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T. INTRODUCTICN AND PREVIQUS WORK

The eastern Greater Antilles and the Lesser Antilies
orn the northazstern and eastern margins of the Caritheun
(Figure 1) is an islend arc with attendant large gravity
inomalies, volcanism, and earihquakes, at the boundary of
the Atlantic end Caribbean plates, Features ef island arc
tectonics are well developed in the CGreater Antilles, while
they asre yet in a more youthful stage in the Lesser Aintilics,

The geology of the eastern Greater Antilles {coiw
sisting essentially of Puerto Rico and the Virgin Islands;
is naw‘fairly well documented, There has been & histery of
nearly continuous volcanism from the middle Cretzceous init
the Tertiary, and subsequent slighti deformation and mote-

morphism, The island of Puerto Rieco is especially interesi-

ing for study of island arc evolution because volcanic .«
arc exposed in largekvolume and represent a wide renge of
co@positicns.

In the southwestern part of Fuerto Kice {Figure *},
serpentinized peridotite occurs in asscclation wiih chert,
pillow lava, spilite, and small vlocks of enphibolite. This
uliramafic complex comprises the oldest rocks of the island;
within it relations batween the iitholagieg nre comnlex,

Though it is widely believed that this uliramafic complex

1960, 19543 Dommelly, 1971t Mattson, 197%5:,b), the origin

of this complex is zotuslly rathor obmours, An island era

o




€570 2

) < : .
Mpari ' ep (: .(/O .'(»Lo ,) M ES
» BATLAMNES Bromain doe ool -
N - 1 N . o~ a0 20 KLDETTERS
0 &, iANDS b
* : I Py
- 0
156 ATLANTIC OCHAN
LT -
e .
MEARN, ISLE OF FINES
A"TILL £
e — /)\/-\\
< %g ; i'u FIEO KILE
T (W Q e Y < i o
&4’«) \,‘\j \/ e N Ge:r'
FAMALCA KISPANIOLA s oW
. ]
S @o
RONDUKAS ,«- CARIBIEAN SEA : . b A
_'\I I ’ (
N »:::'AM:;!?AX o ow
\ i H”H
Rs : . . e
el
~ . | —a ;’,) // L 2 ©& 4
0STA { N TN T TR S iR DAL
tun ,' )
. VEETILLLA v ™
TRl '\ 3
PR \\ ¥ u‘ / ) 1 =N

2

Figure 1., Map showing location of Puerto Rico in

Facec Sy

Caribbean area,
] R i
.,

. .
o N S
/\ \_\;({ e Y ag 12::. .T:} ’ ”\S‘?A

3
AﬁASCO

)

ALBAYRIEG

- LR . M nr i

. &

N "\_,.:3'\‘\“/ 'L/ \n\
™ :‘\‘1 | B e Tarias r, “eiazae

"/":‘;“ORD‘LLE&
/ 2 34y

{resonts

A CENTRAL

nd '! s

sapius
g SUANEN

b
srsmene

. ‘.4"'"?.’"‘,(\ -

>
PN e o A {
Poro £ LRIBFEAN SE 5 odle
7 3
i ']

Figure 2. Map showing localities, highways, and topo-
graphis features of Southwestern Puerio “ico.




origin of such ultramafic complexes (ophiolite) wag advoczted

by Challis (1969), White et al., (1971), and Miyashiro (1973b).

Thus, it . is desireable to find evidence to deduce a morec re-
fined conclusion about the origin of this complex and i%s
significance in the prevailing hypotheses of plate tectonics
and island arc evolution,

- The present study focuses on an investigation of
the petrography,‘metamorphism. and geochemistry of tnis com-
plex and related rocks in southwestern Puerto Rice. TIn
addition, secular compositional changes of the wolcanizc roeks
" in thexPuerfo Rico - Virgin Islands area were stulied, co
that the significahce of this bbmplex in the evolution ¢f
the eastern Greater Antillian arc system might be es+tablished,

| The earliest geological reconnaissance reporie on
western Puerto Rico were by Mitchell (1922) and Hubbard
(1923). Berkey (1915) and Meyerhoff (1933) made gener:l
surveys of the geclogy of Puerto Rico., The Princeton
Caribbeen Research Project dealing with the problem of igland
arc evolution was ccnceived and initiated by Hess and
Maxwell (1953) (alsOfsee Hess, 1960, 1964, 1964}, Tre nre~
Ciigocence sedimentary and igneous rocks, and the ultramafice
complex of SOuthwestern;Puerto Rico has been gtudied by
Mattson (1960). A repert oi a systematic study ef the.
serpentinite from the AMSOC coxe hele in western Puerto Rico
had been prepared by Burk (1964}, Brigegs and Akers (1965)
prepared a hydrogeologic map ¢f Fusrto Rico. Lidizk (1965}‘

discussed the petrology of +hs igneous frocke of north-central



4

Puerto Rico., Serpentinite dredged along the north wall of
the Puerto Rico Trench, together with sedimentary rocks of
Cenomanian and Eocene age was reported by Bowin et al.,
(1966), Nattson (1967) discussed the Cretaceous and lower
Tertiary stratigraphy in west-central Puerto Rico. Studies
of the amphibolite in the ultramafic complex of southwestern
Puerto Rico had been made by Tobisch (1968), Otalora (1964)
and Jolly (1970af reported the presence of low grade meta-
morphism in sdéuth central Puerto Rico., Hart and Nalwalk
(1970) studied the trace elemenf relationships in submarine
basalts from the Puerto Rico Trench. Mattson and Schwartz
(i9?1) discussed the control of intensity of deformation in
PuertorRico. The geochemistry of the igneous rocks of the
eastern West Indies was studied by Donnelly et al,, (1971},
A petrological report on the'potassium - rich igneous rcoks
in south central Puerto Rico was made by Jolly (1971).
Mattson et al., (1972) correlated the outcropping Paleocens
and Eocene rocks in Puerto Rico with the Layer A in the
Atlantic ocean and Layer A" and the Carib beds in the
Carinbbean Sea., The Caribbean sérpentinites and their
tecitonic impiications were reviewed by Dengo (1972)., Mattson
(1973a, ) ﬁropﬁssd a nappe struéfure in the southwestern
ultramafic complex, which has Jlstely discussed by ¥alyper
(1973). The U. S. Geclogical Sovrvey is currently nupping
the entire island in deteil, The stratigraphy of varicos
parts of the island is reported by Kaye (1959), Beryhiil

et al., (196¢), Brigis and Gelabert (1962), Mattson (1947},



Pease (1968), Mcintyre et al., (1970), Donnelly (1970), and
Seiders (1971).

The geology of the Virgin Islands had been studied
by Donnelly (1960, 1966, 1972) and Hekinian (1971).

