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A Geochemical Model for the Petrogenesis of the Curagao Lava Formation:
Implications for the Origin of the Caribbean Plateau

BACKGROUND

The Caribbean Plateau

The Caribbean plateau is a large igneous province (LIP)—a massive emplacement
of intrusive and extrusive igneous rock (Coffin and Edholm, 1994). A popular model
attributes the petrogenesis of LIPs to melting triggered by upwelling associated with
mantle plumes during the initial stages of hotspot activity (Morgan, 1981; Richards et al.,
1989; Duncan and Richards, 1991). According to this model, LIPs form over a
geologically short period of time—typically within a few million years (Morgan, 1981;
Richards et al., 1989; Duncan and Richards, 1991).

The majority of plate tectonic models suggest that the Caribbean Large Igneous
Province (CLIP) moved into its present position from the east Pacific region and that this
eastward movement began during the late Cretaceous (Burke et al., 1984; Duncan and
Hargraves, 1984; Pindell and Barrett, 1990; Kerr et al., 1999). Duncan and Hargraves
(1984) report that this eastward movement resulted in the collision of the CLIP with the
Greater Antilles Arc between South and Central America between 80 and 90 Ma.
According to these authors, this resulted in the uplift and accretion of thick sections of the
Caribbean plateau crust along the margins of northwestern South America. Rather than
being subducted, the CLIP was sufficiently thick and buoyant to clog the trench. This
resulted in a polarity flip of the Greater Antilles Arc (from northeast-dipping to

southwest-dipping), accompanied by subduction of oceanic crust beneath the eastern



margin of the Caribbean plateau. By about 60 Ma, the Central America Arc had formed
to the southwest of the CLIP, resulting in the subduction of the Farallon plate beneath the

Caribbean Plateau (Duncan and Hargraves, 1984).

The Curacao Lava Formation

The island of Curagao (Figure 1) contains some of the best-preserved subaerial
sections of the Caribbean plateau, and the petrology and stratigraphy of this region are
well-documented. Klaver (1987) determined that the Curacao Lava Formation (CLF) is
more than 5 km thick, and composed predominately of massive and pillow lavas,
hyaloclastites and sills. The lower half of the exposed section is dominated by olivine
basalts and picrites, some containing as much as 31 wt% MgO (Beets et al., 1982). Kerr
et al. (1996) suggest that the high-MgO picrites are olivine cumulates. The upper half of
the CLF consists of more evolved plagioclase- and clinopyroxene-phyric pillow basalts,
dolerite sills, and hyaloclastites (Klaver, 1987). Kerr et al. (1996) concluded that the
picrites of the CLF are related to the basalts by simple fractional crystallization of
olivine, clinopyroxene, and plagioclase. Révillon et al. (1999), however, found that trends
on trace element variation diagrams indicated that fractional crystallization alone cannot
explain the relationship between the basalts and picrites.

Stratigraphic relationships and radiometric ages from previous research suggest
that the lavas of the CLF were formed relatively rapidly. Only one intercalation of
pelagic sediments has been found within the CLF, suggesting that the extrusion of the
lavas occurred during a short timeframe (Klaver, 1987). Previous “°Ar-**Ar ages for lavas

range from 88 to 90 Ma (Sinton et al., 1998). A Re-Os isochron age of 85 + 8.1 Ma has



also been obtained for a Curacao lava flow (Walker et al., 1999). Previous
geochronological analyses suggest that the Caribbean plateau formed as a result of two
large-scale magmatic pulses (Sinton et al., 1998). Kerr et al. (1996) report that most of
the Curacao lavas possess nearly constant Nd isotopic ratios (eng~ +6-7) and flat rare-
earth element (REE) patterns. However, REE and isotopic data collected by Sinton et al.
(1998) suggest that the formation of the oceanic plateau involved two compositionally

distinct mantle sources and variable melting conditions.
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Figure 1. Map of Curacao (adapted from Loewen et al., in review). Sample locations
and ages (in Ma) are shown, including one previous “°Ar-**Ar age from Sinton et al.
(1998) shown with an asterisk.



The majority of models for the petrogenesis of the CLF suggest the involvement
of a mantle plume, but have until recently relied on a relatively limited set of
geochemical and geochronological data. The “°Ar-**Ar dating attempts by Sinton et al.
(1998) produced only three successful plateau ages. Additionally, varying interpretations
of geochemical data obtained from the rocks of Curacao have resulted in models using a
number of different mantle source compositions and parental magma compositions (e.g.
Klaver 1987; Sinton et al., 1998; Kerr et al.; 1996). The model presented here
incorporates a significant number of new reliable plateau ages and major and trace
element chemical data for Curacao lavas (Loewen et al., in review). Previous models
indicating that the CLIP formed at 88-90 Ma from melting associated with the arrival of a
mantle plume beneath the lithosphere cannot adequately explain the observed
geochronological and geochemical variation of the rocks of the CLF. The new model
proposed herein provides parental magma and mantle source compositions that are

consistent with the full range of ages and compositions observed for CLF rocks.



METHODS

Fifty-six samples collected from the CLF by R. A. Duncan and M. Loewen form
the basis of this research. Samples were examined in thin section and divided into groups
based on differences in mineral assemblage and texture. Samples in which mineral phases
were unidentifiable due to alteration were excluded from further analysis.

