constant CaO/Al, 0, and CaO/Na,O ratios for the Pliocene~Quaternary alkali
basalts and basanites argue against significant clinopyroxene fractionation for samples with
MgO > 8. The sharp decrease in CaO and Sc concentrations and of the CaO/Al,O, and
CaO/Na,O0 ratios in samples with MgO <8 (Table 1, Fig. 4) indicate that clinopyroxene
fractionation begins to play an important role in these rocks, as is evident from the mass
balance calculations (Table 2). The increase in the incompatible elements with decreasing
MgO (Fig. 4) and the mass-balance solutions (Table 2) are consistent with removal of
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30-50 wt.% of mafic phenocrysts from the basalts with the highest MgO to derive those with
the lowest MgO. Miocene alkali basalt can be derived from near-primary Pliocene alkali
basalt through removal of olivine, clinopyroxene + Fe-Ti oxides, and apatite (Table 2).
Plagioclase becomes an important fractionating phase only in alkali basalts and basanites
with MgO < 5-6 (Hoernle, 1987). Experimental data on melts with similar compositions to
the Gran Canaria alkali basalts indicate that olivine is followed by clinopyroxene, instead of
plagioclase, at pressure of ~0-8 GPa (Mahood & Baker, 1986; Fisk et al., 1988). These data
suggest that fractionation in the alkalic basalts and possibly basanites occurred at depths of
> 25 km or within the mantle.

The Miocene nephelinites have mg-numbers of 48 and 53, and thus are moderately
evolved. To explain the ‘extraordinarily’ high contents of TiO,, P,O, and Sr, Cousens et al.
(1990) suggested that sample 683 has accumulated apatite and titanomagnetite, which are
present only as groundmass phases. After removing apatite and titanomagnetite until the
P,0O; and TiO, contents are ‘typical of Gran Canaria basalts’, they proposed a parental
composition for 683 which contains 43% SiO,, 15% Al,0,, 15% Fe,0,, 7% MgO, etc.,
and has an mg-number of 54. The mg-number of the proposed parental composition is too
low for it to be a primary or near-primary composition. Furthermore, the small positive Eu
anomaly of this nephelinite (Table 1), if not a source characteristic, suggests apatite
fractionation rather than accumulation (Hanson, 1980; Peterson, 1989). Alternatively, the
major element compositions of the Miocene nephelinites could be derived from the major
element compositions of Pliocene nephelinites through removal of olivine and clinopyrox-
ene, which are phenocryst phases, and the removal or addition of Fe—Ti oxides (see example
in Table 2). Removal of 30-35 wt.% of olivine and clinopyroxene, as is indicated by the
mass-balance calculations, can help explain the high contents of some of the oxides and
elements incompatible in these phases, such as, P,O, Sr, and TiO,.

Fractionation of these phases, however, cannot explain why the Miocene nephelinites and
basanites have much lower contents of K ,0, light REE (LREE), Rb, Zr, Hf, Nb, Ta, Th, U,
and Pb than the Pliocene basanites and nephelinites (see Fig. 5 and Table 1). One possible
way of decreasing the concentrations of these normally incompatible elements without
significantly affecting the concentrations of the major elements is through fractionation of
minor phases, such as phlogopite and zircon. Fractionation of these phases, however, seems
unlikely, as neither phase has ever been observed in any of the Gran Canaria mafic volcanics.
Furthermore, experimental studies indicate that zircon is saturated in basaltic melts only
when Zr contents are 2-3 wt.% (Watson, 1979; Watson & Harrison, 1983; Irving & Frey,
1984).

All of the Pliocene—Quaternary nephelinites have mg-number > 66 and Ni> 130, with all
but four having Ni > 245. The nephelinites are in equilibrium with Fog, 4, at | bar and with
Fog,_90 at 3-0 GPa (Takahashi & Kushiro, 1983), and range from primary or near-primary
to slightly evolved compositions, having lost only minor amounts of olivine (< 15%). Some
of the nephelinites contain spinel lherzolite xenoliths, further indicating that they are primary
or near-primary. The anomalously high mg-number (81) and Ni concentration (805 ppm) of
melilite-bearing nephelinite 1185 reflects the abundance of nodule debris in this sample.

