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27. EVIDENCE FOR MIOCENE SUBDUCTION BENEATH THE ALBORAN SEA: “©AR/*AR DATING
AND GEOCHEMISTRY OF VOLCANIC ROCKSFROM HOLES977A AND 978A!

Kaj Hoernle? Paul van den Bogaard,? Svend Duggen,? Beate Mocek,? and Dieter Garbe-Schonbérg

ABSTRACT

Vol canic pebblesin gravels from Sites 977 and 978 in the Alboran Sea (western Mediterranean) were dated (using the *°Ar/
3Ar single-crystal laser technique) and analyzed for their major- and trace-element compositions (determined by X-ray fluores-
cence and inductively coupled plasma-mass spectrometry). The samples range from basalts to rhyolites, and belong to the
tholeiitic, calc-alkaline, and shoshonitic series. Single-crystal and step-heating laser “°Ar/**Ar analyses of plagioclase, sanidine,
biotite, and amphibol e phenocrysts from basaltic to rhyolitic samples indicate that eruptions occurred between 6.1 and 12.1 Ma
The age data conform to the stratigraphy and agree with microfossil ages, when available. The major-element and compatible
trace-element data of samples with H,O < 4 wt% show systematic variations, consi stent with fractionation of the observed phe-
nocryst phases (plagioclase, olivine, clinopyroxene, magnetite, hornblende, quartz, and biotite). The incompatible-element pat-
terns formed by normalizing to primitive mantle for al samples show spiked patterns with peaks generally at mobile elements
and troughs at immobile elements, in particular Nb and Ta. The calc-alkaline affinities and the incompatible-element systemat-
ics are characteristic of subduction zone volcanism, which indicates that subduction occurred beneath the eastern Alboran from
61to at least 12 Ma. We propose that the change in chemistry from calc-alkaline and potassic to sodic compositions between 5—
6 Ma reflects detachment of the subducting slab. Uplift of the Strait of Gibraltar, associated with this detachment, could have
caused the Messinian Salinity Crises.

INTRODUCTION first group calls upon mantle diapirism beneath the Alboran to uplift
the lithosphere and form the nappe structures in the Betic-Rif moun-

Neogene vol canic rocks extend from southeastern Spain through tains and the Gibraltar arc (Loomis, 1975; Weijermars, 1985). The
the eastern Alboran Sea to northeastern Morocco and northwestern second group proposes removal and detachment of thickened lithos-
Algeria, and form a north-northeast—trending belt, ~400 km long angherlc mantle by either delamination or convection (e.g., Platt and
~200 km wide (Fig. 1; Le Pichon et al., 1972; Horvarth and Berck-Yissers, 1989; Garcia-Duefas et al., 1992; Morley 1992, 1993; Co-
hemer, 1982; Zeck, 1996). Based on K/Ar age determination gnas etal., 1992; Docherty and Banda, 1995; Vissers et al., 1995; Se-
whole-rock samples, calc-alkaline volcanic rocks in southeast Spaff€r et al., 1996a, 1996b). The third group relates the Alboran Basin
and northern Africa range in age fromte&l8 Ma(Fig. 2; Bellonand ~ formation to subduction (e.g., Arafia and Vegas, 1974; Torres-
Brousse, 1977; Bellon et al., 1983; Hernandez and Bellon, 1985; N(‘):io'd?n et al., 1986; Dercourt et aI._, 1986; DeJong, 1993; Zeck etal.,
bel etal., 1981; Fernandez Soler, 1992). Basalt dike swarms, outcrop?92; Blanco and Spakman, 1993; Royden, 1993; Zeck, 1996). Each
ping over large areas of the western Betics, extend the age of magnydthe three groups of models will be associated with volcanism hav-
tism in southern Spain to 23 Ma (Torres-Roldan et al., 1986). Volcald distinct chemical characteristics. Therefore, studies of volcanic
nic rocks with calc-alkaline and tholeiitic affinities also occur on"0cks from this region, combined with the results of geophysical,
Alboran lIsland (#25? Ma; Aparicio et al., 1991; Bellon and structural, and tectonic st_udles, can help improve our understanding
Letouzey, 1977). Although the acoustic basement beneath the east&frfh® geodynamic evolution of the Alboran Region. )
and southern Alboran Sea is considered to consist mainly of volcanic !N this study, we present age data obtained usin§A€°Ar sin- _
rocks (Comas et al., 1992) and volcanic rocks were sampled tg)e-crystal laser t(_echnlque, and major- and trace-element composi-
dredging or submersibles (Giermann et al., 1968; Comas zahfons of 24 volcanic pebbles (classified as such on the basis of their
Klaus, et al., 1996; Hoernle et al., 1997), no published data are avafiiz€) from Ocean Drilling Program Holes 977A and 978A in the Alb-
able for the age and composition of these volcanic rocks. VolumetrRran Sea (Fig. 3; Comas, Zahn, Klaus, et al., 1996). The pebbles
cally insignificant amounts of ultrapotassic rocks and alkali basalt§dnge from rounded to angular in shape and from basalt to rhyolite in
are present in the upper Miocene (Messinian) and Pliocene, resp&MPposition. They occur in gravel (or conglomerate) layers of late
tively, in the Alboran Region. Messinian (Site 978) and Miocene (Site 977) age, which are inter-

A long-standing paradox has been how to explain the formatioRreted to reflect channel_flll. Based on the m_orphology of t_he north-
of the western Mediterranean through extension, rifting, and seaflod™, central Alboran Basin, the pebbles are likely to be derived from
spreading at the same time (Eocene—Miocene) that the African aftpth local (Yusuf Ridge, Al-Mansour S.eamount) and more distal
European Plates were colliding (Dewey et al., 1989). The formatiofoUrces (Alboran Ridge, Cabo de Gata; Comas, Zahn, Klaus, et al.,
of Mediterranean-type back-arc basins (Horvarth and Berckhemet996), and thus provide us with a representative sampling of this re-
1982), as exemplified by the Alboran Basin, reflects this paradox i§ion- We use the pebbles to place constraints on the origin of volca-
miniature. The many models that have been proposed to explain tRéM in the central portion of the north-northeast—trending belt of Mi-
origin of the Alboran can be divided into three general groups. Th@¢€ne volcanism in the Alboran Region (Fig. 1).

1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, <i. Results, 161: PETROGRAPHY
College Station, TX (Ocean Drilling Program).
Ger;‘;ff“k"hgg:f e@mgg;n(;e'gg Wischhofstrasse 1-3, 24148 Kiel, Federal Republic of The thin-section petrography of the volcanic clasts from Holes
sChristian Albrechts Universitit zu Kiel, Olshausenstrasse 40, 24118 Kiel, Federal / /A and 978A is summarized in Table 1 for all samples except

Republic of Germany. 7647-0 (161-978A-47R-1,® cm), 7519-I1 (161-978A-47R-1,49
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Figure 1. Map of the Alboran Sea and surrounding regions. The region containing Miocene subduction-related (cal c-alkaline and ultrapotassic) volcanic rocks
(encircled with a dashed line) correlates well with the outline (solid line) of the central portion of the synthetic slab SYN1 at 247 km depth from the P-wave
seismic tomographic results of Blanco and Spakman (1993). Data come from the following sources: Ait-Brahim and Chotin (1990), Arafia and Vegas (1974),
Bellon (1976), Bellon and Brousse (1977), Bellon et al. (1983), Blanco and Spakman (1993), Bordet et al., (1982), Bo6ii€oas et al. (1992), M.
Comas (pers. comm., 1995), Di Battistini et al. (1987), Dupuy et al., (1986), Fernandez Soler (1992), Hernandez and Bgllder(id8lez et al., (1987),
Munksgaard (1984), Torres-Roldan et al. (1986), Venturelli et al. (1984), and Zeck (1996).

cm), and 7647-B (978A-47R-1, 0-6 cm), for which sufficient mate-
rial was not available.