Major and trace element data were collected for selected samples using X-ray
fluorescence spectroscopy (XRF) by Dr. Chris Sinton at the University of Redlands.
Additional major element data were collected using XRF by the Washington State
University Geoanalytical Lab. Rare earth and trace element data were collected using
inductively coupled plasma mass spectrometry (ICP-MS) at the Washington State
University Geoanalytical Lab.

Major and trace element data were collected for olivine, plagioclase, and
clinopyroxene using Electron Microprobe Analysis (EMPA). EMPA was conducted at
Oregon State University using a Cameca SX-100 Electron Microprobe equipped with 5
wavelength dispersive spectrometers (WDS), one energy dispersive spectrometer (EDS),
and a high speed back scattered electron (BSE) imaging system. A total of 44 olivine
crystals, 69 pyroxene crystals and 58 plagioclase crystals were analyzed in eight of the
Curacao samples (two picrites, two poikilitic sills and four plagioclase-clinopyroxene
tholeiites) at a spot size of 1 um, a beam intensity of 30 nA and an acceleration voltage of
15 kV.

Age determinations of groundmass and plagioclase separates were performed at

Oregon State University using standard “°Ar-**Ar incremental heating techniques.



Samples were crushed, sieved, washed and subjected to mild acid leaching with HCI and
HNOs prior to irradiation. Neutron flux during irradiation was monitored using FCT-3
biotite (28.02 Ma; Renne et al., 1998). Argon isotopic compositions of samples were
determined using a Mass Analyzer Products (MAP) 215-50 mass spectrometer attached
to a low-blank, all-metal extraction line. Samples were heated using a continuous 10W
CO;, laser operated as a defocused beam. Incremental heating plateau ages and isochron
ages were calculated for each sample using the ArArCALC v2.2 software package (after
Koppers, 2002).

Parental magma evolution was modeled using the MELTS software package
(Ghiorso and Sack, 1995). MELTS models the evolution of magmas in a series of steps
of varying temperature and/or pressure based on thermodynamic properties, and
characterizes equilibrium and fractional crystallization by producing a liquid line of
descent. Crystallization was modeled at a constant pressure of 1 kbar using the mineral
redox buffer quartz-fayalite-magnetite (QFM) to constrain oxygen fugacity. The starting
composition used for the model is shown in Table 1. This initial composition was
estimated using the range of major element concentrations observed for CLF picrites.

In order to determine the mantle source composition and melting conditions that
formed the primary magma of the CLF, a batch melting model was developed. The model
calculates concentrations of selected rare earth elements (REEs) present in a liquid
derived from a given percent of partial melt of a specified mantle source. Mantle source
compositions and crystal-liquid partition coefficients used in the model were adapted

from Gurenko and Chaussidon (1995).



Table 1. Starting composition used in MELTS models expressed as wt% of oxides.
In models with different water contents, concentrations were renormalized to total
100%. Total iron content is expressed as Fe,Oj3 (relative amounts of Fe** and Fe**
are modeled using different redox buffers).

Oxide wt %
Si0:z 47.251
Tio, 0.237
AlLo, 8.376
Fe,0, 11.297
MgO 23.625
Mno 0.161

Crz0s 0.322
Ca0o 7.195
K20 0.054
Maz0 0.966
P20s 0.107

Hz0 0.107




RESULTS

Petrography

Of the 33 thin sections examined using petrographic analysis, 28 had clearly
identifiable mineralogies. Among these 28 samples three unique rock types were
identified—picrites, poikilitic sills, and plagioclase-clinopyroxene tholeiites. Five
samples were classified as picrites, five as poikilitic sills, and 18 as plagioclase-
clinopyroxene tholeiites. Four of the plagioclase-clinopyroxene tholeiites with significant
amounts of altered glass were further classified as hyaloclastites. Images of thin sections
from each category are shown in Figure 2.

The picrites are composed of 40-70 vol. % olivine, 5-15 vol. % clinopyroxene,
and 5-10 vol. % spinel. Olivine phenocrysts have sizes of 0.125-5 mm, and are
predominately euhedral to subhedral. Hexagonal and rounded morphologies are common,
and rare spinifex crystals were also observed. Nearly all of the olivine crystals have been
at least partially altered to iddingsite. Clinopyroxene phenocrysts have sizes of up to 2.5
mm, and are predominately euhedral to subhedral. Crystal morphology varies greatly, and
includes feathery quench growths as well as skeletal and tabular phenocrysts. Spinel
phenocrysts have sizes of up to 0.25 mm. Crystals are predominately euhedral, and
exhibit either blocky or elongate morphologies. Spinel phenocrysts were observed both
within and between olivine grains, and in the latter case were often grouped together in
branching chains.