Depth of melting

Estimates of the depths at which basaltic melts are generated provide important
constraints on the petrogenesis of basalts and ultimately on the origin of ocean island
volcanoes. We have used two geochemical methods to estimate the depths of melting. The
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first method is based on the comparison of the inferred source mineralogy with the
experimentally determined stability range of this mineral assemblage. The second method
involves comparing the major-element chemistry of primitive basalts with the results of
experimental melting studies. The behavior of major and trace elements which are
compatible during at least part of the melting interval can yield valuable information on the
source mineralogy. Both the Miocene and Pliocene—Quaternary mafic volcanics have nearly
constant Al,O,, Sc, and Y abundances with respect to MgO, and overlapping heavy REE
(HREE) abundances ranging from 5 to 10 times chondrite in the most mafic volcanics (mg-
number >65) and in the estimated parental compositions for the more evolved volcanics
(mg-number <65) (see Table 1 and Figs. 4 and 5). These variations are consistent with
residual garnet in both the Miocene and Pliocene-Quaternary sources (Schmincke, 1982).
Garnet-bearing sources probably require depths in excess of ~80 km (e.g., McKenzie &
O’Nions, 1991). Low K,O, Rb, and Ba contents in the Miocene and Pliocene—Quaternary
basanites and nephelinites, and the absence of a positive correlation between these elements
and other highly incompatible elements, such as P,O, and Sr, suggest the presence of a
residual K-phase in the sources of these undersaturated mafic volcanics (see Schmincke &
Flower, 1974; Hoernle & Schmincke, this volume). Lower Ba/Sr and K/Nb ratios in these
mafic volcanics, as compared with the alkali basalts and tholeiites, argue for generation of
these magmas under CO,-rich conditions in the presence of residual phlogopite instead of
amphibole (Clague & Frey, 1982; Hawkesworth et al., 1990). A lherzolitic mantle
assemblage containing garnet, phlogopite, and a carbonate phase is stable only at pressures
in excess of 2°9 GPa or depths of ~100 km (Brey et al., 1983).

Experimental studies provide a database from which the depth of melting of primary or
near-primary compositions can be estimated (Takahashi & Kushiro, 1983; Takahashi, 1986;
Falloon & Green, 1987, 1988; Falloon et al., 1988). The cation mol% MgO vs. FeO' diagram
(Fig. 6) is useful in estimating depths of melting, especially as olivine fractional
crystallization or accumulation and extent of melting will not significantly modify the FeO!
mol% (Langmuir & Hanson, 1980). The FeO/MgO ratio (or fertility) of the source, however,
can affect the composition of the melts and must be taken into consideration. Figure 6
contains data for the Gran Canaria basalts and experimental data from high-pressure
melting studies (2-0-3-5 GPa) of dry and fertile initial bulk compositions, which have been
proposed as source compositions for ocean island magmas [starting compositions are
Hawaiian Pyrolite, i.e., Pyrolite II1-40% olivine (Falloon et al., 1988), MPY-87, i.e.,
MORB Pyrolite recalculated to mg-number 87 from 90 (Falloon & Green, 1988), and spinel
Iherzolite HK 66 from Salt Lake Crater, Hawaii (Takahashi & Kushiro, 1983)]. To avoid the
problems of quench modification of primary liquids and of reactions between the capsules
and the melt, which can affect the oxygen fugacity and the Fe content of the melt (Takahashi
& Kushiro, 1983; Falloon & Green, 1987, 1988; Falloon et al., 1988), we have included in
Fig. 6 only data from runs made in graphite or graphite-lined platinum capsules and for
which the basalt—peridotite ‘sandwich’ technique was used. As was demonstrated at lower
pressures (0-5—1-5 GPa) by Klein & Langmuir (1987), the high-pressure experimental data
(2-0-3-5 GPa) also show that both FeO' and MgO increase with increasing pressure of
melting. The magnitude of the pressure dependence agrees well with that calculated by
Langmuir & Hanson (1980).