The basalts through rhyolites contain <35% phenocrysts, al-
though most have <25%. Plagioclase is the most abundant phenoc-
ryst phasein all rock types (Fig. 4). In basaltic rocks (basalts and ba-
sdtic andesites), the abundance of plagioclase ranges from 5% to
15%, with the exception of basaltic andesite sample 7519 (161-
978A-46R-1, 4-9 cm), which contains 30%. Oscillatory zoning oc-
curs in some plagioclase phenocrysts. The other phenocryst phases
include clinopyroxene (<8%), magnetite (£2%), amphibole (£2%),
and olivine (<£1%), with most phenocrysts being subhedral. The
groundmass contains the same phases as are present as phenocrysts.
Secondary phases in some of the samples include chlorite, epidote,
hematite, magnetite, ilmenite, pyrite, biotite, and calcite. Breakdown
to secondary chlorite or epidote can affect clinopyroxene and plagio-
clase phenocrysts and the groundmass. Sample 7520 (161-977A-
60X-1, 27-31 cm) contains 10% quartz as veins and vesiclefilling.
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The andesite samples contain phenocrysts of plagioclase (10%—
20%), clinopyroxene (<5%), orthopyroxene (<5%), and magnetite
(=£1%). With the exception of some anhedral clinopyroxene, al phe-
nocrysts are subhedral . The groundmass consists primarily of plagio-
clase, with some orthopyroxene. Secondary phases include Na-rich
feldspar, chlorite, epidote, cdcite, magnetite, and pyrite. Sample
7649 (161-977A-62X-1, 4-9 cm) has 5% quartz as vesicle fill. Sec-
ondary chlorite, epidote and/or calcite results from partial breakdown
of plagioclase and clinopyroxene.

Phenocrystsin the dacites and rhyolites include plagioclase (5%—
20%), quartz (<10%), orthopyroxene (<5%), clinopyroxene (<2%),
amphibole (<3%), biotite (£3%), magnetite (<2%), and sanidine
(21%). Plagioclase phenocrysts range from euhedral to subhedral,
whereas other phenocryst phases range from subhedra to anhedral.
Secondary phases include epidote, chlorite, actinolite, titanite, chlo-
rite, magnetite, and calcite. Rounded grains of quartz in some of these
samples are interpreted to be xenocrysts. The partial replacement of
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Figure 2. Diagram summarizes the magmatic history of the Alboran Region. Subduction-related volcanism and plutonism (tholitic, calc-alkaline, and K-rich)
occurred from ~25 Mato ~5-6 Ma. In the Messinian, the composition of the volcanic rocks changed to Narich, alkaline compositions. Data sources are the

same asin Figure 1 and also include Harland et al. (1982) and Kastens (1992).

pyroxene, plagioclase, amphibole, and biotite by secondary chlorite,
epidote, and actinolite is common.

Sample 7646 (161-977A-62X-1, 9-13 cm) is a coarse-grained
granite, whereas Samples 7647-H (978A-47R-1, 0-6 cm), 7647-I
(978A-47R-1, 0-6 cm), and 7647-U (978A-47R-1, 0-6 cm) have
metamorphic textures, although their chemistries are consistent with
avolcanic origin (see below).

Additional petrographic data from volcanic pebbles from Sites
977 and 978 were aso reported by the Shipboard Scientific Party
(Comeas, Zahn, Klaus, et ., 1996).

handpicked from crushed and sieved splits of Samples 161-977A-
60X-1, 0-7 cm, 61X-1, 0-7 cm, 62X-1, 13-19 cm, and 978A-47R-1,
0-6 cm. Mineral separates were etched in 15% hydrofluoric acid
(plagioclase and amphibole) and cleaned using an ultrasonic disinte-
grator (all separates). Samples were irradiated for 72 hours at a neu-
tron current of 2.1 x 10*2 N/cm? at the 5-MW reactor of the GKSS Re-
search Center (Geesthacht, Federa Republic of Germany), with crys-
tals in auminum trays and irradiation cans wrapped in 0.7-mm
cadmium foail.

Analyses of “Ar/*Ar were conducted at the Geomar Tephrochro-
nology L aboratory. Plagioclase and amphibol e crystalswere fused in
a single step, whereas analyses of biotite were performed by laser

ANALYTICAL METHODS step-heating (40 mW-2000 mW). Purified gas samples were ana-

lyzed using a MAP 216 series noble gas mass spectrometer. Raw
mass spectrometer peaks were corrected for mass discrimination,
background, and blank values (determined every fifth analysis). The

Age determinations by laser “°Ar/®°Ar analysiswere performed on
single crystals of plagioclase, amphibole, and biotite, which were
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Figure 3. Stratigraphic sections from Holes 977A and 978A (Comas, Zahn, Klaus, et al., 1996) show the location of samples evaluated in this study.

neutron flux was monitored using TCR sanidine (Taylor Creek Rhy-
olite, 27.92 Ma; Dalrymple and Duffield, 1988; Duffield and Dal-
rymple, 1990) and interna standard SAN6165 (0.470 Ma; van den
Bogaard, 1995). Vertical variations in J-values were quantified by a
cosine function fit. Lateral variationsin J were not detected. Correc-
tions for interfering neutron reactions on Ca and K are based on
analyses of optical grade CaF, and high-purity K,SO, salt crystals
that were irradiated together with the samples. Correction factors
were determined as 36Ar/3%ArCa = 0.465 + 0.001; 3’Ar/*°ArCa = 977
+ 2; BAr/FPArK = 0.0222 + 0.0001; and ©Ar/*ArK = 0.002 + 0.001.
Analytical errors are quoted as 1o.

For major- and trace-element analyses, the volcanic pebbles were
cleaned, crushed to 0.5 cm size, handpicked, and then washed with
distilled water. Whole-rock chips were ground to rock powder in an
agate mill. Both H,O and CO, contents were determined using a
Rosemount Infrared Photometer CSA 5003. Bulk-rock analyses of
major and trace elements (Ba, Rb, Sr, Zr, V, Cr, Co, Ni, Cu, Zn, and
Ga) were performed on fused tablets. Thetabletswere analyzed at the
GEOMAR Research Center using a Philips X' unique PW 1480 X-
ray fluorescence spectrometer. International reference standards
RGM-1 (rhyolite), BM (basalt), SY-2 (syenite), and SDC-1 (mica

360

schist) were also analyzed and are used to evaluate the precision and
accuracy of the measurements (Table 2). The maximum standard de-
viation of the standardsis0.20 wt% for SiO, and 0.02 wt% for all oth-
er major elements except Na,O (0.10 wt%). For the trace elements
measured by XRF, the maximum standard deviation is 5 ppm, with
the exception of Ba, for which it is 14 ppm.

Additional trace elements (Pb, Th, U, Hf, Nb, Ta, Y, and all rare
earth elements [REE]) were analyzed using an upgraded VG Plas-
maquad PQ1 ICP-MS at the Geological Ingtitute, University of Kiel,
after the method of Garbe-Schoenberg (1993). Two blanks and inter-
national standards BHVO-1 (basalt), RGM-1 (rhyolite), and STM-1
(syenite) were analyzed with the samples. Results are presented in
Table 3. Precision of the results was estimated from duplicate diges-
tions and duplicate measurements and was found to be <2%-5% rel-
ative standard deviation in most cases.

AGE DETERMINATIONS

To determine the eruption ages of submarinelava clasts drilled at
Sites 977 and 978, laser “Ar/®Ar age determinations were performed
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Table 1. Thin-section petrography.

Core, section, interval Alk.