The poikilitic sills are composed of 25-60 vol. % clinopyroxene, 20-60 vol. %

plagioclase, and 5-10 vol. % spinel. Clinopyroxene phenocrysts have sizes of 0.125-2



mm. Crystals are predominately subhedral, and exhibit blocky, tabular and occasionally
partially rounded morphologies. Subophitic and ophitic clinopyroxene is common, often
forming almost radial clusters with plagioclase crystals. Plagioclase phenocrysts have
sizes of 0.05-4.5 mm. Both ophitic and subophitic plagioclase is present. Crystals are
predominately subhedral, and exhibit blocky, tabular, and needle morphologies.
Plagioclase crystals in several samples have been at least partially altered to sericite.
Spinel phenocrysts have sizes of 0.05-1.25 mm. Crystals are predominately euhedral, and
exhibit both compact and elongate morphologies. Spinel phenocrysts were observed both
within and between clinopyroxene and plagioclase grains. Chlorite was commonly
present as an alteration product, and composed up to 5 vol. % of the more pervasively
altered samples.

The plagioclase-clinopyroxene tholeiites are composed of 1-50 vol. %
clinopyroxene, 5-70 vol. % plagioclase, and 5-10 vol. % spinel. Clinopyroxene
phenocrysts have sizes of 0.02-1.25 mm. Crystals are predominately subhedral to
anhedral, exhibiting blocky, tabular, and occasionally rounded morphologies.
Plagioclase phenocrysts have sizes of 0.1-3 mm. Crystals are predominately subhedral to
anhedral, and exhibit both tabular and needle-like morphologies. Spinel phenocrysts have
sizes of 0.02-0.400 mm. As in the sills, crystals are predominately euhedral, and exhibit
both compact and elongate morphologies. The predominant alteration products are
chlorite (up to 5 vol. %) and sericite (up to 1 vol. %).

The hyaloclastites are composed of 5-10 vol. % plagioclase and clinopyroxene
and up to 90 vol. % glass, with less than 1 vol. % spinel. Nearly all of the glass in the

hyaloclastites has been altered to palagonite. Plagioclase crystals are euhedral, present as
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tabular and needle-like phenocrysts with sizes of 0.125-1.25 mm and as glomerocrysts of
up to 3 mm. Clinopyroxene is rare, and occurs as subhedral to euhedral crystals with

sizes of up to 0.75 mm.

Figure 2. Images from CLF sample thin sections. Sample CAO 13 (upper left)
is a sill, sample CAO 15a (upper right) is a picrite, sample CAO 22 (lower left)
is a tholeiite, and sample CAO 35d (lower right) is a hyaloclastite.

Geochronology

OAr-*Ar ages obtained for 22 samples, including 15 tholeiites, four sills and
three hyaloclastites, are summarized in Table 2. Reliable plateau ages range from 62.3 to

92.0 Ma for tholeiites, from 83.9 to 91.8 Ma for sills, and from 86.3 to 88.4 Ma for
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hyaloclastites. Full age spectra are available from Loewen et al. (in review). These ages
cover a significantly larger range than the ages of 88-90 Ma previously reported by

Sinton et al. (1998).

Table 2. “Ar-**Ar data for CLF samples. Ages were calculated using biotite monitor
FCT-3 (28.02 Ma; Renne et al., 1998) and the total decay constant A = 5.530 x 10
yr (Steiger and Jager, 1977). N is the number of heating steps (steps in
plateau/total). MSWD is a statistical comparison of variance within step ages with
variance with respect to the plateau age. Material abbreviations are grdnms =
groundmass, plag = plagioclase, and wr = whole rock.

Sample Material I:;’L}E;;;;n 25 error P]“gl[";jige 2saror N % ¥Ar MSWD Isu-clg;r;:lge 2s error mk':]gsir 25 error
Cur21i emdms 920 13 020 1.0 &10 86 232 19 1.0 2039 24
Cao 40b plag 913 17 %18 21 W 100 172 %0.5 32 2842 8.7
Cao 07 glass 874 23 284 21 310 a8 0.61 832 229 3185 106.0
Can35d glass 286.0 28 263 24 10710 100 054 290 6.1 27846 323
Can 13 plag 837 30 860 19 W 100 0.44 860 19 2051 16
Cao 18 plag 239 17 139 16 W 100 0.40 834 21 206.5 3.
79Be-069 | gmdms 744 4.6 19.6 36 210 83 0.33 116 6.1 206.5 27
BK 79-262 | gmdms 737 26 749 21 10:10 100 0.78 718 41 2886 a1
Can 20 gmdms 741 23 742 24 910 9 1.56 128 25 2938 38
Cao(da gmdms 60.1 12 702 11 10:11 a4 0.82 70.7 25 204.0 37
Cao 03 gmdms 66.3 09 66.7 0.8 1212 100 120 6712 12 2043 22
BE 78-118 | gmdms 63.3 2. 63.7 24 10:10 100 0.83 68.0 38 2038 22
Can 30 gmdms 632 10 62.8 1.0 12 88 142 62.5 21 2062 10
Cur 10402 gmdms 62.6 0.8 63.0 1.0 10:112 39 191 63.8 24 011 10.7
Cao 10 gmdms 60.1 0.8 623 0.8 812 84 174 64.6 17 2815 2.0
Cao 14 plag 473 3.0 194 19 67 68 1.62 210 16 1.7 18.7
BK 79-183 | gmdms 334 108 664 10.7 e 68 038 710 2235 2023 13,
BEK 79-163 | gmdms 412 29 416 26 511 37 024 509 107.0 2833 252
Can 32 gmdms 118.0 33 238 44 610 28 1.54 287 33 262.5 262
Can22 gmdms 724 0.5 70.1 03 614 31 0.62 70.1 13 2046 226
Can21 gmdms 612 0.7 NA - - - - NA - - -
BE 78-263 glass 33.1 1.3 NA - - - - NA
Geochemistry