Ideas of the evolution of the eastern Greater»
Antilles arc are discussed by Dornelly (1964), Lidiak (1970),
Donnelly et al., (1971), Nattson (1973a, b), and Donnelly
(1973). |

Molnar and Sykes (1969) aﬁd Maifait and Dinkelman
(1972) discussed circum-Caribbezn tectonics and the evolution

of the Caribbean plate,




II. GEQLOGICAL SETTINC AND THE PETRCGRAPHEY OF THE

IGNEQUS AND METANORPELC WOOURS FROM SOUTHWESTERN PUERTC FET1CO

As shown in Figure 3, Puzrio Rico cen vwe clsarly
divided intlo three geologic belts, which in turp are Jividsd
into seven rock sequences that are separated Tyom each other
vy unconformities or disconformities (Mattson and
1971), They range in age from recent to Albian or n»idar,
The northern and southern belts of the island, sequinees &
and 7 (Figure 3), consist primarily of middle Tertisry line-
stone.,althoﬁgh epiclastic rocks and zome blanket vavnd sre
also present (Briggs and Aker, 1968: Pattson and Schwaris,
1971). fThe bedding of both belts strikes east, wiih the
north belt dipping gently toward the north and the couih
belt towards the south., These dipg probably resultsd Trom
block tilting as the island emerged in the middle 1o letis
Mipcene. The central belt of{ the island is made up oF
intrusive bbdies and a thick pile of volcuniclastic rouhs
‘and some lavas that range in asge from Albisn to Eccene, The
central belit iz overlapped unconformably by middle Tertiary
clastic and cartonate rocks of the northern and southeymn
telt (sequeﬁcﬁ 6 ang 7). The central belt (sequence 2 o 31

is divided in%to three tectonic blocks by large fault zones,
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The belt is composed of interfingering and
shonite and besalt, pyroclastic end ericlagstic rocks, and
some limestone (Mattson, 19603 Otalora, 1964%¢ Lidiank, 106&8;

Briggs and Akers, 19€5; Mattscn, 1966 Jolly, 1970a, b, 1971
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Donnelly et al,, 1971)., ZLow grade regional metamorphism,
posslibiy zeolite facies, prehnite pumpellyite facies and
locally incipient greenschist facies has affected the rocks
’of sequence 2 and 3 (0Otalora, 19€4; Jolly, 1970a). Nost
primary textu;al features of the rocks are preserved, except
in the fault zones and at the contact of the granitic intru-
sive bodies, where schistose texiure can be found, The
central block also contains several granitic plutons, mostly
granodiorite and quartz monzonite, These intrude sequences
2 through 5 (¥attson and Schwartz, 1971; Donnelly et al..
1971),

Figure L shows the simplified structural features

in Puerto Rico, which is veiy cotmiplicated in dotail, The
basic structural element of Puerto Rico is a broad anticlinal
arch whose axis is approximately_the long axis of the islumd,
Thus, the deformation is limited to tilting of Fault bliocks,
local drag or crumpling zdjacent to maior faults, and shollcws
depth gravity sliding and thrusting. The rocks in all

hree blocks of the central belt heve been moderately deformed,
Deformation was brittle and faulting predcminates, although
some folding has occurre¢d., Novements along the larger
faulte have been largely horizontal displacements, althéugﬁ

vertical movement has occurred &s wslil, VWhere Lho reeK

Lt
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o
R
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gequence 1s thin, as in the southwustern part of the
foiding is tight and folds are narrow. Where the rock

sequences are thick, as in the central snd eastern parts

Sodia

of the islizad, fclding is gentle and folds arc broszd (Brigezs
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eand Akers, 1965; Mattson and Schwartz, 1971). Local gravity
gliding has heen demonstrated by Mattson (1960). The oldest
rocks of the island occur in the Bermeja complex of south-
western Puerto Rico, which includes radiolarian chert, ser-
ventinized peridotite, pillow lava, spilite, and amphibolite
(Mattson, 1960, Burk ed., 1964 Tobisch, 19683 Donnelly et
al,, 1971, Mattson, 1973a, b). They are of Albian or older
age, | |

A good survey of the geology of southwestern Puerto
Rico was made by Mattson (1960), in which pre-0ligccene
sedimentary‘and igneoué rocks were emphasized, including
the Bermeja complei. The complex is unconformably overlain
by a broadly folded sequence of sedimentary and volcanic
rocks, of Cenomanian or Santonian to Eocene age, A Maesiri-
chtian unconformity subdivides this sequence with the Rio
Loco formation and the Mayaguez group below, and the San
German and Jicara formations above. A younger s¢quence,
including the Juana Diaz, Ponce, Guanajibo, and San Jusn
formations, consists of tilted and uplifted Oligocene -
Miocene limestone, gravels, &nd>clays, Miccene limestone
and clay and Pleistocene dune sands, A swuamsrized structure
map is showﬁ in Figuré 5. In this sectiovir of the report,
the general geology of the igneous and metamorohic rocks
from southwes tern rusrtec Rico is sumaarized, snd their peiso-

graphy is deseribed,

A. Methods of Petrographic Analysis




1

Thin sections were prepared for most of the speci-
mens sampled in a field trip to Puerto Rico during the summer
of 1972, as well as for specimens of the Bermeja complex
obtained from Dr, P. K. Mattson. One hundred épecimens
among the collection were selected later, and the thin sections
were made by the use of Lakeside and Canadian balsam, A
few volcapiclastic rocks and highly schistose rocks, which
were found to be fragile, were impregnated in plastic
materials before proceeding with the usual methods of thin
section preparation. Refractive indices of the minerals
were determined with reference to index oils, which were
checkeé,.immediately after the measurement, on a Abbe refracto-
meter, A four-axis universal stage was used in the deter-
minatién ¢f the optic angle (2V) and extinction angle for
some minerals (amphibole, pyroxene, and olivine). Emmons
et al,, (1953) noted that the measurement of extinction
angles is less reliable in characterizing the composition
of plegioclase than the measurement of the refractive
indices, However, within an error of An + 5, it is much
quicker to estimate the composifion'of plagioclase‘on the
universal stage, which can bring the symmetric extinction
angles of plazioclase c¢n the zone normal to (010) into
measuremanit, Alteratisn of the plagioclase, however, is
cormmon in most rocks, and where 5acondary.alteration ocbs=
cures extinction, an error greater tﬁan An + 5 may occur,
wherever possible, measurements of the optic axial angles

have been nade betweer the two optic axes by rotaticn on a
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| single axis of the universal stage. Where both optic axis
could not be reached by rotation sbout one axis (in the case
of higher 2V, or no suitable grains available in the thin
sectidn). measurement has been made from one axié ﬁo a bi-
sectrix position: this value has been doubled to give the‘
oﬁtic axial angle, Because of less well defined extinction
in hornblende; pyroxene, and olivine, the precision of 2V
measurement ié zbout + 2° in most rocks. In highly colored
and strained (optically) hornblende, direct optic angle
measurements are reproducible to + L° (the precision is
estimated by computing the standard error of the mean of
several determinations). Measuremenfs of CAZ of amphibocles
by the use of universal stage vary by 1° to 3°, owing in part
to strained extinction,