The Canary magmas have high FeO' contents (Schmincke, 1982), which are similar to or
up to 3-5 mol% higher than the melts equilibrated with fertile lherzolite compositions at
3-0 GPa. The higher FeO' could reflect either FeO/MgO ratios of up to 60% greater in the
Gran Canaria source than in the compositions used for the experiments, or depths of melting
in excess of 3-0 GPa for the Gran Canaria basalts (Langmuir & Hanson, 1980). As the most
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from melting experiments on fertile mantle compositions at pressures of 2<0, 3-0, and 3-5 GPa are from Takahashi &

Kushiro (1983), Fallon & Green (1988), and Falloon et al. (1988). The melting region for Hawaiian pyrolite

(between the 0% and maximum melting boundaries), a liquid line of descent for fractional crystallization of olivine,

and a possible adiabatic melting path are modified from Klein & Langmuir (1987). Symbols for Gran Canaria mafic
volcanics are the same as in Fig. 3.

mafic Gran Canaria basalts are in equilibrium with olivine having similar or slightly higher
mg-number than the initial bulk compositions used in the melting experiments, FeO/MgO
ratios of up to 60% higher are unreasonable if the most mafic Gran Canaria basalt
compositions reflect primary or near-primary melts. Both the Miocene and Pliocene cycles of
volcanism nearly cover the whole range in FeO' wt.% observed for Gran Canaria, indicating
that the different cycles of volcanism originated from similar depths. Although there is much
overlap, the most mafic, SiO,-undersaturated basalts extend to higher FeO' contents than
the most mafic, SiO,-saturated basalts, which could reflect derivation of the undersaturated
basalts from generally greater depths or from more fertile source material. The negative slope
of the Pliocene tholeiites, which are isotopically nearly identical but cannot be related
through crystal fractionation processes alone, may reflect melting at different depths and to
different degrees.

The projection from diopside onto the base of the CIPW normative basalt tetrahedron
(Fig. 7} is also useful for evaluating the effects of pressure on basalt composition (Jacques &
Green, 1980; Takahashi & Kushiro, 1983; Falloon & Green, 1988; Falloon et al., 1988).
With decreasing pressure, the dry olivine + orthopyroxene + clinopyroxene cotectics (from 0
to 8:0 GPa) for a wide variety of starting compositions move systematically away from the
olivine apex. The 50- and 8-0-GPa cotectics shown in Fig. 7 are based on one melt
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composition each (Takahashi, 1986). As hypersthene was not detected in the residue for
either sample, the melt compositions may have started moving towards olivine and thus are
approximate at best. Saturation of the melts with either H,O or CH, will also shift the
cotectics away from the olivine apex (Green et al., 1987). Increasing pressure, C, CO, and/or
CO, saturation, and olivine accumulation will shift the cotectics towards the olivine apex.
Olivine fractionation will move the melt composition directly away from the olivine apex.

Ol

Qz Ab+An Jd+CaTs

F1G. 7. Projection from diopside (Di) onto the base of the CIPW molecular normative basalt tetrahedron: olivine
(Ol)y—quartz (Qz)-jadcite plus calcium Tschermak’s molecule (Jd 4+ CaTs) (modified from Falloon & Green, 1988;
Falloon et al., 1988). Hyp—hypersthene, Ab—albite, An—anorthite. The lines which are roughly parallel to the
Qz~(Jd + CaTs) join are Ol+ Hyp + Cpx + Gt cotectics defined by partial melt compositions at 0-5-8-0 GPa under
anhydrous conditions {Takahashi & Kushiro, 1983; Takahashi, 1986; Falloon & Green, 1987, 1988; Falloon et al.,
1988). The line roughly parallel to the Ol+ Qz join represents an Ol-only cotectic. The ‘primary melt’ field was
derived by adding olivine of appropriate composition to all basalt compositions with MgO > 8 until they were in
equilibrium with mantle olivine {Fogg_o,; using a 3-0-GPa K, [(Fe/Mg)/(ol/liq)] =0-36 from Takahashi & Kushiro
(1983)}. CIPW norm was calculated using Fe?*/(Fe?* + Fe3*)=09, in keeping with Falloon & Green (1988).

When significant amounts of clinopyroxene join olivine as an important fractionating phase,
the melt composition will move towards the Qz apex. For isobaric melting, the composition
of the melts will move along a given cotectic towards its source composition (the ‘+’in Fig. 7
represents one possible source composition), as the extent of melting increases. As the fertility
(i.e., Jd +CaTs or Nepheline + CaAl,0, component) in the source increases, the composi-
tion of the initial melts will move increasingly farther from the O-Qz join along one of the
cotectics for isobaric melting.