Sample no. Rock type (cm) Ol Cpx Opx Plg Amph Bio fsp Qtz Mt Pyr Cc Act Groundmass Alteration
7518 Basalt 161-978A-47R-1, 0-6 1 2 — — 15 — — — 2 — — — Ol, px, plg, mt, chl Heavy
7647-Q Basalt 978A-47R-1, 0-6 — — — 10 — — — — — — — — Px, plg, mt Slight
7523 Basalt 977A-62X-1, 13-19 1 10 — 10 2 — — — 1 — — — Px, plg, mt, ep Slight
7519 Bas. andesite 978A-46R-1, 4-9 — 3 — 30 — — — — 1 — 1 — \iage, mt, ep Slight
7520 Bas. andesite 977A-60X-1, 27-31 — 7 — 5 — — — 10 — 5 — — Px, fsp, chl, ep Heavy
7647-K Andesite 978A-47R-1, 0-6 — 5 — 20 — — — — 1 — 1 — Plg, mt, chl, ep Heavy
7649 Andesite 977A-62X-1, 4-9 — <1 5 0 — — — 5 — 2 — — Opx, plg, chl, ep, pyr Heavy
7524 Dacite 977A-63X-1, 0-5 — 2 — 10 — — — 5 2 — — 8 PX, plg, gtz, mt, act, chl Moderate
7525 Dacite 978A-46R-1, 4-9 — — 5 20 — 2 — 1 2 — — — Px, plg, bio, gtz, mt, chl Moderate
7647-C Dacite 978A-47R-1, 0-6 — — — 10 1 1 — — <1 — — — Plg, amph, bio, qtz, mt, chl, ep Moderate
7647-E Dacite 978A-47R-1, 0-6 — <l — 15 — — — <1 1 — — — Px, plg, qtz, mt, chl Moderate
7647-M Dacite 978A-47R-1, 0-6 — — — 10 — 3 — 10 — — — — Plg, qtz, mt, chl, ep Moderate
7647-V Dacite 978A-47R-1, 0-6 — — — 15 — 2 — — <1 — — — Plg, mt, chl, ep Moderate
7647-X Dacite 978A-47R-1, 0-6 — <1 <1 10 2 — — 2 2 — — — Opx, plg, qtz, mt, chl, ep Moderate
7648 Dacite 977A-63X-1, 5-11 — — — 10 3 3 — 5 — — — — Plg, qtz, mt, chl Moderate
7521 Rhyolite 977A-60X-1, 0-7 — — — 5 — 1 1 1 — — — — Plg, bio, qtz, mt, chl, ep Slight
7522 Rhyolite 977A-61X-1, 0-7 — — — 1 — 3 1 1 — — — — Plg, bio, qtz, mt, ep Slight
7646 Granite 977A-62X-1, 9-13 Alkali feldspar (55%), quartz (25%), plagioclase (10%), biotite (10%)

7647-H Metabasalt 978A-47R-1, 0-6 Actinolite (60%), quartz and feldspar (40%)
7647-1 Metarhyolite 978A-47R-1, 0-6 Quartz (65%), muscovite (10%), feldspar (3%), Fe-ore (2%), vein calcite (20%)
7647-U Metadacite 978A-47R-1, 0-6 Quartz (70%), biotite (15%), Fe-ore (10%), feldspar (5%)

Notes: Ol = olivine, px = pyroxene, cpx = clinopyroxene, opx = orthopyroxene, plg = plagioclase, amph = amphibole, bio = bictite, ak = alkali, fsp = feldspar, gtz = quartz, mt = magnetite, pyr = pyrite,

cc = calcite, act = actinolite, chl = chlorite, ep = epidote. Actinolite, chlorite, and epidote are secondary phases. Both primary and secondary quartz occurs. — = no phenocrysts were present in thin sec-

tion.
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Figure 4. Photomicrograph of representative samples depicting the petrographic composition and degree of freshness/alteration of volcanic clastic fragments. A.
Rhyalite 7522 (161-977A-61X-1, 0-7 cm) with phenocrysts of plagioclase, quartz and biotite in a microcrystalline matrix. B. Vitric groundmass with plagio-
clase, clinopyroxene, and titanomagnetite phenocrysts in basalt sample 7523 (161-977A-62X-1, 13-19 cm). C. Devitrified matrix with fresh phenocrysts of pla-
gioclase and clinopyroxene in basaltic andesite 7519 (978A-46R-1, 4-9 cm). D. Dacite 7524 (977A-63X-1, 0-5 cm) with corroded quartz phenocrysts and

partially atered plagioclase phenocrystsin microcrystalline matrix.

on plagioclase, sanidine, amphibole, and bictite phenocrysts from
volcanic rocks covering the spectrum from basalt to rhyolite. Age de-
termination results are presented in Table 4.

Dacite 7525 (161-978A-47R-1, 0-6 cm)

Eleven plagioclase phenocrysts (0.134-0.387 mg) from dacite
7525 were dated by single-crystal “°Ar/**Ar analysis. Apparent ages
range from 5.5 + 1.2 Mato 8.5 + 0.6 Ma. Isotope correlation returns
ascatterchron with an age of 6.5 + 0.4 Ma, and an initial “Ar/®Ar ra-
tio of 293 + 4 (mean squared weighted deviate [MSWD] = 3.8; Fig.
5A). If the oldest crystal isexcluded, the subpopulation yields an iso-
chron age of 6.4 + 0.3 Ma (MSWD = 1.63) and a mean apparent age
of 6.1+ 0.3 Ma (MSWD = 2.45), which is considered here the best
estimate of the eruption age of dacite 7525.
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Rhyolite 7521 (161-977A-60X-1, 0-7 cm)

Nine plagioclase phenocrysts, one sanidine phenocryst, and one
biotite phenocryst (0.250-0.800 mg) from rhyolite 7521 were ana-
lyzed by single-crystal fusion. With apparent single-crystal ages
ranging from 9.39 + 0.18 Ma to 9.98 + 0.30 Ma, the plagioclase
analyses define an isochron with an age of 9.46 + 0.11 Ma (MSWD
= 1.32; Fig. 5A), and yield a mean apparent age of 9.55 + 0.49 Ma.
Their initial “Ar/®°Ar ratio is determined as 307 + 12, identical to the
atmospheric ratio of 295.5 within 1-o error limits. A step-heating
analysis of asingle biotite phenocryst from the same sample gave an
errorchron of 9.41 + 0.10 Ma (MSWD = 6.88) and an integrated age
for individual heating steps of 9.49 + 0.05 Ma (Fig. 5B), which is
identical to the plagioclase ages within error limits. A single sanidine
phenocryst yields the most precise age estimate for the eruption of



rhyolite 7521. Its apparent age of 9.25 + 0.02 Ma overlaps within er-
ror limits with the results obtained from plagioclase phenocrysts, but
not with the poorly defined bictite errorchron.

Rhyolite 7522 (161-977A-61X-1, 0-7 cm)

Plagioclase phenocrysts from rhyolite 7522 (10 single-crystal
analyses, 0.190-0.611 mg) give apparent ages ranging from 9.37 +

Table 2. Sandard data for XRF-measurement.

EVIDENCE FOR MIOCENE SUBDUCTION

0.07 Mato 9.99 + 0.12 Ma. The data are isochronous at 9.51 + 0.14
Ma(MSWD = 2.71) and have adightly elevated initial “°Ar/®Ar ra-
tio of 341 + 31 (Fig. 5A). The step-heating analysis of a biotite phe-
nocryst gives an isochron age of 9.29 + 0.10 Ma, a near-atmospheric
initial “°Ar/%Ar ratio of 296 + 12, and an MSWD of 1.64. The age
spectrum isflat but does not represent a plateau region (sensu stricto)
within 1-o error limits (Fig. 5B). The integrated age is 9.25 + 0.05
Ma. The best estimate of the eruption age of rhyolite 7522 is again
derived from a single sanidine crystal analysis. Its apparent age of

9.29 + 0.02 Maagrees with the biotite step-heating results, but issig-
nificantly younger than the poorly defined plagioclase data.

Sample RGM-1 BM (N=7) SY-2(N=10) SDC-1(N=11)

Major elements (wt%) —

Sig;)r eme”753(_51 ) 4976 03 - Basalt 7523 (161-977A-62X-1, 13—-19 cm)

TiO, 0.27 114 0.14 1 )

AlO3 138 16.35 12.19 15.98 Seven amphibol e phenocrysts (0.060-0.261 mg) were dated from
592“83 %:gz 8:% 822 8:?2 basalt 7523 (Fig. 5A). With single-crystal apparent ages ranging from
MgO 0.27 7.66 2.75 1.75 8.8+ 29Mato 11.8+ 1.6 Ma, the analyses yield an isochron age of
(N3:200 8 83 o5 T 9.95 + 0.64 Maand an initial “Ar/®Ar ratio of 294 + 10 (MSWD =
K, 431 017 448 327 0.94). Isochron and mean apparent ages (9.90 + 0.40 Ma) are identi-
P05 0.66 0.12 043 0.15 cal within error limits, but analytical precision is low because of
Trace elements (ppm) small sample masses, low potassium content (i.e., insufficient neu-
Eg ﬁgg 262 ‘2%2 6139 tron dose), and high nonradiogenic argon contents.