X-ray diffraction analysis using powder mounts was
used to confirmed the presence of pumpellyite, prehnite,
" laumontite, and hydrogarnet for some specimens in which
tﬁese phases were difficult to identify by optical methods, “v
Usually, the portion of the rock of interest, from which <%he
powder mount was prepared, were hand picked with the aid of
“the binocular after the specimen was partially erushed. The
operating parameters of a Siemens Type F X-ray Diffractometer
were set so as to achieve satisfactory peak rzsolution on
the chart, using CukA radiation, A = 1,5418 R, end nickel
filter. The major reflections used for the identifications
of these minerals are as followed: laumontite, 26 = 9,3,

13, 21.3, 25.6, 26,8, 29.6, end 37.2 (2); premite, 2 ¢ -
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25,6, 27,2, 28,9, 31.8, 35.2, and 37.9; pumpellyite, 26 =
23.4, 30.8, 32.7, and 36.7; hydrogarnet, 2 ¢ = 33,3, 35,
36.5, 46.3, and 57.3.

The flake-like crystals with anomalous birefringence
and greenish pleochroism are attributed to chlorite, wa-
e?er. smectite and various members of mixed-layer clay
minerals also have a similsr appearance in some cases,
Identification of these minerals réquires special techniques

(Miyashiro, 1973c) and was not attempted.
B. Bermeja Complex

This ultramafic complex, -containing the oldest rdicks
in the island, oczurs only in the cores of the tWo northarn
anticlines (Las Mesas~Fraile and Guanajibo anticlines) and
in Sierra Bermeja and SierraVMelones in southwestern Puerto
Rico, being expoéed in greatest variety in Sierra Bermejsz
énd named the Bermeja complex by Mattson (1960)., 1In the
complex, serpentinitized peridotite occurs in association
with minor amounts of spilite, radiclarian chert, pillow
lava, énd amyhibolite. A geological map showing the central
part of the Sierra Bermeja area is shown in Figure 6, Lyiug
unconformabiy upon the complex afe upper Cretaceous sedi-
mentary and volcanic rocks of the Mayaguez group dated as
Campanian and perhaps Santonian, Grains of chromite snd
pebbles of serpentinite and other rocks from this complex
occur locally as the basal conglomerates in this sedimentery

sequence, indicating that the Permeja complex was eroded

B g OT R Ko . Sb L}
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during or before the age of the Nayaguez group (Kattson,
1960). In some places, a lava and volcanic formation lies
below the well-dated Mayague: group but unconformably on

the Bermeja complex, Being correlated with the lower Creta-
ceous Albisn foraminifera bearing Rio Loco formation of
Otalora (1960) iﬁ central Puerto Rico, this volcanic unit
was named'the Rio Loco formation by Mattson (1960), Thus
the Bermeja complex ié certainly pre-Campanian and possibly
Albian or eveﬁ older. Althoughvthe relationship between

rock types in the Bermeja complex has not been completely

‘established, a diapiriec intrusion of the serpentinite inte

the post;Albian rocks in the cenfers'of Guanajibo and Las
Mesas-Fraile anticline (Mattson and Schwartz, 1971) =nud &
gravitétional nappe structure in the Sierra Bermeja {Mnttson,
1973a, b),in which a disharmonicaliy deformed sheet of
radiolarian chert forms the nappe overlying other rock types,
with small lencses of serpentinite along the sole>of the

nappe, possivly as a lubricant were propesed,
1. Schistose Amphibolite and Massive Metabasaltic Dike

The amrthibolite shows a markedly different meta-
morphic grade and style of deformetion to the surrounding
yoeks, ard is exposed mostly in the Sisrre Bermeja and the
Sierra Neloner, where if occurs as a tectonic block in
sheared serpentinite, Thé fragments of the amphibolite
gve dominant among wany swall serpentinite exposure (Mattson,

1973z), because the anphibolite is more resistant than ser-
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pentinite, Amphibolite also occurs as pebbleé in conglomerate
near the base of the Campanian and Naestrichtian Mayaguez
group (Nattson; 1960) The biggest body and the best out-
crops of the amphlbollte occur in the Las Palmas area (Figure

6), which is about 15 m11e° south of Maysguez in the southerno

most outcrop area of the Bermeja complex (Mattson, 1960,
1973a; Tobisch, 1968) Exposures of the amphibolite are
avaxlable only alcng small streams and in some small rcad
cuts, Host of the contact with the surroundlng rocks is
voorly exposed Completely serpentlnized perldotlte ie in
part in intrusive contact and in part in fault céntaéﬁ with
the amphibolite body.’In the norfhern contact, a Steéyly
dipping foliation, which is;apparenily defined by tne planur
arrangément of long axes of bastite pseudomorphs, iz Zeve:
loped in the serpentinite (Tobisch, 1968). This plenar
stiructure, which weakens away from the contact in the sey~
pentinite, was probably formed as the serpentinite was eme
rlaced (Tobiéch, 1968)."Recrystallized chert and basalt
which is interbedded with the voleaniclastic rocks, uncon-
formelly overlie some portions,bfAthe amﬁhibolite. |

Two main rock types, schistose amphibolite and*
massive metabasalticldike, oceur in thé Les Palmas amphibolite
btody. A varlable degrca ci development of foliation in the
schistose amphxbolitc is formed by the pref erred planar
orlentation of the 1 eng axes of hornblendo, and to a lesser
degree, Ilattened cryuuqls of plagloclase and quartz. The

structure features of this ‘amphibolite body was des¢r1béd ”
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a, Petrography of the Schistose Amphibolite

| The average grain size of the schistose amphibolite
is about 1 mm, with the long direction of the elongated and
flattened crystals arranged more or less parallel to the
foliation, The schistose amphibolite consists mainly of
hornblende, plagioclase, and quartz, with small smounts of
opaque minerals and with or’without minor sphene, aiéhi%e,
and zircon, The minerals are segregated into distinct
layering, forﬁing the white layers of plagioclase and quar¥z
that slternate with dark greén layers rich in heornblends.
Close to the contact with the serpentinite, the schfsfmsﬁ
amphibolite locally may contain epidote minerals and prehnite
in veinlets,

The hornblende has an average &ize of 1 mm, cccuring
in subhedral prismatic crystals with a preferred C-gxis
orientation parallel to the foliation and forming the dark
colored layers. Cleavage is well developed, and CAZ ranges
from 14° +o 25°. as determined on the universal stage, ”Pleo;
chroism is X = pale yellow to pale greenish yellow, ¥ =
yellowish green to deep yellowish greén, and 2 = pale to
deep bluish green, and rarely to brownish green, Optical
angles, measured or the umiversal stage, have a range of
zvx 72° to 86° (measurement of 13 grains fron diff&rent
specimens). Slight 6pt£ca1 strainimg (undulatory exfinction)
is consistent in most of the hornblende, ny and ﬁY arc 1,644

to 1,660 and 1.666 to 1.682, respectively (measured on ilve
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analyzed samples}, Locally, minute crystals of sphene,
apatite, or zircon are present as uncommon inclusions in
the hornblende,