Concentrations of major and trace elements collected for 29 samples are shown in
Table 3 and Table 4 (respectively). Samples identified as picrites are composed of 21.4
t0 29.1 wt% MgO and 41.1 to 44.1 wt% SiO,. Poikilitic sills are composed of 7.4 to 9.0
wt% MgO and 44.1 to 51.4 wt% SiO,. Tholeiites are composed of 7.7 to 9.3 wt% MgO

and 49.9 to 51.4 wt% SiO,. In general, the compositions of the picrites, sills, and
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tholeiites fall within the range of compositions reported by Klaver (1987) for samples

with similar petrographic characteristics.

Table 3. Major element concentrations for selected CLF samples in wt%. Data were
obtained using XRF. Concentrations are expressed as weight percent of oxides. Total
iron concentrations are expressed as wt% of iron (111) oxide (Fe,O3 ). Samples
without a listed type were not examined in thin section.

Sample Type Si0; Ti0, Al0; Feg0.* MnQ MgO Cal Ma;0 K0 Total
CAO 15 Picrite 41.10 0.39 5.62 11.32 0.17 2909 549 0.05 0.02 593.39
CAD 16 Picrite 44 02 0.56 B4 1064 0.17 22.26 762 111 0.06 56.33
CAC 1T Picrite 4407 0.58 B.77 10.52 0.16 2144 7.60 0.86 0.06 95.07
CAD 24 Picrite 4411 0.45 742 11.25 0.17 27.00 6.63 0.50 0.02 G813
CAD 10 Sill 50.75 106 14 84 1156 0.18 B57 1162 248 032 100 60
CAD 13 Sill 45812 0.65 1557 B 5% 0.16 S.00 13 82 173 0.06 100 58
CAD 14 Sill 45.08 0.95 1358 10.59 0.18 8.20 11.38 261 0.11 100.30
CAD 1B Sill 50.44 114 1421 11.83 0.20 7.53 11.1% 156 0.06 100.70
CAO40B Sill 51.41 120 13.73 12.87 0.20 7.63 11.70 181 0.11 102.70
CUR 10-5a Sill 50.58 122 13.90 12.59 0.20 7.38 9.95 3.66 0.05 103.39
Cca0 15 | Tholeiite 45883 102 14.45 11.17 0.17 7.68 10.67 3.17 0.37 102.28
CAC 20 | Tholeiite 51.18 121 1378 1164 0.18 6.85 1135 250 0.07 101.45
can21 | Tholeiite 48659 0.87 14.40 10.38 0.17 8.45 11.15 3.02 0.27 101.80
CAQ 22 | Tholeiite 4744 052 1388 11.02 0.15 B76 10.18 273 054 5554
CA0 26 Tholeiite 50.01 0.86 13.09 5.85 0.17 266 13.79 154 0.07 5274
CAC 27 | Tholeiite 50.62 0.87 1348 10.13 0.17 835 12.08 246 0.14 102.00
CAO3 Tholeiite 4554 121 13.83 12.01 0.19 6.98 9.90 3.47 0.28 101.71
CAC 30 | Tholeiite 45 86 102 1405 11.07 0.18 B3R 1168 258 024 102.38
CAD 32 | Tholeiite 4558 120 13.57 12.58 0.15 7.11 10.77 183 0.09 99.15
CAO 404 | Tholeiite 51.27 104 1405 1135 0.15 B01 1245 180 0.04 102.18
can4a | Tholeiite 45813 0.97 1352 10.50 0.17 8.26 11.37 3.01 0.18 100.82
CUR 10-07 | Tholeiite 50.64 0.91 13.60 10.44 0.16 829 1174 276 0.11 101.60
CUR 10-09 | Thaleiite 51.41 0.89 1401 10.33 0.18 8.59 12.05 251 0.08 102.74
CUR 10-3b | Tholeiite 50.27 0.86 13.55 10.20 0.18 5.05 1271 245 0.03 101.88
CUR-10-02| Thaleiite 50.88 101 1401 10.88 0.17 7.54 10.78 3.32 0.19 102.83
CAD 23 - 50.24 0.73 12 68 SER 0.15 g 18 1383 186 0.03 100.70
CAD 31 - 4710 0.76 1227 B23 0.16 782 1855 012 0.03 8557
CAD 35 - 4442 078 1470 BS54 0.15 6.56 1562 0.1% 0.02 55.58
CAD41 - 4881 0.92 14.03 10.8% 0.15 %68 11.75 1.80 0.07 100.20
CUR10-11 - 43 67 0.54 831 10.58 0.16 22 83 7.37 0.58 0.05 85.60
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Table 4. Trace element concentrations for selected CLF samples. Data were obtained
using ICP-MS. Concentrations are in ppm.