Sr 105 226 272 181

u 2z 1000 = = Dacite 7524 (161-977A-63X-1, 0-5 cm)

Cr <18 130 <18 53

(,\:l? <g 2(2) 18 %g Plagioclase phenocrysts _from dacite 7524 (si?( single-crystal
Cu 35 46 6 29 analyses, 0.162-0.563 mg) give apparent ages ranging from 11.1 +
o 3 12 23 100 1.3 Mato 13.8 + 0.3 Ma (Fig. 5A). This population yields a scatter-

chron age of 12.5 + 0.9 Mawith an initial “°Ar/*Ar ratio of 303 + 13
(MSWD = 7.1). The mean apparent age (13.0 + 0.3 Ma) is poorly
constrained as well; its high MSWD (6.1) indicates the presence of

Table 3. Sandard and blank data for ICP-MS.

Blank|  Blank Il BHVO  RGM-1  STM-1 different age popul ationsin the crystal assemblage analyzed. Exclud-
Sample (ppb) (ppb) (ppm) (ppm) (ppm) ing two crystals with apparent ages of 13.5+ 0.2 Maand 13.8 + 0.3
- 0.038 0135 ,1 Py 70 Madrastically decreasesthe_MSWD (0.36) and yields amean appar-
Th 0.004 0.003 125 15 P ent age of 12.1 + 0.2 Ma. It is not clear whether the observed scatter
hlf 8-%1 8-88% 2-326 g-g? 38-%8 in the plagioclase population of 7524 and 7525 reflects loss of radio-
Nb 0003 0004 171 85 P genic “°Ar from some of the apparently younger crystals because of
Ta 0.001 0.002 11 0.84 16,5 ateration or thermal overprinting, or whether it indicates the pres-
Y 0.003 0.000 24.3 209 423 ;
la 0000 0,004 61 537 158 ence of older xenocrystsin these magmas. _
Ce 0.002 0.009 39 46.9 276 In summary, the single-crystal and step-heating laser “°Ar/*®Ar
Pr 0.000 0.001 5.64 541 27.1 i idi ioti i
Nd 0001 0004 o 193 53 analyses of plagloql ase, sanidine, biotite, and amphibole phenocrysts_ _
Sm 0.001 0.000 6.49 407 131 from lava clasts in Cores 161-977A-60X-63X and 978A-47R indi-
(EaLé 8-%(2) gggg 2-16 3-209 18'38 cate that the eruptions of these basaltic to rhyolitic magmas occurred
To 0,000 0.000 1 0621 156 between 6.1 (dacite 7525) and 12.1 Ma (dacite 7524). At Hole 977A,
Dy 0.000 0.000 5.63 379 8.46 the eruption ages of the volcanic rocks studied, systematically in-
Ho 9000 9000 T Pt 9 crease with depth and thus conform to the stratigraphy (i.e., from
Tm 0.000 0.000 0.349 0377 0,675 Core 60X [9.25 Ma], to Core 61X [9.29 Ma], to Core 62X [9.9 Ma]
Yb 0.000 0.001 21 256 451 i
i 0000 0000 396 5305 e and Core 63X [12.1 Ma])). A cl_ast from Core 60X was assigned to
Zone NN7 (~10.612.2 Ma) within the Serravallian, based on the mi-
Table 4. Results of “°Ar/3%Ar laser dating.
Core, section, interval Isochronage  Error Initia Error
(cm) Sample  Minera N Type Age(Ma) Error (16) MSWD (Ma) (lo) “Ar/*Ar (1) MSWD
161-977A-60X-1,0-7 7521 Plagioclase 9 SX-MAA 955 049 164 9.46 0.11 307 12 132
977A-60X-1, 0-7 7521 Sanidine 1 SX-A 9.25 0.02
977A-60X-1, 0-7 7521  Biotite 14 SH-IA 9.49 0.05 9.41 0.10 298 5 6.88
977A-61X-1, 0-7 7522 Plagioclase 10 SX-MAA 9.70 0.07 3.98 951 0.14 341 31 271
977A-61X-1, 0-7 7522 Sanidine 1 SX-A 9.29 0.02
977A-61X-1, 0-7 7522 Biotite 7 SH-IA 9.25 0.05 9.29 0.10 296 12 164
977A-62X-1,13-19 7523 Amphibole 7 SX-MAA 9.90 0.40 0.80 9.95 0.64 294 10 0.94
977A-63X-1, 0-5 7524 Plagioclase 6 SX-MAA 13.00 0.30 6.10 1247 0.92 303 13 7.06
4 SX-MAA 1210 0.20 0.36
O78A-47R-1,020 7525 Plagioclase 11 SX-MAA 6.20 0.30 3.60 6.50 0.40 293 4 3.80
10 SX-MAA 6.10 0.30 2.45 6.40 0.30 290 3 163

Note: SX-MAA = single crystal mean apparent age, SX-A = single crystal apparent age, SH-1A = step-heating integral age, N = number of single crystal analyses for SX, number of heat-
ing steps for SH, MSWD = mean square weighted deviates.
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Figure 5. A. Inverse isochron diagrams show the best-fit regression lines. Argon isotope ratios of single plagioclase and amphibole phenocrysts, and bictite step-
heating are shown with 1-o error ellipses. Analyses are normalized to acommon J-value of 1 x 10~ Dashed encircled points are excluded from regressions. B.
Age spectrum diagrams showing the results of laser step-heating analyses of biotite crystals from rhyolites 7521 and 7522. Mean apparent ages of heating steps

are shown with 1-o error bars.

crofossi| assemblage scraped from this sample (Comas, Zahn, Klaus,
etal., 1996). Thisprovidesfurther support for amid-Miocene age for
the base of Hole 977A. Sample 161-978A-47R-1, 0-6 cm (7525),
also hasan age similar to that of microfossilsfrom the same unit (6.52
Ma; Comas, Zahn, Klaus, et al., 1996). These observations are con-
sistent with deposition of the volcanic clasts shortly after their erup-
tion and suggests that at least some of the pebbles were derived from
local volcanic structures, such as Al-Mansour Seamount, Y usuf
Ridge, and Maimonides Ridge (?).

MAJOR- AND TRACE-ELEMENT GEOCHEMISTRY

Major- and trace-element compositions for 24 whole-rock sam-
ples (eight samples from Site 977 and 16 from Site 978) are reported
in Table 5. The samples from both sites range in composition from
basalt to rhyolite (Fig. 6A) and belong to the tholeiitic, calc-alkaline,
high-K calc-akaline, and shoshonite series (Fig. 6B). The samples
show a greater range in chemical composition than those from Cabo
de Gata and extend to more mafic compositions (Fig. 6A).

Asisillustrated in Figure 7, the major elements and compatible
trace elements show systematic variations of SiO, content. Relatively
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immobile elements, such as Al,O3, FeO* (tota iron as FeO), TiO,,
V, Co, and Cr, decrease with increasing SiO,. Dacite sample 7647-U
(161-978A-47R-1, 0-6 cm) haselevated TiO, and FeO*, which prob-
ably reflect the large amount of titanomagnetite in this sample
(~10%). If the four samples with H,O > 4 are excluded, then CaO,
CaO/Al,0; MgO, P,0s, and Sr show inverse correlations with SiO,.
In the four samples with H,O > 4, the higher MgO, but lower CaO,
CaO/Al,0;, P,Os, and Sr than in the other samples at similar SiO,,
most likely reflect the effects of seawater ateration, consistent with
the greater degree of alteration observed in the thin sections of these
samples. Sample 7647-H (161-978A-47R-1, 0-6 cm) has anomal ous-
ly low Al,O; TiO,, and Sr and anomalously high CaO/Al,O; and
MgO (Table 5). Most incompatible elements show crude positive
correlationswith SiO,, but correl ate much better with each other (Fig.
8).