Plagioclase is usually subhedral to anhedral, and
equant or sliéhtly flattened somewhat parallel to the foli-
ation, with an average length of 0,5 mm, It occurs mostly
with quartz grains in the light layers that =zlternate with
the dark hcrnblende-rich layers. Albite and other simple
tiwns are weaklyv developed or absent, Weak zoning occurs
in some plagioclase, but is not common, Opticel undulatory
extinction is not rare in the plagioclase; the :mposition
by universal stage measurement, ranges from 20 }o 40 percent
An, The degree of alteration of the plagioclaéé varies from
sample to sample, and ranges from none to moderate, The
common alteration product is white micas or sericite, which
clouds the plagioclase in varying degrees,

/ Quartz occurs as small crystals, 0,1 to O.4 mm in
diameter, usually in the light layer associated with the

plagioclase. The grain is always anhedral with serrated

edges, and sometimes slightly flattened. Undulatory extinction

is consistently found in quartz crystals. C-axes of the
crystals have weak preferred orientation subparallel to the
foliation,

Accessory sphene, apatite, and zirecon occur as small
subhedral to euhedral crystals or granules about 0,05 mm in
size in the interstitices between thé main minerals, as well

as common inclusions in hornblende., Magnetite is present as
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a minor accessory mineral, commonly with rqunded irregular
edges and, locally, with slight elongation parallel to the
foliation. It also cccurs as inclusicns in hornblende or
interstitial to the main minerals. Tiny crystal aggregates

of pale yellow epidote and/or colorless prehnite fill in
veinlets in the schistose amphibolite near the contact with
serpentinite, Thus epidqte and prehnite can not be considered
a8 part o} the stable mineral assemblage, Apparently they
were introduced as a result of the emplacement of the ser-
pentinite, Some small anhedral quartz and locally euhedral

garnet grains also occur in some veinlets.
b. Petrography of the Massive Metabasaltic Dike

The massive metabasaltic dike rocks are deep green
in coelor and commonly porphyroblastic. The porphyroblasts of
hornblende and plagioclase range from 0,5 to 1.5 mm in length.
Tbe groundmass commonly has a fine~-grained intersertal texture,
and consists of plagioclase, hornblende, and some epidote-
group minerals, In most rocks, the original igneous por-
phyritic texture is somewhat preserved. The amount of
original phenocrysts varies from less than 10 péréent to 20
percent in the original rocks. Locally, a very weak foliation
is defined by the subparallel arrangement of small prismatic
hornblende grains, From field observation, which shows that
the dike cuts the folistion in the schistose amphibolite,
there is little doudbt that the dike intruded the schistose

amphibolite after the forméation of its foliztion., Tobisch




(1968) alsc found that protoclastic deformation in the
schistose amphibolite body accompanied the injection of the
dike,

Amphidole occurs in all the metabasaltic dike rocks
and is evidently of metamorphic origin, The crystals are
usually poorly shaped without well developed cleavage.
Amphibole occurs in the porphyroblasts (0.5 to 1,5 mm) as sub-
hedral to anhedral grains and as fibrous aggregates after
the original phenocrysts (commonly clinopyfoxene and a few
of plagioclase), as well as small subhedral prismatic to
fibrous cryétals (smaller than 0,5 mm, mostly 0,2 mm) in
the groundmass, The porphyroblastic amphiboles rarely rim
relict colorless pyroxene and commonly show weak zoning,
This zoning is indicated by variation in both the pleochroism
and extinction angle within a single crystal, The pleo-
chroism is generally much paler than that of the hornblende
in the schistose amphibolite, alfhough similar in schene,

IA the porphyroblasts Z may gradually vary from bluish green
on the rim to very pale yellow in the core for single am-
phibole'crystals after original pyroxene phenocrysts, while
‘the extinction angle CAZ also vary from 20% on the rim to
16° in the core, a&s measured on the universal stage., Por
the horndlende, in general, 2Vx ranged from 629 to 700, ny
ranged from 1,644 1o0.1,646, ny ranged from 1,664 to 1,668,
Rarely, tiny epidote minerals can be seen included in
occasional single hornhlende porphyroblasts, The fibrous

amphibole variety, probably actinolite, has very weak pleo-
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chroism, and is even colorless with low extinction angles
(16° to 18°) and ny = 1,656, It commonly occurs as groups
of subradiating tiny fibrous crystals in the porphyrcblasts
after pyroxene,

Althbugh plagioclase grains are slightly to moder-
ately replaced by tiny crystals of amphibole throughout and
have no distinct crystal form, it is lath shaped ranging
from 0.5 to 1.5 mm in length dispersed in the groundmass.
Some twinning and weak zoning is still visible in a few
crystals, with a composition as determined on the universal
stage ranging from An33 to An35. Replacemeht of plagioclase
by epidote_minerals is also common, rarely it is also
replaced by chlorite. The relict clinopyroxene, possibly.
ﬁugite. is rimmed by prismatic or fibrous amphibole, and
occurs only in small amounts in the core of some porpyrobnlasits.

Colorless to pale clinozoisite occurs in small
prismatic crystals (usually less than 0.5 mm in length) and
as small granules commonly replacing plagioclase, and in a
few cases, relict augite phenocrysts. It also occurs in

the groundmass, and very commonly as vein fillings. Some
small, pale yellowish green epidote crystals alsec occur with
clinozoisite, although this is not common. Magnetite
granules (usually smaller than 0,05 mm) are dispersed
throughout the dike rocks, occurring interstitisl to other
minerals in the groundmass. as inclusions in hornblendz, gnd
rarely in veinlets., The occurrence of prehnite in the dike

rocks beccmes importsnt close to the contact of the zmohi-
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bolite with the serpentinite. Commonly it occurs as subradi-
ating or fan shaped tabular crystal groups forming a mon-
mineralic filling in significant numbers of veins or fractures
near the contact, Subhedral tabular crystals of prehnite
also replace plagioclase in the rock, and in some rare cases
it forms a rock of essentially amphibole and prehnite,

Other veinlet minerals are epidote, chlorite, and quartz.

.