The Miocene picrites—tholeiites form an elongate field parallel to olivine control lines
(Fig. 7). The most primitive picrites plot between the 3-5- and 5-0-GPa cotectics, whereas the
most evolved tholeiites fall below the 0-5-GPa cotectic. The Miocene picrite~tholeiite trend
illustrates how olivine + clinopyroxene crystal fractionation can drive the composition of a
picrite away from the olivine apex and into the quartz normative region of the triangle.
Conversely, olivine accumulation can shift the bulk composition of a tholeiitic melt, formed
at <2-:0-2'5 GPa, towards the olivine apex. The Pliocene tholeiites overlap the Miocene
tholeiite field and fall between the 0-5- and 1-5-GPa dry cotectics, consistent with their
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derivation through crystal fractionation of a more mafic parent formed at high pressure or as
primary melts formed at 0-5-1-5 GPa. The Hawaiian picrites—tholeiites (not shown) form a
field almost identical to that of the Gran Canaria picrites—tholeiites, except that the
Hawaiian field extends to only the 3-0 GPa cotectic (sec Falloon et al., 1988, fig. 8). Recently,
glasses containing up to 15 wt.% MgO have been discovered in sands offshore of Kilauea,
demonstrating that primary Hawaiian tholeiites must contain > 15 wt.% MgO (Clague &
Weber, 1991). The highest estimates of the primary composition of Hawaiian tholeiites range
from 17 wt.% MgO (Clague & Weber, 1991) to 20-25 wt.% MgO (Wright, 1984). If the
olivine phenocrysts and tholeiitic groundmass are genetically related, then the most mafic
Miocene picrites may represent primary to near-primary compositions. Under dry
conditions, these compositions would have formed by melting at depths >3-5 GPa, in
excellent agreement with depth estimates based on their FeO' contents (Fig. 6). Nonetheless,
even if the picrites were formed by incorporation of xenocrystic (cumulus) olivine into a more
evolved, tholeiitic melt, their (as well as the tholeiites’) parental magmas still must have
formed at depths > 3-0 GPa if they originated from a garnet-bearing source as discussed
above, as ‘a garnet-bearing cotectic at pressures <30 GPa would lie to the (right) of the
Ab-An-Ol join’ in Fig. 7 (Falloon et al., 1988).

Almost all of the Miocene and Pliocene—Quaternary basalts have undergone some
olivine + clinopyroxene crystallization. Based on the mass-balance calculations and trace
element variations, samples with MgO >8, however, probably have lost <5-10%
clinopyroxene phenocrysts. Therefore we can estimate the parental compositions of the
evolved basalts by adding olivine of appropriate composition until these samples are in
equilibrium with mantle olivines of Fogg 4. When this is done, the samples with MgO > 8
plot above the 3-5-GPa cotectic in the field labeled ‘primary melt’ in Fig. 7, further
supporting pressures of melting > 3-0-3-5 GPa.

The three methods outlined above each indicate pressures of magma generation beneath
Gran Canaria in excess of 3-0-3-5 GPa. For oceanic lithosphere formed > 150 Ma, such as
that beneath Gran Canaria, the mechanical boundary layer thickness is ~ 100 km
{equivalent to pressures of ~3-0 GPa) (Zhang & Tanimoto, 1991). Therefore the depths
estimated from the major and trace element data are consistent with melting occurring by
decompression within an upwelling column of asthenospheric (plume) material which
encounters a mechanical boundary layer at ~ 100 km beneath the Canary Islands.

As has been shown for mid-ocean ridge basalts (MORB) (Klein & Langmuir, 1987;
McKenzie & Bickle, 1988), much of the major and minor element variations in ocean island
basalts (OIB), as well as the melt production rate, may also reflect the length of the melting
interval. The temperature (possibly related to the buoyancy flux) and composition of the
upwelling plume material will determine the depth at which melting begins, whereas the
thickness of the mechanical boundary layer will define the upper limit of the melting interval.