Sampl= Ls C= Pr Nd__Sm Dy Hao Er Timi S r ¥ N Hf
Capio (278 733 116 535 205 360 078 216 032 1! 04 023 0. X 1k [ 22435 4377 4374 355 143
CAD13 (185 439 071 373 137 ¢ 236 83.17 4523 3029 2.13 0ag
Cap 14 233 611 097 498 1737 O 326 0. 9077 4845 419§ 285 123
CaD 15 118 289 04§ 230 078 0. 129 0. 1280 2254 18.13 134 053
CAD 18 (185 477 072 357 113 ¢ 1395 §0.09 2947 2806 2.16 030
CAD17 (138 505 077 373 126 ¢ 2106 3536 3024 23.04 2.24 Qa5
Cap 13 328 819 123 8325 214 1 388 « 8080 4851 5238 387 154
Capi1d (274 727 116 539 208 ¢ 333 o 28809 4735 5122 309 151
CAD20 (332 854 130 677 234 090 409 0 12343 4821 5639 2234 429 143
Cap 21 235 624 100 508 178 0. 323 0. 15143 4734 4090 1873 2463 121
Cap22 (348 936 155 803 255 04 344 0. 26702 4584 4351 13800 238 132
CaAD228 (787 1667 229 985 234 ( 247 o 44866 1649 6396 1116 2467 176
CAD23 (248 624 025 482 L33 Q4 275 04 5895 4245 3653 1473 308 105
Capza 148 379 059 287 098 0. 182 0: 3887 2546 2269 349 171 044
CAD26 (301 746 113 565 181 07 305 0 9155 4328 4321 1610 351 123
CAD27 (325 790 117 570 131 Q) 3.12 04 9577 4427 4344 1632 371 125
Caps 325 840 132 879 234 415 1 11924 4814 5852 2273 415 1482
CaD 30 265 709 112 578 2(Q 356 22189 4789 4790 331 138
CaD31 (233 634 104 507 1563 289 o 1169 3533 3824 234 103
Cap 3z 298 770 122 628 224 1 397 « 13329 4353 5232 377 155
CAD38 (1548 31.19 406 1540 385 428 35354 2088 14235 605 388
Caps3s (343 737 173 287 1321 4031 4083 3463 117

CADA0A (341 387 2.20 3.74 08 9233 43486 5193 1953 407 152
CAD40B |378 991 284 0 423 08 9057 4802 6222 2287 478 178
Capal 304 7458 193 0 320 05 4435 4702 1723 354 135
CAD A (257 4678 201 341 074 2 4535 4647 1360 3.4 131
CUR10-07 (232 617 135 326 070 193 0. 4752 4316 1748 235 127
CUR10-09 |328 734 184 1 307 066 185 0. 4512 4389 1644 377 125
CUR10-11 (181 461 ¢ 115 137 040 110 0. 2917 2713 385 247 077
CUR10-3b (239 733 131 O 301 084 1302 0 3785 4345 4244 1534 327 113
CUR10-5a (335 877 233 4323 032 280 © 155.13 5076 58.10 2296 422 171
CUR-10-02 (277 7.34 212 1 376 0A0 227 O 15687 4576 43323 2014 2381 143

Olivine crystals analyzed using EMPA have forsterite contents of 81-89, with a
mean composition of Fog; (Figure 3). These values are similar to those reported by
Klaver (1987) (Fo 85-90). Olivine crystals with hexagonal and spinifex morphologies
show little compositional variation (Fo 87-89) between rim and core. Rounded crystals
tend to show slight compositional zoning, exhibiting rims with lower forsterite contents
(Fo 81-86) than the cores (Fo 86-89).

Plagioclase crystals have compositions of An 88-60, with a mean composition of
Anz3 (Figure 3). Plagioclase crystals in the poikolitic sills have, on average, lower
anorthite content (mean composition An,1) than plagioclase in the tholeiites (mean

composition Anzg).
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Clinopyroxene crystals compositions have ranges of En 34-70, Fs 9-40, and Wo
20-46, with a mean composition of EnsgFs16Woys (Figure 4). Clinopyroxene crystals in
the picrites tend to be closer in composition to diopside (mean composition of

EngsFsi13Wo43) than clinopyroxene found in the tholeiites and sills (mean composition of

En49F517W034).
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compositions.
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Graham and Midgley, 2000).
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DISCUSSION

Timing of CLF Magmatism

If the bulk of the CLF was formed during a single melting event associated with
the arrival of a mantle plume at 88-90 Ma, then radiometric ages obtained for CLF rocks
should bracket this range. The wide range of “°Ar-**Ar ages obtained for sills and
plagioclase-clinopyroxene tholeiites in this study and reported in Loewen et al. (in
review) indicate that it is unlikely that the CLF lavas were produced by a single melting
event. The ages of 62.3 to 92.0 Ma for tholeiites, from 83.9 to 91.8 Ma for sills, and from
86.3 to 88.4 Ma for hyaloclastites cover a much larger timespan than the previously
reported ages of 88-90 Ma for Curacao rocks. Thus, if a single mantle plume is
responsible for the petrogenesis of the CLF, a mechanism is needed that provides for

melting of plume head material over the 30 m.y. age range obtained for the CLF.