2, Serpentinite

The serpentinite occuré in the cores of‘the two
northerly west-northwest trending anticlines in southwestern
Puerto Rico and as several small lenses.beneath the Eermejs
Nappe associated with chert, silicified volcanic rock, and.
amphibolites in Sierra Bermeja (Mattson, 1960, 1973a), and
is well exposed in small and large road cuts. The serpen=-
tinite in most of the outcrops- is intensively sheared, in
some cases consisting of aggregates of highly polished
slickenside-bounded serpentinite blocks set in matrices of
finely,divided crushed serpentine; zones of differéntial
movement are present at most of the contacts with other rock
typres. Serpentinite is usually deep green, bluish green,
or brownish green, or brownish black in fresh outecrops, dbut
grayish brown or greenish white when weathered, Relict
green colored crystals, usually pyroxene, are visible in
some rocks both weathered and unweathered,

A systematic study of the 365 meter core of ser-

pentinite exposed along the crest of the Guanajibo anticline
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near Mayaguez was reported in Burk ed, (1964); the petro-
graphy of the core was studied by Mattson (1964), Rocks of
the core include about two thirds serpentinized diopside
harzburgite (original olivine content less than 95 percent,
orthopyroxéne dominant over clinopyroxene) and one third
serpentinized dunite (original Qlivine greater than 95 per-
cent), There is little relation between the degree of ser-
pentiniz£¥ion and the present erosion surface (Mattson, 1964).
Thirteen thin sections from the core specimens and eighteen
from exposed serpentinites of the Rermeja complex were
examined in this study..They consist mostly of secondary
serpentine minerals, with varying small amounts of relict
olivine, clinopyroxene, orthopyroxeng. and accessory spinel,
The serpentinites exposed on the Las Mesas-Fraile
anticline are serpentinized harzburgite. The completely

serpentinized harzbhrgitel

originally contains about 80 to
99 percent olivine, with bastite up to 2.5 mm, Exsolution
lamellae in bastite can be seen only locally, Grains and
veinlets of magnetite in some rocks form mesh textures or
are present in serpentinized olivine cores. Pseudomorphs

of pyroxene are common and appear heavily dusted. Translu-
cent spinel is quite rare, Serpentine veins are very common.

Small amounts of calcite replacement can be found in the

gerpentinite near the faulted contact breccia zone at the

1 Equivalent to Mattson's Type A (see Mattson, 1964)
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south side of the anticline, The less serpentinized harz-
burgitel is similar to the completely serpentinized harz-
burgite but is about 80 percent serpentinized and originally
contains about 70 percent olivine and 30 percent pyroxene
(enstatite dominates diopside). The original enstatite,
now partially serpentinized, may be up to 3 mm in length,
while the diopside is less than 1.5 mm, Interstitial brown
spinel, r}mmed by magnetite, may be up to 2 mm, The ser=-
pentinite at the contact with the spilite near Mayaguez is
strongly foliated with the contact at an angle to the fcli-
ation. No original minérals or relicts, or translucent
spinel can be observed in it,

On the Guanajibo anticline, serpentihized dunite
exposed near San German with breccia and microbreccia is
found near the faults on the north side of the anticline,
while serpentinized harzburigite is exposed near Punta
Guanajibo, The completely serpentinized harzburigite on
this enticline is similar to that in the northern anticline,
except that translucent spinel (golden brown to grayish
brown) is more common, The less serpentinized harzburgite
has greenish brown spinel, up to 1 mm, rimmed by magnetite,
exsolution lamellae of diopside in enstatite, and bastite,
and is similar to that exposed in the northern anticline,

Completely serpentinized dunite2 exposed near San German,

1 Equivalent to Mattson's Type C (seé'Mattson, 1964 )
2 Equivalent to Megttson's Type E (see Mattson, 1964)
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originally consisted of less than 3 percent pyroxene (up to
1.5 mm). Mesh texture and yellowish brown to golden brown
spinel (up to 2 mm and rimmed by magnetite) is generally
common, Varing amounts of calcite occur in the interstitices
between breccia fragments, Replacement by talc and iddingsite
(?) is common in microbreccia. |

Harzburgitel, more than 95 percent serpentinized, is
exposed as lenses in the Sierra Berme ja, commonly with the
relicts of diopside, and less commonly enstatite and olivine,
The bastite pseudomorphs may reach up to 8 mm in length,
while the diopside may be up to 2 mm. The preferred orient-
ation of their long axes defines the foliation. Minor
amounts of magnetite occur as grains and veinlets, whiie
goldeh brown to yellowish brown spinel, up to 1 mm, is rimmed
by magnetite, Exsolution lamellae in the enstatite and
bastite developed in some degree. Thin exsolved enstatite

lamellae were found in one elongated clinopyroxene.
3. Spilite

Spilite is exposed in a large quarry about 0.7 mile
east of Mayaguez on route 105 (Figure 2) (Mattson, 1960},
The exposuré consists of massive spilite and amphibelitized
dolerite in contact with foliated serpentinite on the north-
most margin of the quarry. Small veins of calcite, quartz,

and epidote are common, Epidote can be abundant in larger

1 Equivalent to Mattson's Type A (see Mattson, 1964)
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brecciated zones and then forms a massive yellowish green

rock., Some spilite pebbles occur as basal conglomerates in

the overlying Mayaguez group.

The spilite is grayish green and intersertal in
texture with én average grain size of 0.5 mm, It consists
of albite and predominately interstitial augite and chlorite.
with minor ambunts of opaque minerals and white micas, ﬂ
Small amounts of epidote, calcite.>prehnite. hydrogarnet, \
and quartz are common locally,

The albitic plagioclase occurs usually as euhedral
to subhedral phenocryst laths scattered irregularly throuvgh-
out the rock, with an average length of 0.8 mm, It is conmen 1y
unzoned wifh albite, carlsbad and some combination twins,

The composition, estimated by universal stage, rangés from
L to 8 percent An. Slight alteration of.the albite is common,

with secondary white micas, chlorite, epidote, prehnite,

a@d carbonate usually arranged along the cleavage or twin
planes, Some small anhedral augite can be seen as inclusions ‘
jn the albite laths. In some cases, a small amount of

minute snhedral albite (?) can be found in veinlets associsied

.with other low temperature minerals. Augite occurs as sub-

hedral to anhedral grains of abcut 0,5 mm, filling the .': \
interstices between the plagioclase laths, Some grains have i

simple twins some show slight undulatory extinction, some

are slightly bent, Measured values of 2VZ of the augite
are 50° to 53%; ny is 1.684 to 1,686, Minor alteration 4

products of pyroxene are epidote, chlorite, prehnite, and |
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hydrogarnet (7).