Compared to both mid-ocean ridge basalt (MORB) and ocean-
idand basalt (OIB), basaltic samples from the Alboran have high ra-

tios of “fluid-mobile” (also often referred to as the large-ion-litho-

phile elements [LILE]) to “fluid-immobile” (Th, high-field-strength
elements [HFSE], and REE) elements (e.g., Ba/Nb>-§28], Ba/Ta
[248-870], Ba/La [#34], K/Nb [61710,917], K/Ta [7308
127,077]), and of light (L)REE to HFSE (e.g., La/Nb E6®] and



Table 5. Major- and trace-element analyses.

161-
978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 978A- 977A- 977A- 97TA- 977A- 977A- 9TTA- 977A- 977A-
Sample: 46R-1 46R-1 46R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 47R-1 60X-1 60X-1 61X-1 62X-1 62X-1 62X-1 63X-1 63X-1
Interval
(cm): 4-9 4-9 4-9 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-7 27-31 0-7 4-9 9-13 13-19 0-5 5-11
Internal
sample no.: 7519 7519-l 7525 7647-B 7647-C 7647-E 7647-H 7647-1 7647-K 7647-M 7647-O 7647-Q 7647-U 7647-V 7647-X 7518 7521 7520 7522 7649 7646 57523 7648
Major elements (Wt%)
Si 5251 5946 6752 53.68 66.15 6350 5256 68.13 56.85 64.78 53.80 4137 66.25 66.61 64.63 47.74 7293 52.68 7211 5329 70.46 4941 67.83 68.80
TiO, 0.76 0.53 0.40 0.88 0.50 0.49 0.23 0.37 0.52 0.47 0.61 0.59 0.75 0.35 0.46 0.73 0.23 0.57 0.22 0.64 0.24 0.77 0.40 0.30
Al,03 21.9 17.06 1494 1649 1578 15.64 7.76 452 17.28 1651 1493 17.01 1390 1539 1557 1837 1417 16.17 1440 16.65 15.13 1829 1437 1517
Fed 6.23 6.35 3.89 8.11 3.80 5.14 9.99 1.19 5.27 3.16 7.88 7.86 5.11 4.70 4.72 8.22 1.76 8.13 1.94 7.14 2.25 7.85 4.11 2.81
MnO 0.04 0.04 0.05 0.16 0.06 0.11 0.21 0.14 0.10 0.05 0.11 0.05 0.08 0.05 0.04 0.13 0.01 0.12 0.02 0.05 0.04 0.07 0.07 0.05
MgO 2.00 1.72 1.38 5.46 2.68 343 13.04 1.86 6.48 1.32 4.52 3.49 2.01 1.22 2.33 8.29 0.48 10.93 0.48 8.99 1.44 6.48 2.63 1.68
CaOo 9.43 6.72 3.64 9.51 4.13 447 1142 1173 3.35 4.48 5.01 7.43 5.39 4.24 5.01 4.61 1.70 0.98 1.72 0.74 2.77 10.56 2.92 2.82
Na,O 343 2.84 3.33 2.65 2.58 2.32 1.20 2.26 3.14 2.79 2.90 2.73 0.86 3.84 2.90 2.07 3.57 3.58 3.61 0.83 2.48 2.70 2.76 2.59
K,0 0.41 2.57 3.15 0.34 2.76 1.68 0.37 0.22 1.80 3.88 3.58 0.55 2.26 1.22 1.99 1.97 4.62 0.07 4.60 4.39 3.86 0.28 1.65 3.89
P,0g 0.156 0.264 0.174 0.086 0.087 0.072 0.023 0.079 0.065 0.103 0.097 0.329 0.138 0.096 0.077 0.076 0.067 0.055 0.066 0.049 0.081 0.147 0.051 0.089
H, 2.02 1.25 0.94 1.84 2.14 2.59 2.13 0.43 4.50 110 — 3.21 153 — 1.75 6.21 0.53 6.06 0.32 6.22 0.95 2.06 2.48 1.19
CO, 0.09 0.11 0.18 0.13 0.14 0.74 0.12 9.88 1.20 075 — 0.40 115 — 0.26 1.46 0.03 0.13 0.02 0.23 0.06 0.18 0.08 0.13
Total 98.98 9891 9959 99.34 100.81 100.18 99.05 100.81 100.56 99.39 9344 8502 9343 97.72 99.74 99.88 100.10 9948 9951 99.22 99.76 98.80 .589.35 99
Trace elements (ppm)
Ba 717 912 108 369 268 12 45 133 345 748 336 312 105 198 92 880 <8 897 36 168 82 65 208
Rb 9 90 117 15 106 36 8 9 25 140 48 9 108 69 86 19 167 <4 171 20 245 <4 11 225
Sr 298 326 268 163 124 95 28 515 88 145 139 436 201 126 99 104 187 61 194 55 82 385 66 91
Pb* 3.45 4.38 4.82 4.87 6.95 3.34 0415 3.92 479 155 4.49 489 279 3.55 9.26 9.00 12.68 201 132 230 659 2.60 153 57.1
Th* 427 141 24.3 0.925 10.7 3.61 0.096 8.54 2.24 8.92 6.46 12.7 11.9 2.95 2.66 137 18.6 0.233 19.2 0.365 8.48 6.58 0.757 9.84
U* 1.22 4.72 7.21 0.463 1.99 0.822 0.087 1.64 1.48 2.33 0.332 3.16 2.85 114 0.737 1.09 6.59 0.376  6.95 2.07 2.48 3.18 0.619 3.06
Zr 73 100 157 70 131 87 16 325 62 121 127 64 216 93 100 53 178 30 177 32 74 83 81 88
Hf* 2.29 3.02 4.39 147 1.05 2.53 0.374 1.78 154 0.616  2.18 2.22 5.40 2.77 1.04 1.78 3.21 0.683  3.06 0.993 0.826 2.56 2.10 0.680
Nb* 3.37 6.92 8.78 2.60 8.08 2.63 0.291 6.32 1.78 7.51 6.07 5.19 1.2 2.07 2.87 245 105 0449 11.1 0.556 10.4 91 0.819 9.97
Ta* 0.272 0510 0.621 0.194 0680 0.210 0.025 0439 0.175 0.650 0508 0.386 0.920 0.149 0.235 0.159 0968 0.039 0.981 0.043 1.70 0.330 0.068 1.50
Y* 16.1 13.8 18.7 18.2 19.3 17.1 8.03 164 17.0 16.0 17.4 23.9 30.0 234 14.5 17.8 17.4 734 223 17.8 10.7 20.9 18.0 13.8
La* 12.2 23.6 254 3.27 293 8.75 0.355 24.2 6.24 25.6 12.2 321 36.6 884 114 5.83 443 0.464 48.1 244 133 12.6 3.00 17.6
Ce* 27.2 46.9 53.4 9.31 581 18.3 1.00 544 12.6 52.0 222 67.8 75.6 19.7 225 13.3 88.6 139 96.0 6.70 28.2 39.7 8.16 36.7
Pr* 3.71 5.62 6.64 1.49 6.59 2.26 0.177  6.79 1.62 6.11 3.21 8.56 8.44 2.72 2.65 1.85 10.0 0.245 11.0 1.11 3.26 4.06 131 4.28
Nd* 15.2 21.7 26.1 7.28 24.0 8.95 1.00 26.1 6.87 224 13.3 33.2 331 12.0 10.1 811 354 141 39.0 585 11.8 17.3 6.50 157
Sm* 3.80 4.36 5.33 2.36 4.82 2.33 0.515 5.05 2.04 4.78 3.11 7.28 6.19 3.23 2.39 2.39 6.58 0571 7.19 2.12 2.95 4.60 2.19 3.67
Eu* 1.10 1.05 1.14 0.830 1.05 0.604 0.159 0.863 0.642 0967 0.870 155 1.20 0.961 0.675 0.676 1.16 0.227 1.28 0.689 0.628 1.20 0.573  0.660
Gd* 3.66 3.45 4.18 2.92 431 2.63 0.827 3.90 2.54 4.08 3.11 6.12 6.66 3.57 2.53 2.85 5.01 0.838 5.69 2.65 2.66 4.60 2.52 3.30
Th* 0.598 0501 0617 0541 0.668 0480 0.186 0595 0475 0.619 0520 0917 0905 0637 0450 0534 0.714 0.177 0.832 0497 0419 0755 0472 0521
Dy* 3.47 2.80 3.54 3.56 3.84 3.17 1.35 3.26 3.17 3.38 3.32 .10 4.97 4.09 2.80 3.49 3.76 1.32 .50 3.39 2.23 4.46 2.
Ho* 0.666 0.550 0.718 0.753 0.748 0.677 0.312 0.624 0681 0.624 0.707 0963 1.04 0.886 0578 0.742 0.708 0.312 0.868 0.748 0.402 0.846 0.687 529
Er* 1.72 152 2.09 211 2.03 1.97 0.924 1.68 1.92 1.61 2.13 244 2.62 2.57 1.60 2.08 1.90 0.955 2.39 2.20 1.09 2.16 2.03 1.
Tm* 0.234 0.228 0332 0315 0.297 0312 0.151 0.248 0301 0.222 0.371 0320 0.387 0404 0240 0.321 0.271 0.156 0.355 0.338 0.163 0.286 0.327 .218
Yb* 1.41 1.55 2.31 2.04 1.86 2.15 1.03 1.61 1.98 1.39 2.99 1.89 2.61 2.70 1.59 2.10 1.76 1.06 2.34 2.26 1.08 1.68 2.26 1.38
Lu* 0.188 0.234 0361 0297 0.269 0.332 0.165 0238 0304 0191 0514 0.258 0368 0424 0240 0.309 0250 0157 0.343 0.346 0.152 0228 0354 [0.196
\Y 229 163 61 230 100 124 208 19 165 104 157 224 107 39 115 232 18 233 17 272 44 262 112 57 8
Cr <18 <18 <18 <18 40 19 207 <18 117 <18 54 33 75 <18 <18 47 <18 130 <18 124 <18 176 <18 <18 X
Co 10 13 6 32 12 14 47 <4 13 7 15 14 19 6 14 64 <4 35 <4 25 7 20 13 8 =z
Ni <2 3 11 15 4 <2 139 <2 28 3 11 18 29 <2 <2 51 <2 44 <2 60 3 26 <2 <2 =
Cu 50 26 11 13 17 15 37 <4 22 11 22 120 22 10 47 76 <4 28 <4 116 16 48 39 8 8
Zn 69 57 37 63 33 98 41 18 94 41 64 115 86 146 53 87 21 93 16 44 42 63 55 41 m
Ga 20 16 16 13 19 16 11 <8 17 21 16 12 21 18 17 17 20 11 23 21 13 22 16 18 %
Notes: Datafrom ICP-MSis denoted with *, dl other datafrom XRF. ICP-MS data reflect averages of duplicate analyses. — = no data available. g
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Figure 6. Volcanic rocks from Sites 977 (sguares) and 978 (circles). A. SO, vs. total akalis (Na,O + K,0) after Le Maitre et al. (1989). Also shown are datafor
Cabo de Gata (shaded field) from Fernandez Soler (1992). Data were normalized to 100% on a volatile-free basis. B. SiO, vs. total K,O after Rickwood (1989).
The shaded regions denote the divisions between the thol eiite, cal c-alkaline, high-K calc-alkaline, and shoshonite fields.
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Figure 7. SIO, vs. Al,O,; CaO, FeO*, CaO/Al, O, TiO,, and V. Magor-
element datawere normalized to 100% on avolatile-free basis, assuming that
CO, comes from CaCO;. Rhyalite sample 7647-1 (161-978A-47R-1, 0-6
cm) was omitted from the diagram, because of its high CO, (9.9 wt%) con-
tent and thus causing a problem with the CaO correction. Dashed fields
enclose data with H,O < 4 wt%, except when sample name is noted.