Constraints on Source Composition and Melting

Variations in REE concentrations can be used to constrain the mantle source
composition and melting conditions involved in magma generation. Figure 5 shows
bivariate plots of selected incompatible trace elements. These elements tend to be
preferentially partitioned into the melt phase during partial melting, and thus
concentrations of each would be expected to exhibit similar variations over time in
magmas derived from a common mantle source. As demonstrated by Figure 5, the

majority of CLF samples have approximately constant La/'Yb and Nb/Zr ratios. This
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suggests that the rocks of Curagao are derived from a compositionally homogenous
mantle source.

Chondrite-normalized rare earth element diagrams for CLF rocks with reliable
OAr-*Ar plateau ages are shown in Figure 6. As demonstrated by Figure 6, REE
patterns for Curacgao rocks are flat to slightly depleted in LREEs throughout the range of
ages obtained for the CLF. The majority of CLF samples used in this research also plot
within the Icelandic Array of Fitton et al. (1997), as shown in Figure 7. This suggests
that, despite the large age range of the CLF samples, their trace element chemistry is not
inconsistent with a plume-related source. However, a mantle plume model for the
petrogenesis of the CLF would require a mechanism capable of producing the persistently

flat LREE patterns observed in the rocks of the CLF over time.
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Figure 5. La-Yb (top) and Nb-Zr (bottom) plots of
CLF samples.
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samples plot within the Icelandic Array of Fitton et al. (1997), suggesting a
plume-related source.
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Mantle Source Composition

In order to further test the validity of a plume-related model for the petrogenesis
of the CLF, a batch melting model was used to determine if the range of REE
compositions of the CLF rocks could be generated as a result of partial melting of a
single mantle source. Primitive, enriched, and depleted mantle starting compositions from
Gurenko and Chaussidon (1995) were used as the basis of the model. Figure 8 shows
batch melting models for Nb/Zr vs. La/YDb using the mantle source compositions in Table
5 compared with a subset of Curacao samples with reliable “°Ar-**Ar plateau ages. As
demonstrated by Figure 8, the full range of compositions of CLF samples cannot be
produced by partial melting of a pure enriched, depleted, or primitive source, or of a
source consisting of a mixture of primitive and depleted components. The plot also
demonstrates that, although the range of CLF compositions could be reproduced by
melting of a source consisting of enriched and primitive components, it would require an
unrealistically high degree of partial melting (~70-100%). Partial melting of a mantle
source containing both enriched and depleted components, however, can produce the full
range of CLF compositions plotted. Figure 9 shows batch melting models of Nb/Zr vs.
La/Yb using the compositions ED1 and ED2 in Table 5 compared to the same CLF
samples plotted in Figure 8. As demonstrated by Figure 8, the full range of REE
concentrations observed in the rocks of the CLF can be reproduced by 10 to 30 percent
partial melting of a predominately depleted source containing 1.4 to 3.4 percent of an
enriched mantle component. This suggests that melting of a mantle source with an

essentially homogenous composition (a hybrid mixture of predominantly depleted mantle



with a fraction of plume material) can account for the persistently flat LREE patterns

observed in the rocks of the CLF.

Table 5. Mantle source compositions used in batch melting models, adapted from
Gurenko and Chaussidon (1995). All concentrations are in pg/g.

Mantle Source La Ce Nd 5m Eu Dy Yh Nb r
Depleted 0.310 0.950 0.860 0.320 0.130 0.635 0.425 0.280 8.400
Primitive 0.687 1775 1.354 0.444 0.168 0.737 0.493 0.713 11.200
Enriched 5.000 11.810 7.710 2.470 0.710 2.810 1.460 13.100 61.400

ED1 0.469 1.319 1.093 0.393 0.150 0.709 0.460 0.716 10.202
ED2 0.376 1.102 0.956 0.350 0.138 0.665 0.439 0.459 5.142
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Figure 8. Batch melting models of Nb/Zr vs. La/Yb for enriched (top), primitive
(middle) and depleted (bottom) mantle sources adapted from Gurenko and
Chaussidon (1995). Source mineralogy is assumed to approximate spinel
Iherzolite. The models show concentrations from 10 to 100% melt, with each
tick mark representing 10% melt (concentrations at melt fractions lower than
10% were omitted for ease of display).Trace element concentrations are
normalized to C1 chondrite from McDonough and Sun (1995). Mantle source
compositions are given in Table 5.
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Magma Evolution

Variation diagrams for selected major elements are shown in Figure 10. SiO,,
Ca0, Al;03, Nay0, K0, and TiO; increase linearly from 29 to 9 wt% MgO, while
Fe,O3* decreases linearly over the same range. These trends are consistent with olivine
fractionation over this range of MgO contents, which extends from the picrites to the
most primitive tholeiites. The trajectory of the increasing SiO; trend remains unchanged
from 9 to 6 wt% MgO. Over this same range, Al,Ozand CaO decrease linearly, while
Fe,03*, Na,0, and K0 increase. TiO; increases linearly at a greater rate than over the
previous range of MgO contents. These trends are consistent with plagioclase and
clinopyroxene fractionation between 9 and 6 wt% MgO. The trends also indicate that
olivine is no longer a major crystallizing phase over this range of MgO contents, which
encompasses the full range of compositions of the sills and plagioclase-clinopyroxene
tholeiites. Trends observed in the major element variation diagrams correlate well to
previously observed trends for Curagao rocks (Klaver, 1987).