One of the samples from the northmost outcrop of
spilite on route,lOS. shows complete replacement of inter-
stitial pyroxene by carbonate and platy chlorite, No relict
pyroxene was observed, but its cleavage patterns are still
preserved,

Chlorite occurs in tiny plates, fibrous aggregates,
and/or as flakes, filling the cavities of veins radially
and in the interstices of the phenocrysts. Most chlorite
is pale green in color, It is in places altered into &
mineral whiéh shows yellow to yellowish green pleochroism
and rather strong interference color, The interstitial
chlorite is probably altered from original glass in the rock.
The chlorite is sometimes found with small scattered granular
grains of isotrobic garnet embedded in it, Some six-sided
euhedral pseudomorphs, consisting of prehnite aggregates
r;mmed with chlorite, can be seen in some thin sections, and
these are probably altered from olivine?(about 0.4 mm grain
size),

Epidote is pale yellowish green in color and weakly
‘pleochroic, usually occuring as small (0,1 mm) subhedral
prismatic crystals or as yellowish brown granular sggregates
either associated with chlorite filling in the interstices
in veinlets and cavities or as an alteration of plagioclase
and pyroxene, In some cases the granular aggregate epidote
is commonly associated with, or surrounded by, small grains

of garnet,



Prehnite occurs as small (0.1 mm to 0,2 mm).
colorless or pale yellowish brown agegregates that are sheaf-
like. with moderate relief and wavy extinction, and are
commonly associated with chlorite or calcite in the veinlets
in some samples. Rarer occurrences are &s an alteration of
plagioclase, pyroxene, and possibly from olivine, Calcite
occurs mostly in veins or amygdules, commonly rimmed by
chlorite. It may also replace plagioclase and pyroxene.

The minute crystal of hydrogarnet (?) was associated
with chlorite, and with some of the altered pyroxene, Fine |
grains and granules of sphene are predominantly associated
with chlorite, Magnetite occurs as small granules mainly
rimming the interstices. Small cubic grains (0.1 to 0.5

mm) of pyrite are common locally,
4, Amphibolitized Dolerite

| The amphibolitized dolefite occuring in the northem
spilite quarry is a massive, dark grayish green rock. which
is holocrystalline granular, with relict subophitic texture
and an average grain size of 0.8 mm, Dominant minerals
"include plagioclase and hornblende, with subordinate relict
clinopyroxene (?), opaque minerals, and white micas,
Lath-shaped plagioclase is commonly twinned and

strongly zoned, Plagioclase composition ranges from An75

in the core to Anbo on the rim, as determined on the vniversal-
stage, Cores of individual crystals are clouded in varing

intensity. All rlagioclase contains minute inclusions of
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hornblende and is altered to white mica flakes.

Pale yellowish green relict clinopyroxene, probably
augite, is rare and only exists in the cores of grains, rimmed
by secondary hornblende, Hornblende, having a pleochroism
of X = pale yellow, Y = yellowish green, and Z = bluish
green, occurs as subhedral to anhedral crystals, 0.5 t0 1,0
mm in size, rimming the relict augite or as small subhe-
dral prisms (0.2 to 0,1 mm) in the interstices of the plagio-
clase laths. - The larger grains of hornblende are slightly
zoned and commonly slightly clouded with tiny opaque
minerals in'the core, Irregular shaped opaque minerals
occur in contact with or included in the hornblende, The
optical angle (2Vx) of the hornblende ranges from 68°,to
72°, and that of the relict clinopyroxene from 56° to 60°,

The measured values of ny and ny for the hornblende are

1,642 and 1,662, respectively,
* 5§, Mariquita Chert

Exposed mostly on the high hill in the central part
of the Sierra Bermeja, the chert is typically a fine grained,
‘greenish gray (red-stained if weathered), medium-bedded
radiolarian'bearing rock, and is‘recrystallized into an
aggregate of irregularly shaped quartz grains (usually
smaller than 0,05 mm) with minor opaque minerals, Veins
filled with quartz and/or epidote minerals, or locally
with albite, are present (Tobisch, 19683 Mattson, 1973a).

The original rock was apparently a fine-grained to aphznitic
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radiolarian mudstone or claystone. Tectonic dislocation is
suggested by the highly sheared serpentinite at the lower
contact of the chert with serpentinite, At contacts of the
chert with underlying Maguayo porphyry, and locally Cajul
volcanic rocks. the chert is highly sﬁeared and brecciated,
also indicating a faulted lower contact. From these field
relationships:and a structural analysis, Mattson (1973a, b)
proposed a gravitational nappe strﬁcture for a deformed
sheet of the chert which moved northward with serpentinite

beneath it serving as lubricant,
6. Cajul Volcanic Rocks

Féldspathic. finely crystalline, grayish green
basaltic lava showing well defined pillow structure, and
some coarse tuff exposed in western Sierra Bermeja have
been naméd the Cajul volcanic rocks by Mattson (1973a). He
also noticed that vague beds or interpillow bodies of red
chert are common in the lava. The outcrops are usually
sheared and deeply weathered, Except for thé contact with

the intrusive Mayguayo porphyry, faulted relationships

oceur at the contacts with all other rock units.

The lava is porphyritic to ophitic in texture,
consisting mostly of plagioclase and clinopyroxene, with
minor amounts of iron oxide, chlorite, white micas, quartz,
calcite, epidote, and pumpellyite altered from the primary
major minerals and groundmass, and also filling in vesicles

and in veinlets,
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Most plagioclase is in slender euhedral laths,
average length 0,5 mm, up to 1 mm in some rare phenbcrysts.
and surrounded by anhedral clinopyroxene, Zoning and twinning
are observed._although most plagioclase is extensively to
moderately alfered to a dusty appearance, The unaltered
zoned plagioclase has a composition of An7o in the core to
An5o on the rim, as determined on qniversal stage, Alter-
ation minerals of the plagioclase are white micas, chlorite,
and rarely calcite, There is less pale yellowish-green
clinopyroxene than plagioclase, generally anhedral and
interstitial to the plagioclase laths, and rarely pressnt
as subhedral phenocrysts. It is replaced 5y chlorite and
rarely by célcite. usually starting inward from the rim,
Fresch clinopyroxene usually shows undulatory extinction,
Measurements of the optical angle by universal stage yield

= 56°. Measured value of Ny is 1,692,

, Aggregates of various associations of epidote,
chlorite, white micas, and quartz commonly replace the
interstitial groundmass, and form veinlets of an average
width of 0,5 mm, Amygdules are observed in some specimens,
.containing one or more of the follbwing mineralss chlorite,
epidote, quartz, calcite, and pumpellyite, Chlorite is
generally yellowish green in color, rarely yellowish brown,
It is the most abundant matrix mineral in the clastic rock,
and is ulso widespread and abundant in the groundmass of
the lava apparently as an alteration from the primary mafic

minerals., Yellowish green to brownlish green epidote occurs
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as small granular or columnar aggregates, partly replacing
plagioclase, It is also common in the amygdules and veinlets .
Pumpellyite displays blue~green to clear pleochroism,
and is rarely brownish green, 1t occurs as an irregular mass
or sggregate of small elongate prismatic crystals, usuélly
with small anhedral quartz grains in the center of veinlets,
and rarely as single grains in veinlets and amygdules,
Pumpellyite within, or in contact with, quartz is usually well
crystallized and displays a less brownish color., Association
with epidote and calcite is 1eés common. The iron oxides
are usually’interstitial to the major minerals, and alsc

form subhedral elongated tiny crystals in the groundmass,

7. Maguayo Porphyry

Mattson (1973a) named the Mayuayo porpﬁyry for a
tan to greenish gray porphyritic rock, exposed mostly in
the north-eastern Sierra Bermeja, with sparse to common
feldspar and hornblende phenocrysts. and rarer phenocrysts
of quartz and biotite in a microcrystalline aplitic ground-
mass, He also cited an extrusive or shallow intrusive origin
‘for this porphyry, based on the observation of amygdules or
vague flow 1ayering in a few outcrops. The porphyry is in
fault contact with the overlying chert., Contacts with other
units are steep and show no evidence of contact metamorphism,