La/Ta[12-83]), but low ratios of immobile to mobile elements (e.g.,
Nb/U [1.2-5.6] and Ce/Pb [0.7-15]). Theratios in the Alboran sam-
ples, however, are characteristic of subduction-related volcanic
rocks.

The REE patterns, normalized to chondrite using the values of
Boynton (1984), are shown in Figure 9. The basdts and basaltic
andesites can be divided into two groups based on their REE abun-
dances: (1) the LREE-depleted group has patternssimilar to those ob-
served in norma (N) and enriched (E) MORB, and (2) the LREE-
enriched group has patterns characteristic of OIB (e.g., basalts from
Saint Helena and Gomera (Canary Islands; Fig. 9A). The LREE-
depleted group contains Samples 7520 (161-977A-60X-1, 27-31
cm), 7647-H (978A-47R-1, 0-6 cm), 7647-B (978A-47R-1, 0-6 cm),
and 7518 (978A-47R-1, 0-6 cm), and the L REE-enriched group con-
tains samples 7647-Q (978A-47R-1, 0-6 cm), 7523 (977A-62X-1,
13-19 cm), and 7519 (978A-46R-1, 4-9 cm). The andesites, dacites,
and rhyolites generally show LREE enrichment with (La'Yb)y = 1.
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Figure 9. Multi-element diagrams for chondrite-normalized REEs (Boynton, 1984) and for incompatible elements normalized to primitive mantle (Hofmann,
1988). A. Data for Alboran basalts and basaltic andesites. (Continued next page.)
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Figure 9 (continued). B. Data for Alboran andesites, dacites, and rhyolites. Average normal MORB (N-MORB; Hofmann, 1988), ocean island basalts from
Saint Helena (Chaffey et al., 1989) and Gomera (S. Dorn and K. Hoernle, unpubl. data), and Aeolian Arc (Salina) basdts, andesite, dacite, and rhyolite (Ellam
et d., 1989) are shown for comparison.
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Figure 11. Ta/Yb vs. Th/Yb (after Pearce, 1983) for Alboran basaltic rocks
from Sites 977 and 978, which illustrates the difference between the LREE-
enriched and LREE-depl eted groups. All basalts have clear subduction zone
affinities.

Most samples, especially in the more evolved rock types, have nega-
tive Eu anomalies. The more evolved samples (andesites through
rhyolites) typically have concave patterns, reflecting depletion of the
middle (M)REEs.

The incompatible-element diagrams (Fig. 9), normalized to prim-
itive mantle after Hofmann (1988), are strongly spiked. Pronounced
troughs occur at Nb and Tain all samples. Peaks occur in most, but
not all samples, at U and Pb. In general, mobil e elements, such asRb,
Ba, U, K, and Sr, are enriched relative to less mobile elements such
as high field strength elements (HFSE, for example Nb, Ta, Zr, Hf)
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Figure 12. Y/Nb vs. Zr/Nb diagrams illustrate the difference between the
LREE-enriched and L REE-depl eted basalt groups from Sites 977 and 978.

and the REE. Th generally behaves similar to the LREEs (e.g., sam-
ples with high La have high Th and vice versa). The basalt groups
also display distinct characteristics on multi-element diagrams (Fig.
9A). The LREE-enriched basalts are also characterized by relative
enrichmentsin Th and U but depletions in Rb, Ba, K, Zr and Ti, as
well as Nb and Ta. The L REE-depleted basalts show relative enrich-
mentsin Rb, U, K, Pb and Sr but relative depletion in Th, as well as
in Nb and Ta.

Asisillustrated in Figures 10-12, the basalt groups a so have dis-
tinct immobile, incompatible element ratios. For example, the LREE-
enriched group haslower Ta/Nd, Sm/Nd, Y/Nb and Zr/Nb, but higher
TalYb, Th/Yb, Sm/Yb, Gd/Yb and La/Nb than the L REE-depleted
group. Theseratios are unlikely to have been significantly affected by
low-temperature or hydrothermal ateration.