Harker variation diagrams for Cr, Ni and Sr are shown in Figure 11. As in the
major element variation diagrams, these trends compare well to previously observed
trends for Curacao rocks (Klaver, 1987). The steep linear decrease in Ni from 29 to 9
wt% MgO suggests that olivine and spinel are the dominant fractionating phases over this
interval. However, the relatively high Ni content of several of the picrites suggests that
this trend likely also reflects olivine accumulation. The conclusion that olivine and spinel
are the first phases to crystallize is supported by petrographic observations, as the
majority of olivine and spinel crystals observed in thin sections were euhedral. By 9 wt%

MgO olivine is no longer a major fractionating phase, as indicated by the change in slope
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of the Ni-MgO trendline from negative to approximately constant. At 9 wt% MgO,
plagioclase and clinopyroxene become dominant fractionating phases, as evidenced by
the decrease in slope observed in the Al,03-MgO, CaO-MgO and Sr-MgO diagrams.
The most primitive picrite sample (CAO 15) was among the eight samples
analyzed using EMPA. Figure 12 shows a plot of whole rock FeO/MgO content vs.
olivine FeO/MgO content for this sample. Olivine crystals formed in equilibrium with the
surrounding melt would be expected to plot within the range of experimentally
determined partition coefficients for FeO and MgO in basaltic systems (Kq = 0.3 £ 0.03)
as reported by Roeder and Enslie (1970). All of the olivine crystals tested have
compositions that plot outside of this range, suggesting that much of the olivine in the
sample did not crystallize in equilibrium with the surrounding liquid. This supports the
conclusion of Kerr et al. (1996) that the high-MgO Curagao picrites are olivine

cumulates.
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Figure 12. FeO/MgO content for olivine versus FeO/MgO content of
liquid (calculated using FeO/MgO content of host rock) for sample CAO
15. Equilibrium lines for K4 = 0.27, K4 =0.30, and K4 = 0.33 (Roeder and
Enslie, 1970) are also shown. All olivine compositions plot outside of the
field defined by the equilibrium lines, indicating that the crystals did not
form in equilibrium with the surrounding liquid.

Crystallization trends generated by MELTS were compared to trends on major

element variation diagrams. Figure 13 shows the liquid line of descent calculated by the

MELTS model compared to major element variation diagrams for Al,O3, FeO* and CaO

plotted against MgO. These four oxides are the most abundant constituents in the

dominant mineral phases (olivine, plagioclase, and clinopyroxene) identified in the

Curacao samples, and thus provide a good approximation of the model’s validity. The

starting composition used in this model falls within the range of compositions observed

for CLF picrites. The crystallization trends predicted by this model correspond well to the
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trends on these element variation diagrams. The slight deviation of the liquid line of
descent predicted by the model for FeO* vs. MgO from the trends shown by XRF data
may indicate that the starting composition used in the model has a higher Fe content than
the actual parental magma. The general agreement between the crystallization trends
shown by the MELTS model and XRF data suggests that the more evolved picrites, sills
and plagioclase-clinopyroxene tholeiites could have been produced by fractional
crystallization of a melt with 24 wt% MgO. The trends shown by the model indicate that
olivine is crystallizing between 1520 °C and 1180 °C, and that clinopyroxene and
plagioclase begin crystallizing at 1180-1220 °C. These temperature ranges are similar to
those reported by Klaver (1987) for Curagao basalts (1440-1190 °C for olivine, 1230 °C
to less than 1120 °C for plagioclase, and 1215 °C to less than 1120 °C for clinopyroxene).
The same starting composition was used to model crystal fractionation under
variable water contents, pressures, and oxygen fugacities (fO,) in order to constrain the
conditions under which the rocks of Curagao formed. Figure 14 shows variations in the
liquid line of descent predicted by models with increasing parental magma H,O content.
Although additional water causes little change in crystallization trends on the CaO
diagram, the trends predicted by the FeO* and Al,O3 diagrams change considerably. This
is likely due to changes in the stability of pyroxene and plagioclase. The liquid line of
descent produced by a model with an initial H,O content of 0.1 wt% most closely
matches the trends observed on the major element variation diagrams, suggesting that the
parental magmas that formed the rocks on Curagao were relatively dry. Figure 15 shows
variations in the liquid line of descent predicted by models under increasing pressure. The

crystallization trends predicted by the CaO, Al,O3; and FeO* diagrams vary significantly



28

as pressure increases. The liquid lines of descent that most closely match the trends on
the major element variation diagrams correspond to pressures of 1 to 2.5 kbar, which
likely represents the maximum pressure under which the Curagao parental magmas may
have crystallized. Figure 16 shows variations in the liquid line of descent predicted by
models using different redox buffers to constrain oxygen fugacity (fO;). Oxygen fugacity
influences the redox state of iron in the magma, and will determine the stability of Fe®*
relative to Fe**. Crystallization trends on both the Al,05 and FeO* diagrams show
significant variation under different fO, conditions. The liquid line of descent produced
by the model utilizing a quartz-magnetite-fayalite (QMF) redox buffer most closely
matches the trends shown by the major element variation diagrams, and thus likely
describes the fO, conditions under which the Curagao parental magmas crystallized.
The MELTS models, along with the trace and major element variation diagrams,
support the conclusion that the more evolved picrites, sills, and plagioclase-
clinopyroxene tholeiites crystallized from parental magmas with 24 wt% MgO and
broadly similar compositions. This observation is consistent with the conclusion that the
melting conditions and composition of the mantle source of the Curagao rocks remained

relatively constant over the approximately 30 m.y. age range of the CLF.
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Model for CLIP Formation