Euhedral plagioclase, ranging from 2 to 4 mm, is
the most common phenocryst. The compositioﬁ, deternmined by

universal stage, is An38 to Ang,. It is usually slightly to
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moderately altered to white micas, chlorite, and rarely
calcite, with a dusty appearance, Partial replacement by
epidote and other common secondary minerals was observed in i
one specimen,

Hornblende phenocrysts have an average size of 1 mm,
and are usually euhedral with well developed cleavages., The
pleochroism is X = pale sﬁraw yellow, Y = greenish brown, and
A =.brownish green, Zoning and twinning are common. Extinction
angle (CAZ) vary from 18° in the core to 15° on the rim, and

2v, = 84° in the core, measured by universal stage. Measured

X
values of n, and ny are 1.652 and 1.676, respectively. The
hornblende may be either very fresh or replaced by secondary i
minerals. A pseudomorphic association pf greenish chlcrite,
brownish epidote, and calcite commonly replaces the horn-
blende, within which elongated epidote is always arranged
parallel to and continuous along the cleavage traces of the
or}ginal hornblende, with chlorite in between., Calcite
occurs as anhedral patches scattered within the pseudomorph,
In some thin sections, biotite is common as pheno-
erysts, It is subhedral to euhedral averaging 0.5 mm, with
tiny opaque minerals arranged along its cleavages. The
biotite is yellowish brown or brownish green and displays
strong pleochroism. It is partly to completely replaced
by chlorite and calcite. Rarely, subhedral quartz grains,
usuallé clear and unaltered, 1 to 4 mm in size occur as
phenccrysts, The groundmass is aplific in texture with a

grain size less than 0,1 mm, Tiny pale gfeen sericitie
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mica is interstitial in the groundmass, with chlorite, calcite

and occasionally epidote present as alteration minerals,

C. Rio Loco Formation

The Rio Loco formation is composed of bronzite}
andesite porphyry lava, more than half with pillow forms, and
subordinate tuff, breccia, hornblende andesite, dacite (%),
and limestone (Mattson, 1960). The formation occurs on the
flanks of the Las Mesas-Fraile anticline and in the south-
east part of the map area in Pigure 2, It is approximately
300 m thick in the northern exposure, The Rio Loco formation
lies stratigraphically between the Mayaguez group and Bermeja
complex, Mattson (1960) described the bronzite andesite
porphyry as consisting of about 40 percent bhenocryéts. which
include 20 percent of plagioclase, 10 percent diopsidic
augite, and 10 percent bronzite, included in a glassy brown
goundmass which contains embedded microlites of plagioclase,
orthopyroxene, clinopyroxene, and magnetite, with amygdules
of calcite, chlorite, and quartz, The plagioclase pheﬁo-
erysts, averaging 1 mm long, occur as euhedral to subhedral
twinned and zoned laths with an average composition of Ang .
Diopsidic augite is subhedral ard equidimensional, averaging
1 mm in size, commonly with cores of orthopyroxene, Bronzite
is the usual'orthopyfoxene, occurring as subhedral laths
averaging 0,6 mm long.

Samples from the north flank of the Las Mesas-Fraile
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anticline, on route 105 near Limon, show‘strong secondary
alteration, Most plagioclase phenocrysts are moderately to
extensively altered to white micas and albite and partly
replaced along cleavages by minor chlorite, calcite, quartz,
opaque minerels, and sphene., Pseudomorphs, apparently'after
orthopyroxene, consist mostly of chlorite or dusty calcite
with minor quartz and ore minerals, The groundmass has under-
gone extensive readjustment, with the lath-shaped to acicular
plagioclase. -similarly alterated as the plagioclase pheno-
ecrysts, Abundant tiny grains of secondary chlorite with
minute opaqdes are probably altered from the interstitial
glass, Various associations of calcite, chlorite, quartz,
and sodic plagioclase, with small amounts of white micas,
sphene, and ore minerals in irregular aggregates fill in
small veins,

Mattson (1960) found that while the northern and
squthern exposures of the lavas are mineralogically and
texturally similar, the southern lavas have a larger percentage
of phenocrysts, a smaller percentage of orthopyroxene

phenocrysts, and about twice as many plagioclase phenccrysts,

D. Mayagueszroup

The Maygeuez group consists of bedded and massive
fragmental limestone; thin to medium bedded forminiferal
tuffaceous mudstone, siltstone, and tuff; and andesitic and

basaltic volcanic rock including massive tuff, lava, and
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breccia, comprising most ofvthe rocks in southwestern Puerto
Rico, Its thickness increase from 780 m on the south and
southwest to 3800 m towards the northeast corner of the map
area of Figure 2 (Mattson,1960)., In most places it con-
formably overiies the Rio Loco formation, and locally lies
unconformably upon the Bermeja complex, The age of the growp
ranges from Tﬁronian or Santonian to Maestrichtian., Seven
lithofacies formations have been récognized by Mattson (1960},
eg: the Parguera, Brujo, and Melones limestones, the Yauco
muds tone, the Maricao basalt, the Sabana Grande andesite, and
the E1 Ray volcanic rocks, They occur in four major structures,
namely the Las Vegas syncline, the Hormigueros syncline, the
Tea syncliné and Brujo structures, and the Parguera anti-
cline and the Melones and Vertero synclines (?) (Figure 5).
The formations of volcanogenic 'origin, including
the Yauco mudstone, the Maricao basalt, and the Sabana Grande

andesite were studied and described here,
1, Yauco Mudstone

The Yauco mudstone consists of foraminiferal tuffa-
‘ceous mudstone, minor tuff, and rare conglomerate and bedded
chert, occurring in great thickness in the northern part of
the map area of Figure 2 and as thinner lenses or tongues in
the south, Fresh exposures are rare in the Las Vegas syncline,
On the limbs of the Hormigueros syncline, the Yauco mudstone
forms narrow belts, averaging 250 m in the north limb and

ranging from 0 to 30 m in the south limb, It also occurs in
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small synclines in the Guanajibo region, Good outcrops also
exposed in the Tea syncline, The Yauco mudstone rahges from
Turonian to Maestrichtian in age. ‘Bedding in the Yzuco mud-
stone generally parallels the contact with the underlying
Rio Loco lava, but is truncated at the contact in some
exposures, which was interpreted as evidence of local thrust
faulting aloné the contact (Mattson, 1960),

