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ABSTRACT

The metamorphic evolution of high-P exotic blocks of the northern serpentinite- and western mud-
melanges of Cuba includes prograde sections evolved within the epidote-blueschists and amphibole-
eclogite facies (450-650 ºC, >15 kbar) during (southward?) pre-Aptian (pre-118 Ma) subduction of the
proto-Caribbean lithosphere and its accretion to the overriding plate mantle, while the retrograde sections
passed through the albite-epidote amphibolite and greenschists facies (<500 ºC, <10 kbar) during
Aptian/Albian (118-103 Ma) formation of the serpentinite melanges and onset of exhumation. Further
thermal events and/or uplift may have taken place during the Late Cretaceous to Eocene collision of the
Cretaceous volcanic arc with the North-American/Yucatan margins. Oscillatory and patchy zoning of the
minerals have revealed, however, a complex metamorphic history during the prograde paths,
characterized by episodic cooling events probably accompanied by changes in pressure and fluid
infiltration. This type of prograde/retrograde “oscillatory metamorphism” may have been caused by
oscillatory kinematics during the subduction/accretion history of the blocks. Among others, a possible
mechanism that may cause tectonic disruption of the subducting slab and oscillatory kinematics of the
system is alternate advance-retreat events of the subduction zone, that translate into alternate
contraction-extension of the fracture zone and increase-decrease in pressure and temperature of the
tectonic slices. These events may bear relation with the Barremian/Aptian (ca. 120 Ma) reorganization of
plates associated with the onset of equatorial Atlantic opening, that may have also influenced the onset of
formation of an opposite-facing (northward?) subduction zone below the Cretaceous volcanic arc of Cuba
at this time.

INTRODUCTION

Since the advent of plate-tectonics theory, eclogite- and blueschist-bearing coherent and incoherent

terranes have received much attention as these high pressure and low to moderate temperature

metamorphic rocks are generally taken as diagnostic of destructive plate margin settings and, thus, allow

for the location of ancient subduction zones and accretionary wedges. In Cuba, the occurrence of high

pressure rocks in different geologic settings (Cangre sliver, Escambray, northern serpentinite melange,

western mud-melange, Asunción terrane,...) allow to infer several destructive margins during the

Cretaceous and Tertiary that point to a complex geotectonic history of the region. In this paper, we
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present preliminary results of a on-going study of the exotic blocks metamorphosed to high pressure that

occur within the northern serpentinite- and western mud-melanges. A variety of metasedimentary and

metaigneous high-pressure blocks occur in these melanges, including blueschists, eclogites,

amphibolites, amphibolitites, metapelites, metagraywackes and quartzites (Somin and Millán, 1981,

Millán, 1996). In the western mud melange the exotic blocks are set in a Paleocene to Eocene

sedimentary matrix, but they are commonly enveloped by serpentinite, indicating provenance from a

former serpentinite melange. Indeed, the age determinations of the blocks from different melanges

suggest a common geologic history, at least during the Early Cretaceous (Millán, 1996, Iturralde-Vinent et

al. 1996).

SAMPLES AND ANALYTICAL TECHNIQUES

The studied samples are eclogites (DGG6521A and DG6521B from Holguín, LV36 and LV36A from Santa

Clara), “amphibolitites” (LV4 from Santa Clara), and garnet amphibolites (SRO1A and SRO1B from Pinar

del Río). Whole-rock major and trace element determinations were done at the universities of Granada

(Spain) and Montpellier II (France) by means of XRF and ICP-MS. The analyses and XR maps of the

minerals were obtained at the University of Granada through WDX and EDS microanalysis using a

CAMECA SX-50 and a ZEISS DSM 950. Isotope analyses (40Ar/39Ar and Rb/Sr) of phengite, amphibole,

omphacite and whole-rock in sample LV36A were determined at the University of Montpellier II.