The data obtained over the course of this research challenge many of the previous
models for the petrogenesis of the CLF. New “°Ar-**Ar ages ranging from 61 to 93 Ma
indicate that the CLF did not form predominately at 88-90 Ma. However, the CLF
samples utilized in this research plot within the Icelandic Array, consistent with
formation from a plume-related source (Fitton et al., 1997). Additionally, batch melting
models utilized as part of this research indicate that it is possible to produce the full range
of REE compositions of the CLF rocks through 10 to 30 percent partial melting of a
predominately depleted mantle lherzolite source containing a small amount (1.4 to 3.4
percent) of an enriched mantle component.

A consideration of the complicated tectonic history of the CLIP suggests a
possible mechanism that could reproduce these results (Figure 17). A model developed
by Loewen et al. (in review) utilizes the interactions between plumes and subduction
zones through mantle flow to explain the origin of the CLIP. As noted by Richards and
Griffiths (1989), mantle flow can result in the horizontal displacement of mantle plumes.
Thus, following the polarity reversal of the Greater Antilles Arc at ~80-90 Ma, mantle
flow associated with subduction at the now southwest-dipping trench would be expected
to result in an eastward deflection of the head of the plume that formed the CLIP. As a
result, the enriched plume head material would be advected through the depleted upper
mantle beneath the CLIP, while the position of the plume tail would remain largely fixed
beneath the western edge of the plateau. The subsequent formation of the northeast-
dipping Central America Arc by 60 Ma would then result in the separation of the plume

head from the tail, causing the former to be essentially isolated beneath the CLIP.
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Northeast and southwest mantle flow generated by the Central America Arc and the
Greater Antilles Arc would result in further lateral displacement of the plume head
material beneath the CLIP. Thus, volcanism over the 30 million year age range of the
CLF could repeatedly tap this plume head material. The volcanism that formed the CLIP
may also have been mediated by extensional faulting. As noted by Ito and Clift (1989),
multiple oceanic LIPs formed during the Cretaceous exhibit extensive normal faulting
along margins and within their interiors.

As demonstrated by the models shown in Figure 8 and Figure 9, the persistently
flat LREE patterns observed in CLF rocks over the entire 30 million year age range can
be generated by 10-30% partial melt of a predominately depleted mantle source with 1.4
to 3.4% of an enriched component. This mantle source is consistent with this model for
the petrogenesis of the CLIP. The lateral displacement of enriched plume head material
through the depleted upper mantle beneath the CLIP could potentially produce a
predominately depleted source with a small contribution from an enriched component.
The model for CLIP formation presented above is thus broadly consistent with the

observed geochemical and geochronological trends of rocks from the CLF.
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Figure 17. Conceptual model of CLIP petrogenesis. Part A shows mantle plume
initiation at about 90 Ma. Part B shows the lateral displacement of the plume head
driven by subduction-driven mantle flow, resulting in the incorporation of depleted
upper mantle material into the enriched plume head. Part C shows the polarity
reversal of the Greater Antilles Arc at 80-90 Ma and the resulting subduction
beneath the Caribbean plateau. Part D shows the initiation of the Central American

Arc at about 60 Ma, the separation of the plume head from the plume tail, and the
resulting mantle flow regime beneath the Caribbean plateau.
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IMPLICATIONS AND FUTURE WORK

The model presented in this research represents a departure from traditional
conceptions of the petrogenesis of the CLF and CLIP. Previous models concluded that
the petrogenesis of the Caribbean plateau occurred as a result of melting triggered by the
arrival of a mantle plume over a geologically short time period at about 88-90 Ma.
However, these models are incompatible with the approximately 30 million-year age
range of CLF rocks. The flat REE patterns observed for CLF rocks over this age range
appear to contradict the expected geochemistry of magmas derived from a progressively
depleted mantle plume, but can be reproduced by 10 to 30 percent partial melting of a
continually replaced, predominately depleted source with a minor enriched component.
Modeling results also indicate that the primary magmas that formed the rocks of the CLF
are of broadly similar composition.

The proposed petrogenetic model for the CLIP adequately describes the
geochemical and geochronological trends observed for the CLF. Future research could
examine the geochemistry and geochronology of other remnants of the Caribbean plateau
(e.g. Haiti, the Beata Ridge, and Gorgona) in order to further refine the model and
constrain the origin of the Caribbean plateau. Additionally, although this model provides
constraints on the compositions of a mantle source and parental magmas for the CLIP,
the composition of the primary magma(s) that formed the CLIP remain poorly
constrained. Information about the composition and evolution of these primary magma(s)
is essential to the development of a complete model of the petrogenesis of the Caribbean

plateau.
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