MAGMA EVOLUTION AND GENESIS

Variations in the mgor- and trace-element geochemistry, taken
together with the observed phenocryst phasesin these rocks, can help
constrain the differentiation history of the Alboran volcanic rocks.
The decrease in Al ,O,, Sr, and CaO with increasing SiO, and degree
of differentiation, aswell asthe negative Eu anomaly present in most
sampl es (especially the most evolved: dacites and rhyalites), indicate
fractionation of plagioclase, which was the major phenocrystic phase
found in dl rock types. The presence of clinopyroxene in the basalts
through andesites, and the decreases in CaO/Al,O;, Ca0, and Cr are
consistent with clinopyroxene fractionation, whereasthe decreasesin
MgO and Co most likely reflect olivine fractionation in the more ma-
fic rocks. The decreases in FeO*, TiO,, and V with decreasing SiO,
and presence of titanomagnetite phenocrysts in al rock types illus-
trate the importance of titanomagnetite as a fractionating phase. Re-
moval of ~5% titanomagnetite is necessary to explain the decreasein
V from basalt to rhyolite. Finaly, the decreasein P,O; and the deple-
tion in the MREE reflect fractionation of apatite and possibly am-
phibole. In summary, fractionation of plagioclase, clinopyroxene, ti-
tanomagnetite, olivine, apatite and amphibole can explain most of the
observed variations in the major and compatibl e trace elements. Nev-
ertheless, the presence of xenocrysts and the large range in Pb con-
centration in the dacites and rhyolites of 1.5 to 66 ppm (only three
samples, however, have Pb > 15.5 ppm) suggest that crustal contam-
ination was aso an important process affecting the chemistry in at
|east the more evolved magmas.
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The geochemistry of the volcanic rocks from the Alboran places
important constraints on their origins. The calc-alkaline character of
most of these rocks, which range from basalt through rhyolite, is a
typical feature of subduction zone volcanism. Furthermore, andesites
and dacites occur amost exclusively in island arcs or aong active
continental margins. The trace-element systematics provide further
strong support for a subduction origin of the Alboran volcanic rocks.
These include (1) the spiked incompatible-element patterns, (2)
troughs at Nb, Ta, and Ti on incompatible-element diagrams (Fig.
9A), (3) high Ba/La, Ba/(Nb, Ta), K/(Nb, Ta) ratios, and (4) low (Nb,
Ta)/REE, Nb/U, and Ce/Pb ratios. Because of the high solubility of
mobile elements (e.g., Rb, Ba, U, K, Sr, Pb) in hydrousfluids at man-
tle temperatures, these elements are transported from the sab to the
overlying asthenospheric wedge, resulting in enrichment of the
wedge (and themelts derived from the wedge) in these elements(e.g.,
Gill, 1981). Melts of sediments can a so enrich the wedge in these el -
ements. Such enrichment processes can explain the spikesin the mo-
bile elements on multi-element diagrams (e.g., see the LREE-depl et-
ed basaltsin Fig. 9A), aswell as high ratios in most samples of mo-
bile e ements to immobile elements, such as Nb and Ta. The troughs
on the incompatible-element diagrams a Nb and Ta can reflect the
low abundances of these elements in sediments and/or the retention
of these elements in the source by a residual phase such as titanite,
rutile, or possibly phlogopite (e.g., Gill, 1981; Wilson, 1989; lonov
and Hofmann, 1995).

Although contamination or mixing of MORB melts with conti-
nental crustal material can generate similar incompatible-element
characterigtics (e.g., Wilson, 1989) to those observed in some of the
basaltic samples, crustal assimilation (during ascent) cannot alone
explain the incompatible-element chemistry of the Alboran volcanic
rocks. For example, the enriched basaltic samples extend to higher
compositions of many elements (eg., K,O, Ba, Sr, Pb, Th, U,
LREES) than generally found in MORB or the continental crust (Hof-
mann, 1988; Taylor and McLennan, 1985). Furthermore, crustal as-
similation during fractiond crystallization (AFC) cannot explain the
inverse corrdations of SiO, with Nb/Zr and Nd/Sm in the basaltic
samples, because with increasing differentiation (as reflected by in-
creasing Si0,), both ratios should increase, not decrease. The varia-
tionin Ta/Nd and Sm/Nd ratiosin the basaltic samples are also incon-
sistent with crustal contamination (Fig. 10). The extremedepletionin
highly incompatible, immobile elements observed in some of the
LREE-depleted basalts are primarily found in subduction environ-
ments and are believed to form by high degreesof melting in the pres-
ence of water and/or as aresult of progressive depletion of the source
(e.g., Stolper and Newman, 1994). Finally, we note the striking sim-
ilarity between the incompatible-element abundances of the LREE-
enriched Alboran basaltic rocks and those from basaltic rocksin the
active Aeolian Arc, also inthe western Mediterranean (Fig. 9A). We
conclude that the mgjor- and trace-element compositions of the vol-
canic rocks provide evidence that subduction was active in the Albo-
ran from 6 to at least 12 Ma.

The incompatible-element data for the Alboran basaltic rocks can
also be used to constrain the residual mineralogy of the sources of
both groups. The LREE-depleted basdts have heavy (H)REE pat-
terns with near zero to slightly positive dopes and (Sm/Yb)y, (Gd/
Yb)y, and (Dy/Yb)y < 1 (Fig. 9A), indicating that garnet wasnot are-
sidual phase. The enrichment or peaks in mobile elements (Rb, U, K,
Pb, and Sr) vs. the depletion or troughs in immobile elements (Th,
HFSE, and REE) could reflect high degrees of melting of sources
metasomatized by hydrous fluids from the subducting dab (e.g.,
Stolper and Newman, 1994). A high degree of melting (because of
high water content) will result in an apparent depletion (i.e., dilution)
in immobile elements, which are not enriched by the hydrous fluids.
The mobile elements are, however, continually enriched in thewedge
by new fluid fluxes. In conclusion, these basalts are consistent with
derivation from metasomatized MORB-type material in the mantle
wedge above a subducting dlab.
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The steep negative slopes of the HREE patterns and (Sm/Y b)y,
(Gd/Y b)y, and (Dy/Yb)y > 1 (Fig. 9A) indicate that garnet may have
been aresidual phase during melting to form the LREE-enriched ba-
salts. Although garnet is only stable at depths >75-80 km (pressures
in excess of 2.3-2.5 GPa) in peridotite, it can be stable to depths as
shallow as 40 km in pyroxenite (Hirschmann and Stolper, 1996). The
negative anomalies on incompatible-element diagrams in Rb, Ba, K,
Zr, Ti (and possibly Nb and Ta) and the lack of a pronounced Pb
anomaly (in contrast to the LREE-depleted basalts; see Fig. 9A) most
likely reflect the presence of residual phlogopitariphibole) in the
source, which can be enriched in all of these elements (lonov and
Hofmann, 1995, and references therein). The LREE-enriched basalt,
therefore, could have been derived from a phlogopite-bearing garnet-
pyroxenite or -peridotite source within the mantle wedge above the
subducting slab.