The eclogites are coarse grained and consist in garnet (up to a few millimeters in width) set in a matrix

formed by omphacite, calcic and sodic-calcic amphibole, clinozoisite/epidote, rutile, and sphene. Sample

LV36 has accessory apatite, and quartz inclusions within garnet. Sample LV36A, taken from the same

block as LV36, also bears small amounts of phengite. Small amounts of nearly pure albite plagioclase

(Xab=0.98-0.99) are present in all samples as late albite films and replacements that attest for a albite-

epidote amphibolite to greenschists facies overprints. All the samples are classified as amphibole-

eclogites because amphibole is always present and its textural relationships (inclusions, zoning of

porphyroblast/matrix grains, replacements) indicate its stability during pre-, syn- and post-peak eclogitic

metamorphism.

The amphibolitite sample is medium grained and composed almost exclusively by granoblastic amphibole,

epidote and sphene. It bears scarce xenomorphic and fine grained relicts of garnet and omphacite that

attest for an earlier eclogitic assemblage transformed after pervasive hydration. Based on the lack of

plagioclase and/or diopsidic clinopyroxene, and the composition of amphibole (see below), we interpret

that hydration of eclogite occurred at high pressure. Relict garnet and omphacite are contained within

replacements of albite, epidote and late amphibole. Discrete clots of chlorite appear dispersed within the

amphibole matrix.

The garnet amphibolite samples have a finer grain size than the amphibole-eclogites and amphibolitites.

Their mineral assemblages are also distinctive in that they lack omphacite and bear glaucophane, in
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addition to garnet, calcic to sodic-calcic amphibole, clinozoisite/epidote, rutile, sphene, albite, and chlorite.

Calcic to sodic-calcic amphibole, epidote, and chlorite are oriented and define a faint foliation. Amphibole,

albite and sphene are abundant, while garnet is scarcer than in the eclogites. Garnet porphyroblasts

(≈500 µm in width) appear slightly corroded by the matrix assemblage, and contain inclusions of calcic

amphibole, glaucophane, epidote, albite and sphene. Matrix glaucophane is scarce, and appears as

xenomorphic blasts set in the matrix of calcic to sodic-calcic amphibole. Albite is fine to medium grained,

locally porphyroblastic, and have inclusions of all the phases (including garnet) with which it seems in

textural equilibrium.

WHOLE ROCK COMPOSITION

The analyzed samples are chemically similar, whatever their geological context (serpentinite vs mud

melanges) or type of rock (amphibole eclogite vs. garnet amphibolite). All of them are of basaltic

composition (SiO2 = 46.9-49.3 wt %), poor in K2O (<0.49 wt %) and Rb (< 10.5 ppm), relatively rich in Nb

and Ta but poor in Hf (1.34-3.32, 0.10-0.27, and 0.20-0.48 ppm, respectively), and have a subtle but

distinctive light rare element depletion (Figure 1). All of these characteristics are typical of depleted normal

mid-ocean ridge (N-MORB) or back-arc basalts, although the concentration of some large-ion lithophile

elements (LILE), such as Ba, is high and similar to island-arc basalts. Since alkalis and LILE may be

mobile during metamorphism, their geochemical significance is suspect. Diagrams based on immobile

elements classify the analyzed samples under mid-ocean ridge, back-arc or island-arc environments.

Since the studied blocks were subducted, we interpret that mid-ocean ridge or back-arc settings are more

likely environments for the generation of their basaltic protoliths.

MINERAL COMPOSITION AND ZONING

Eclogite DG6521B

Garnet is Fe-rich (Xalm=0.47-0.63, Mg#=0.10-0.32), typical of the type-C eclogites. It is texturally zoned,

bearing cores rich in inclusions of omphacite, clinozoisite, sphene, rutile, and less abundant amphibole,

and mantles free of inclusions except for rutile that suggests formation at higher pressures. Within a

typical prograde growth zoning, with decreasing Mn and increasing Mg and Mg#  from core to rim, the

distribution of these elements is oscillatory at the outermost parts of the overgrowths (Figure 2). The

coupled reversals in Mn and Mg that define the oscillations are a few tens of µm in width and mostly