Watson & McKenzie (1991) showed that melt production is strongly dependent on the
upper boundary of the melting column, and proposed that the thickness of the mechanical
boundary layer is the primary control on the melt production rate. Recent seismic studies
indicate that the mechanical boundary layer (lithosphere) thickens continuously with age to
~ 150 Ma, instead of 60-80 Ma as previously believed (Zhang & Tanimoto, 1991). Therefore
we would expect a difference in the melt production rates between Hawaii, situated on crust
formed at ~90 Ma, and the Canaries, on crust formed at > 160 Ma. Using a mechanical
boundary layer thickness of 72 km for Hawaii (in good agreement with the 75-km thickness
estimated by the method of Zhang & Tanimoto) and a melting interval that extends from this
depth to 136 km, Watson & McKenzie were able to derive the observed melt production rate
for the Hawaiian shield stage of 0-16 km?3/yr. For a mechanical boundary layer thickness of
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~ 110 km, probably slightly deeper than that beneath the Canary Islands, they estimated a
production rate of 0-015 km?/yr. Although the duration of the shield-building volcanism on
Gran Canaria is at present poorly constrained, we can estimate an average melt production
rate for the entire Canary archipelago. The average melt production rate ranges from 0-0017
to 0-0068 km?/yr depending on whether 80 Ma (Le Bas et al., 1986b) or 20 Ma (McDougall
& Schmincke, 1976), respectively, is used for the age of the archipelago. These rates are
considerably lower than the estimate of Watson & McKenzie. If we assume, however, that
the volcanic edifices represent only 20% of the melt generated in the plume (and intrusives
the other 80%), as they did for Hawaii, the estimated melt production rates
(0-0084—-0-034 km?/yr) agree well with the value they calculated for a 110 km thick
mechanical boundary layer.

As a result of the large uncertainties in the age of the Canary Islands and in the volume of
intrusives, it 1s, however, difficult to assess if the lithospheric thickness is the primary factor
controlling the low melt production rates for the Canaries. The low buoyancy flux (1 Mg/s,
estimated for the Canary and Madeira Hotspots combined; Sleep, 1990) no doubt also
contributes to the low melt production rate. The melting interval for the Canary Plume is
probably one of the shortest for plumes beneath oceanic lithosphere, as a result of the thick
lithosphere beneath the Canaries and the low buoyancy flux of the Canary Plume.

CONCLUSIONS

Miocene to Recent basalts on Gran Canaria range from near-primary or primary
compositions to evolved compositions with possibly up to 50% mafic phases removed. The
major and trace element data for the Miocene and Pliocene tholeiites are consistent with
their derivation from picritic compositions (MgO =20-22 wt.%) through olivine + minor
clinopyroxene fractionation. The Miocene tholeiites have compositions consistent with their
derivation from magmas similar to the Miocene picrites. The compositions of the Pliocene
tholeiites preclude their origin from a single parent composition and probably reflect
different degrees of melting at different depths. The most evolved Gran Canaria alkali
basalts, basanites, and nephelinites can be derived from primitive Pliocene~Quaternary
alkali basalts, basanites, and nephelinites through subtraction of olivine +clinopyroxene,
Fe-Ti oxides, plagioclase, and apatite. The low concentrations of K,0O, LREE, Rb, Zr, Hf,
Nb, Ta, Th, U, and Pb in the Miocene basanites and nephelinites are believed to reflect lower
concentrations of these elements in their parental magmas, as compared with Pliocene-Qua-
ternary basanites and nephelinites. The presence of clinopyroxene and absence of plagioclase
on the liquidus in the Miocene tholeiites and in the Pliocene-Quaternary alkali basalts and
basanites with MgO > 6 suggests that fractionation occurred at moderate pressure (probably
> 15 km) within the upper part of the lithospheric mantle. The presence of plagioclase
phenocrysts and chemical evidence for plagioclase fractionation in the basalts with MgO <6
is consistent with cooling and fractionation during storage at shallow depths.

Excellent agreement exists between different methods used to estimate a minimum
pressure of melting for the Gran Canaria basalts. The inferred presence of residual garnet,
phlogopite, and a carbonate phase argues for melting depths > 3-0 GPa, consistent with the
estimates from the FeO' contents of the basalts (>3-0 GPa) and from the basalt’s CIPW
normative compositions (=>3-5 GPa). As the mechanical boundary layer thickness beneath
Gran Canaria is ~ 100 km (~ 3-0 GPa), all the Gran Canaria basalts probably originated by
decompression melting of upwelling plume materal. The low melt production rate of the
Canary Islands, about an order of magnitude lower than that for the Hawaiian Islands, can
be explained by a thicker mechanical boundary layer (lithosphere) beneath the Canary
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Islands than beneath the Hawaiian Islands and does not necessarily require lower plume
temperatures.

A number of models for the origin of the Canary Islands call upon a connection between
volcanism and tectonic features on Africa or along fracture zones in the oceanic lithosphere
[reviewed by Schmincke (1982)]. Although structural lineaments and other lines of weakness
may play a role in channeling the magmas, depths of generation in excess of 100 km preclude
these weaknesses from causing the volcanism unless the mechanical boundary layer beneath
the Canary Islands is significantly thicker than 100 km.
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