There are two possible interpretations for enrichment in Th,
LREE, and MREE in the LREE-enriched basalts. First, they could re-
flect derivation from an enriched OIB- or plume-type of source. Us-
ing seismic tomography and isotope geochemistry, it has been shown
that large-scale upwelling of plume material has been occurring
throughout the Cenozoic beneath the eastern Atlantic, western Med-
iterranean, and western and central Europe (Hoernle et al., 1995). The
trace-element pattern for a basalt sample from Gomera (Canary Is-
lands) with the Sr, Nd, and Pb isotopic composition of this plume
end-member (LVC) is shown in Figure 9A (S. Dorn and K. Hoernle,
unpubl. data). The close similarity of the incompatible-element com-
position of this and other samples from the aforementioned areas with
those from high®U/2%Pb (HIMU)-type ocean islands, such as Saint
Helena, suggest an origin of the LVC plume component from recy-
cled oceanic crust. Recycled ocean crust is likely to be present in the
mantle as garnet pyroxenite. As is commonly observed in peridotite
massifs (believed to be obducted portions of the upper mantle) in
northern Morocco (Beni Boussera) and southern Spain (Ronda), py-
roxenite layers (with and without garnet) commonly occur within a
peridotite matrix. Therefore, the OIB-type, LREE-enriched end-
member is likely to occur as garnet pyroxenite layers within depleted
(MORB-type) peridotite. It has been shown in regions of upwelling
mantle, such as beneath the nearby Canary Islands, that zones of both
OIB- and MORB-type material can occur over distances of <100 km
(Hoernle et al., 1991; Hoernle and Schmincke, 1993). Subduction of
ocean crust beneath the Alboran resulted in metasomatism of both
MORB and OIB components within the mantle wedge by hydrous
fluids, which resulted in the stabilization of phlogopite in the garnet-
pyroxenite component. Both garnet and phlogopite remained in the
residuum during melting to generate the LREE-enriched basalts.

Alternatively, the trace-element characteristics of the LREE-
enriched basalts could reflect the presence of sediments in the source,
as has also been proposed for the Aeolian Arc Volcanic Rocks with
similar chemistry (Fig. 9; Ellam et al., 1989). If this is the case, then
the steep HREE patterns do not necessarily require the presence of
garnet in the source. The presence of phlogopite (+ amphibole) in the
residuum of the Alboran basalts may reflect their derivation from
lithospheric mantle sources, in contrast to derivation of the Aeolian
Arc Basalts from asthenospheric sources. Isotope data are crucial for
placing further constraints on the source compositions for both basalt
groups and for distinguishing between involvement of sediments or
OIB-type material.

DISCUSSION

As indicated above, the geochemistry of Miocenel@6Ma) vol-
canic rocks from Sites 977 and 978 can best be explained in the con-
text of subduction. Based on available geochemical data, rocks from
the volcanic belt in Figure 1 have similar compositions to the samples
analyzed in this study, as is illustrated by the comparison with Cabo
de Gata (e.g., Toscani et al., 1990; Fernandez Soler, 1992; see also
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Fig. 6). The major- and trace-element chemistry of Miocene tholei- in-flow of warmer and lighter asthenosphere into the gap above the
itic, calc-akaline, potassic and lamproitic rocks in the Alboran Re- slab could cause uplift above the sinking slab (Wortel and Spakman,
gion have been interpreted to reflect subduction in the region (Arafibl992; Zeck et al., 1992; Blanco and Spakman, 1993). Temporary up-
and Vegas, 1974; Bellon and Brousse, 1977; Delarue and Broussit of the Gibraltar arc on the western margin of the Alboran Sea 5
1974; Foley et al., 1987; Venturelli et al., 1988; Nelson et al., 19866 m.y. ago may in part be responsible for closing the Strait of Gibral-
Torres-Roldan et al., 1986; Venturelli et al., 1984). Therefore, théar, which resulted in the Messinian salinity crises in the Mediterra-
400 km northeast-trending volcanic zone may represent a volcaniean. Subsidence of the eastern portion of the Alboran in the early
arc formed by subduction of ocean crust during the Miocene. Pliocene, however, is difficult to explain unless part of the lithospher-
Additional support for northeast-trending subduction comes fronic mantle beneath the eastern Alboran was removed or delaminated
the depth of earthquake epicenters and seismic tomography. The pocherty and Banda, 1995). It is possible that during the detachment
icenters of two earthquakes in 1954 and 1973, located at 630 km apdbcess a piece of the lithospheric mantle beneath the eastern Alboran
640 km, respectively, beneath southern Spain, are interpreted to neay have been removed by the sinking slab. Finally, detachment of
flect the presence of a subducted slab at the base of the upper mariie lithospheric slab, or subsequent mantle upwelling, might also
(e.g., Isacks and Molnar, 1971; Chung and Kanamori, 1976; Udias trtgger delamination of the lithospheric mantle on the overriding
al., 1976; Grimison and Chen, 1986). The calculated east-wesplate, which could explain the gap in seismic activity, Bywave
trending principal stress axis (Udias et al., 1976) is consistent withelocities, and high seismic-wave attenuation at depths-e€2km
northwest-dipping subduction (Blanco and Spakman, 1993; Zeclpresently beneath the Alboran Sea and Gibraltar Arc (Seber et al.,
1996). Delay-time tomography shows that the presence of a positid996b).
P-wave velocity anomaly between 280d 700 km depths resembles  Although northwest-dipping subduction of oceanic crust in the
a cold, subducted, lithospheric slab (Blanco and Spakman, 1993Yliocene beneath the Alboran, followed by slab detachment and
The southwest-northeast strike and ~600 km length of this anomalithospheric delamination in the Pliocene, does not provide a unique
are similar to that of the Miocene volcanic belt (see Fig. 1). Althougisolution for the geological, geophysical, tectonic, and structural data
oceanic lithosphere is generally not thicker than ~100 km, the 25@e.g., see “Introduction” in Comas, Zahn, Klaus, et al., 1996), it
km thickness (and 600-km length) of tRevave anomaly no doubt shows that the available data can at least be interpreted in the context
in part reflects thermal equilibration of the surrounding warmer manef such a model.
tle with the colder slab (Zeck, 1996) and the resolution of the tomo-
graphic model. Data from the new seismic network in Morocco show

a similarP-wave anomaly beneath northeastern Morocco, the Albo- CONCLUSIONS
ran, and southeastern Spain between dfi 350 km (Seber et al.,
1996a). The tholeiitic to calc-alkaline basalt to rhyolite volcanic rocks

Although it is difficult to constrain the onset of subduction, thefrom Holes 977A and 978A in the eastern central Alboran Sea range
oldest ages of volcanism in the Alboran region-Z® Ma) suggest in age from 6.1 Ma to 12.1 Ma The ages conform to the stratigraphy
that it may have occurred near the Oligocene/Miocene boundargnd to ages from microfossils, where available. The major- and trace-
(Fig. 2). This boundary is associated with a major change in the plaldement geochemistry shows strong affinities to volcanic rocks from
kinematics in the North Atlantic region. Not only did movementsubduction zones, which indicates that subduction most likely oc-
within the Pyrenees and Biscay cease, but the European-African platarred beneath the eastern Alboran 6.1 to at least 12.1 Ma. The in-
boundary shifted to the Azores-Alboran fracture zone (Roest andompatible-element data also require the presence of both depleted
Srivastava, 1991). The Oligocene/Miocene boundary also coincidg8ORB-source) and enriched (ocean-island or sediment) compo-
with the beginning of subsidence to form the Alboran Basin and exaents in the mantle beneath the Alboran.
humation of metamorphic nappe complexes in southern Spain (Co-
mas et al., 1992; Zeck et al., 1992; Zeck, 1996). These events suggest
that the Alboran Basin may have been formed by back-arc processes ACKNOWLEDGMENTS
(Torres-Roldéan et al., 1986) and that the Alboran back-arc basin (and
possibly other Mediterranean back-arc basins) distinguishes itself
from Pacific-style back-arc basins primarily because subduction 0Gjy
curs beneath continental crust under compression from contineqlﬁ
continent collisions.

The lower velocities above 200 km in the tomographic model o

We acknowledge Alain Mascle and Menchu Comas for construc-
e reviews of this manuscript and Susanne Straub for helpful com-
ents. Kerstin Wolff, Jan Sticklus, Tom Arpe, and Marianne Stave-
and are thanked for their help with the analytical work. We thank

o9 enchu Comas and Juan Manuel Fernandez Soler for providing us
Blanco and Spakman (1993) and the lack of seismicity under the A“?/T/ith a preliminary version of a manuscript on Alboran volcanic sam-

oran and adjacent regions of southern Spain and northern Moroc : Wi ; ;
(from 2° to 8°W) between depths of 120 and 180 km (Seber et aﬁ)}’ijsecélt)t(ggegdlgysgilvmg. We are grateful to the DFG for funding this
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