euhedral but, in the detail, they also crosscut the crystal faces of garnet defined by earlier reversals. The

behavior of Ca is distinct. Its concentration remains essentially constant across the grains, but sharply

increases at the outer overgrowths, just at the end of one of the Mn-Mg reversals. The most external rims

of garnets have the Mg-richer compositions, compatible with the highest temperature attained during

garnet growth. This supports that element oscillations and the shoulder in Ca formed during the progress

of metamorphism towards peak-eclogite facies conditions. The local irregular geometry of the Mn-Mg
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reversals and the shoulder in Ca indicates episodic garnet dissolution events, probably triggered by

episodic retrograde pulses.

Omphacite is relatively restricted in composition (Xjd=0.40-0.50, Mg#=0.74-0.89), though the matrix grains

bear patchy zoning characterized by areas richer in Al, Na, and Fe and areas richer in Ca and Mg.

Preferentially at the rims of matrix grains, however, areas richer in Al and Na may also have low Fe, that

translates into erratic variation of Mg# relative to jadeite contents. Omphacite inclusions within garnet

cores are slightly richer in jadeite and poorer in Mg# contents, as a likely result of the lower temperature

and pressure of entrapment. We interpret that the development of patchy zoning in omphacite is related to

the development of zoning in coexisting garnet and amphibole.

The compositional spectrum of amphiboles is large (Si=7.09-7.70, Na(B)=0.06-0.65, Σ(A)=0.16-0.59,

Mg#=0.64-0.89), and includes calcic (actinolite and magnesiohornblende) to sodic-calcic (barroisite)

compositions. Amphibole porphyroblasts and grains from the matrix display concentric prograde zoning.

The inner cores are Mg-rich actinolite and, importantly, have strongly irregular shapes that attest for

dissolution of this type of amphibole early in the metamorphic evolution of the sample, probably in

response to garnet+omphacite forming reactions. The outer cores are Mg-rich magnesiohornblende (Mg#

≈ 0.85), distinctively richer in Al, Ti, and Na (in A and B positions), while Fe2+ and Mg# slightly increase

and decrease, respectively. Besides this general prograde growth trend, in the detail, the zoning is

oscillatory, with at least one retrograde reversal in Si, Ti, Al and Na, Fe, Mg, and Mg# formed within the

overall prograde growth of amphibole. Ensuing prograde growth is denoted by Mg#-poorer

magnesiohornblende to barroisite outer mantles (Mg# down to 0.65), where Al, Ti, Na and Fe increase,

the latter sharply, while Mg, Mn and Ca decrease, making the these mantles to represent the peak P-T

compositions for amphibole growth. At this stage, the temperature was sufficient for intracrystalline

diffusion at the inner lower T cores to generate patches, that preferentially rim the omphacite inclusions,

poorer in Si and richer in Al, Ti, Fe, and Na. Fe-rich actinolite (Mg# ≈ 0.75) characterize the outer rims and

compositions associated to late albite films and replacements formed during retrograde albite-epidote

amphibolite facies overprints. They have the highest Si contents, and are poor in Al, Ti, and Na and rich in

Ca, Fe, and Mn, indicating formation at the expense of garnet dissolution during retrogression.

Consequently, peak barroisitic amphibole was at equilibrium with peak garnet rims at high pressure.

Clinozoisite/epidote is also heterogeneous, with Fe3+/(Fe3++Al)=0.09-0.18. The inclusions within garnet

and amphibole cores overlap with the population of matrix grains. The latter have oscillatory and patchy

zoning characterized by changes in Fe3+ counterbalanced by Al that, in addition to varying fO2, may be

related to fluctuating P-T conditions.

Eclogite LV36

The mineral assemblages, compositions and textures of sample LV36 are similar to sample DG6521B.

Sample LV36A, that was taken from the same block as LV36, bears phengite (with up to 6.4 atoms of Si
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per 22 oxygens). The earliest core compositions of amphibole are Mg#-rich sodic-calcic amphibole

(barroisite) that upon prograde growth trend to Mg#-poorer and Ti-, Al-, Fe-, Na-, and K-richer barroisite

mantles (peak P-T amphibole). The zoning trends backwards to retrograde magnesiohornblende and

actinolite compositions at the rims, similar to the retrograde calcic amphibole of the albite-epidote

amphibolite facies overprints of DG64521B. Garnets are crosscut by fractures filled by omphacite+sodic-

calcic amphibole and calcic amphibole+epidote+albite. Omphacite is similar to matrix grains, and sodic-

calcic amphibole is similar to matrix peak barroisite, indicating that the fractures were filled at near peak

eclogite facies conditions. When associated to albite and epidote in the fractures, amphibole is calcic and

similar to the retrograde amphibole from the matrix.

The core-to-rim compositional trend of garnet porphyroblasts is prograde, although coupled oscillatory

zoning in Mn and Mg occurs at the 200 µm outer shield of the grains (Figure 2). The trace of the reversals

is mostly euhedral, but their local rounded and irregular outlines suggest garnet dissolution episodes. The

distribution of Ca is characterized by increasing Ca contents from the core to the major Mn upturn, where

it reaches a maximum, then it decreases-increases-decreases toward the rim. These external oscillations

are concentric and euhedral, and are coupled with the external euhedral oscillations of Mg. In this sample,

the concentric (prograde+oscillatory) zoning of garnet is largely disturbed by patches not observed in

sample DG6521B. This patchy zoning involves the formation of Mg-richer and Fe- and Mn-poorer areas

that trend in composition towards that of the peak-T rims. These areas are elongate in shape and radial,

penetrating garnet from the exterior, but are also associated to fractures (locally filled with omphacite) and

to the surfaces of former grains that later coalesced into larger grains. This type of zoning was the result

of the diffusional modification of garnet interiors at near-peak eclogite facies conditons (600-650 ºC, see

below).

Amphibolitite LV4

The compositions of garnet, omphacite, epidote and albite are similar to those of amphibole-eclogite

samples DG6521B and LV36. Amphibole is distinctive in that it is slightly zoned, with magnesiokatophorite

rather than barroisite composition at the cores that have Mg# similar to the peak sodic-calcic amphibole

from the eclogites. The composition of amphibole trends toward retrograde magnesiohornblende at the

rims of matrix grains and the albite-bearing replacements after relict garnet and omphacite. These calcic

compositions are richer in Mg#, same as the retrograde amphibole from the eclogites.

Garnet amphibolite SRO1A

The composition of epidote and albite are similar to the amphibole-eclogites. The prograde growth zoning

of garnet is disturbed by several reversals in Mn, Mg, Ca, and Fe at the external overgrowths (Mn-poorer,

and Ca- and Mg#-richer). In terms of Mg (and Mg#), the overgrowths display up to five reversals. The

upturns in Mn are less well defined, but in general they match the downturns in Mg. The coupled behavior
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of Mn and Mg suggest retrograde episodes during their formation, although in this case the outlines of the

reversals are euhedral and do not show evidences of garnet dissolution. The oscillatory zoning is crosscut

by the irregular outlines of the garnet grains, indicating that dissolution occurred after the formation of the

oscillations. At this stage, the replacing garnet surface did not modify its composition.

The matrix calcic to sodic-calcic amphibole shows a rather irregular patchy zoning, although concentric

zoning is preserved in some grains. In these, the cores are actinolitic, while the overgrowths range from

magnesiohornblende to barroisite with lower Mg#, indicating prograde growth. The rims are retrograde as

they trend backwards to magnesiohornblende and actinolite with increasing Mg# relative to peak sodic-

calcic amphibole. The inclusions of amphibole within garnet cores are similar to the actinolitic cores of

matrix amphibole. Consequently, the prograde zoning of matrix amphibole correlates, at least in part, with

the oscillatory zoning of garnet. Chlorite is associated with actinolitic amphibole, and has Mg# = 0.54-0.52

similar to the retrograde chlorite of amphibolitite LV4. Glaucophane has high Si (ca. 8 atoms pfu) and

intermediate Mg# (ca. 0.6) contents, slightly higher than the Mg# contents of prograde barroisitic

amphibole and lower than calcic amphibole.

P-T EVOLUTION

Metamorphic temperatures and pressures were estimated using a number of methods (Figure 3).

Temperature was estimated with the garnet-omphacite and garnet-amphibole thermometers (Krogh-

Ravna, 2000a, 2000b). Thermocalc (Holland and Powell, 1998) was used to calculate minimum pressure

for the eclogitic stage (reaction jadeite = albite + quartz), and maximum pressure for the retrograde

overprints (reaction pargasite + quartz = tremolite + tschermakite + albite). The amphibole-plagioclase

thermometer (Holland and Blundy, 1994) was used to estimate maximum temperature for the retrograde

overprints (reaction tremolite + albite = edenite + quartz), although the results are imprecise because

plagioclase is nearly pure albite. Only the results for sample DG6521B are given in Figure 3.

The omphacite and calcic amphibole inclusions within garnet cores, and the omphacite inclusions within

the calcic cores of amphibole, in sample DG6521B indicate the stable coexistence of the three phases

during early eclogitic metamorphism. The calculated temperatures span 400-500 ºC (Figure 3) at

pressures in the range of 12-18 kbar. The ensuing formation of oscillatory zoning in garnet and amphibole

formed at less than 500-550 ºC, the temperature of formation of the outermost prograde rim of garnet. At

this stage, peak garnet coexisted with omphacite and sodic-calcic amphibole, indicating an increase in

pressure along the P-T path. We have assumed that oscillatory and patchy zoning in garnet, amphibole,

omphacite and epidote formed in response to events of decreasing temperature and pressure within the

overall prograde path, although with regard to pressure there is uncertainty. After the peak eclogite stage,

the sample was retrogressed through decompression and cooling within the albite-epidote amphibolite to

greenschists facies conditions. The scarcity of albite+calcic amphibole overprints suggests rapid

decompression and cooling at this stage and/or limited availability of H2O.
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A similar history can be deduced for samples LV36 and LV4. In the former, the lack of omphacite and

amphibole inclusions within garnet does not allow the calculation of early prograde conditions. The

calculated conditions at for the peak eclogite assemblage garnet+omphacite+NaCa amphibole are 600-

650 ºC and ca. 20 kbar (Figure 3). At or near these conditions, garnet fractures were filled with peak

sodic-calcic amphibole and omphacite, while volume diffusion modified the composition of adjacent

garnet. The higher temperature attained by this sample helps explaining the diffusional homogenization of

garnet. In amphibolitite LV4, relict garnet and omphacite attest for early eclogite facies conditions, but the

high-T and high-P Mg#-rich magnesiokatophorite interiors of amphibole indicate hydration of eclogite at or

near peak-eclogite facies conditions. Indeed, neither plagioclase or Ca-richer clinopyroxene formed,

excluding amphibolite facies conditions during hydration. Thus, H2O-bearing fluids infiltrated during

subduction/accretion of the blocks. In both samples, the retrograde trend of amphibole and the albite-

bearing replacements, indicate final uplift and cooling of eclogite and hydrated eclogite along the albite-

epidote amphibolite and greenschists facies.

The garnet amphibolite sample SRO1A formed at lower grade than eclogites and amphibolitites, as

indicated by the Mg#-poorer composition of garnet rims and the lack of omphacite. The calculated peak

temperatures and pressures are 500-550 ºC, 9-12 kbar (Figure 3), typical of the amphibolite facies

conditions. These temperatures suggest a relict nature of glaucophane. A range of 400-500 ºC was

calculated using glaucophane-garnet (cores) Fe-Mg exchange equilibrium. The path depicted in Figure 3

includes several retrograde episodes within the prograde path that account for the Mg and Mn retrograde

reversals in garnet. The retrogressive path evolved within the albite-epidote amphibolite and then entered

the greenschists facies, as indicated by the late formation of calcic amphibole and chlorite.

AGE OF METAMORPHISM

Age determinations in sample LV36A, taken from the same block as LV36, yield 103.4±1.4 (40Ar/39Ar in

amphibole), 115.0±1.1 (40Ar/39Ar in phengite; 123.1±1.0 to 117.1±0.9 using point analyses), and 118.2±0.6

(Rb/Sr in phengite-omphacite-rock). These ages are, in all cases, cooling ages since the temperature

attained was in excess of 600 ºC and the blocking temperatures of the isotopic systems are 500-600, 350-

450, and 500-550 ºC, respectively. The older Ar/Ar ages of phengite relative to amphibole is not consistent

with lower blocking temperature of the isotopic system in phengite. Excess argon in phengite is ruled out

by the age spectra and confirmed by the consistency with the Rb/Sr age. Perhaps, the formation of low

temperature calcic amphibole during the retrograde path of the block explains this contradiction. The data

indicate that the minimum age of eclogite facies metamorphism is ca. 118 Ma, while the sample

experienced final uplift and cooling at ca. 118-103 Ma.
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DISCUSSION AND CONCLUSIONS

The whole-rock geochemical signatures, mineral zoning, calculated P-T conditions and P-T paths, and

age determinations of the studied samples of exotic blocks permit to conclude a protracted geologic

history that includes a) Jurassic to Early Cretaceous formation of mid-ocean ridge or back-arc basaltic

rocks within the proto-Caribbean oceanic lithosphere, b) subduction (southward?) of this lithosphere at

pre-Aptian times, c) tectonic episodes that generated P-T fluctuations in pre-Aptian times, and d)

exhumation of the blocks during Aptian-Albian times. The latter point suggests that the formation of the

northern serpentinite melange of central-eastern Cuba was not related to the Tertiary collision of the

Cretaceous island arc with the North America/Yucatan margin. However, Tertiary uplift during the

formation of the mud melange of western Cuba is not excluded.

The fluctuations in P-T during subduction cannot be explained within the framework of a steady-state

distribution of isotherms for a subduction system where the plate contact is sharp and defined by a single

major fault. Instead, they suggest oscillatory kinematics characterized by alternate episodes of contraction

and extension. Among others, a possible mechanism that may cause oscillatory kinematics and the

associated fluctuations in pressure and temperature is alternate advance-retreat events of the subduction

zone. This may have caused tectonic disruption of the subducting slab and the distribution of the

movement within a thick fracture zone, where differential movement of slices of the lower and upper plates

are possible favoring the accretion of slices to the upper-plate mantle, the formation of the serpentinite

melange, and the 118-103 Ma exhumation of the blocks. These advance-retreat events point to the

instability of subduction that finally ceased in Aptian times. We propose that these processes that

disturbed and stopped subduction, and the development of an opposite-facing (northward?) subduction

zone below the Cretaceous volcanic arc of Cuba during the early Cretaceous (cf. Kerr et al., 1999), bear a

relation the with the Barremian/Aptian (ca. 120 Ma) plate reorganization associated with the onset of the

opening of equatorial Atlantic.
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Figure 1: Chondrite-normalized REE patterns for the eclogites and garnet amphibolites Chondrite

composition after McDonough and Sun (1995). See Kerr et al. (1999) for sources of Caribbean island-arc

tholeiites and oceanic plateau data.
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Figure 2. Representative XR images of garnets from the eclogites and the garnet amphibolite. The

oscillatory zoning is defined by several reversals in Mn and Mg. The width of the photographs are 1536,

2560, and 495 µm, respectively.
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Figure 3. P-T calculations and paths for the eclogites and the garnet amphibolite. In all cases, the

oscillatory zoning in garnet is interpreted to have formed after recurrent episodes of retrograde-prograde

metamorphism previous to the respective metamorphic peaks.