Among the examined sampleé. one is porphyritic
lava, with euhedral plagioclase laths and pseudomorphs after

amphibole and other mafic minerals as phenocrysts ranging

from 0.2 to 6.0 mm in size, being dispersed in the fine grained

groundmass. The other specimens are coarse tuff and tuff,
consisting hostly of porphyritic rock fragments, crystal
fragments, and matrix materials, The porphyritic rock
crystal fragments are usually angular to.subangular. ranging
from 0.05 to 2 mm in size, Feldspar occurs as euhedral laths
iq‘phenocrysts in the rock fragments and as broken fragments
in the matrix, Small amounts of subhedral or broken pseu=-
domorphs after smaller mafic minerals are present,

Most of the primary minerals are highly altered,
.PlagioclaSe is usually replaced by white micas and albite (%)
with lesser amounts of one or more of the following: chlorite,
calcite, epidote, quartz, laumontite, sphene (rare), and
opaque minerals (rare), Rare small intermediate plagioclase
relics (andesine) exist in some larger crystals, One thin
section contains a few pseudomorphs apparently after olivine

{(less than 1 mm in length), consisting of calcite, chlorite,
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and quartz, Partly to completely altered clinopyroxene and
some pseudomorphs after mafic minerals are commonly present

in the phenocryst-sized debris, as phenocrysts within rock
fragments in the clastic rocks, and as phenocrysts in the

lava, Most clinopyroxene has suffered extensive replacement
by chlorite and opaque minerals, and in one thin section by
laumontite., The relict clinopyroxene has an optical angle
(ZVZ) approximate 50°; euhedral amphibole pseudomorphs in

the lava consist entirely of opaques, chlorite, and epidote,
Calcite, epidote, and white micas (?) form pseudomorphs after
other mafic.minerals. Very small amounts of a minute,

dark yellowish brown, pleochroic mineral, probably pumpellyite,
occuring as tiny subprismatic, sub:adiating fibrous aggregates,
or as globular aggregates (less than 0,01 mm) was also
observed in the pseudomorphs after mafic minerals.

The matrix of the volcaniclastic rocks is also
egtensively altered to an assemblage of mainaly chlorite,
calcite, opagque minerals, and laumontite, with minor sericite
and quartz. A trace amount of prehnite was observed in the
matrix of one specimen, associated with chlorite, carbonate,
‘and quartz, Some véins and voids are filled with calcite,
chlorite. opaque minerals, and laumontite, The groundmass
of the lava contains chlorite, opague minerals, epidote,

quartz, and other secondary phases,
2, Maricao Basalt

The Maricao basalt, consisting of lava and flow
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breccia with minor breccia and tuff, occurs above, and as
lenses in, the Yauco mudstone in the Las Vegas syncline and
to a lesser extent in the Hormigueros syncline, Due to its
lenticular occurrence within the Yauco mudstone, it is also
considered to be of Turonian to Maestrichtian age, although
no fossil evidence is available (Mattson, 1960).

The basalt porphyry contains various amounts of
clinopyroxene and plagioclase as ﬁhenocrysts, ranging from
0.5 to 10,0 mm in size, which make up about 40 percent of the

rocks, The greenish gray groundmass consists of magnetite,
pyroxene and feldspar grains with an average size of 0,1 to -
0.5 mm, Amygdules of various sizes are common, The plagic-
clase laths‘are moderately to extensively clouded with dusty
alteration products., Relict calcic plagioclase is rare,
Most rock specimens contain secondary albite. As other se-
condary phases, widespread or patchey sericite is abundant,
ch}orite is common along the cleavage traces of the plagio-
clase, and epidote and sphene are minor,

Pale green clinopyroxéne rhenocrysts are partially
altered to chlorite, calcite, and opaque and rarely to
.sphene and pumpellyite. Optical angles (ZVZ) of the relict
clinopyroxene range from 500 to 56°. measured on & universal
stage, Measured values of n, range from 1.698 to 1,700,
Small amounts of pseudomorphs, probably after olivine, contain
chlorite and minor sphene, calcite, and opaque minerals,
Within filled voids and veins, there are instances of one

secondary phase embaying another, but most commonly, once
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a mineral was deposited within a void, it remained unattacked;

Many amygdules and veins display a characteristic
sequence of minerals from margins to core, which may represent
the paragenesis of the phases, Parts of the following se-
guence of minérals from rim of the amygdules inward are
typically present: (1) dark yellowish green chlorite, (2)
faint green cﬁlorite. (3) epidote (?), pumpellyite, quartz,
(%) prehnite.:(S) calcite, opaque minerals. Pumepllyite
occurs as euhedral prismatic crystal aggregates, with an
average length of 0,1 mm and displaying a distinct blue-green
to clear pleochroism, or as slightly pleochroic; brownish
green, globular or rectangular masses of submicroscopic
crystals, frehnite occurs in a typical form as subradiating
to radiating faintly greenish to colorless masses, with the
individual prisms reaching length of 0.5 mm, Primary con-
stituents of the groundmass are tiny laths of plagioclase
a@d opaque minerals, Secondary minerals are chlorite,
calcite, and sphene, with minor pumpellyite and pfehnite.

The volcaniclastic rocks consist mainly of lithic

fragments of basalt porpyry of various sizes, small crystal

fragments,inthe matrix, The rock fragments have suffered a

similar but stronger alteration than that of the basalt
porphyry. Plagioclase phenocrysts in the fragments are
heavily clouded and extensively altered to chlorite, white
micas (sericite), calcite, epidote, pink prehnite, and blue-
green pumepllyite, The matrix is altered to chlorite,

calcite, sphene, epidote, prehnite, pumpellyite, and laumontite,
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Laumontite usually occurs as anhedral to subhedral columnar
crystals (smaller than 0,5 mm in length), as cement in the
matrix or growing in amygdules or veins, The more extensive
alteration of the volcaniclastic rocks than the lavas app-
arently occurfed because they were more permeable and thus

accessible to migrating fluids.
3. Sanbana Grande Andesite

Andesite breccia, flow breccia, and tuff with minor
basalt lava forms the Sabana Grande andesite, which is well
exposed in the Hormigueros syncline and less so in some
small synclines in the Guanajibo regions, in a tongue in
the Tea synéline. and in outcrops in the Yauco area {Nattcon,
1960); Lava and tuff are common at the top of the unit,
with breccia below, The sabana Grande andesite is between
the Parguera limestone and Yauco mudstone, and can be dated
as Turonian to Campanian, Mattson (1960) described lenses
of poorly sorted conglomerate that contain rounded to sub~
angular pebbles of radiolarian chert and metamorphic rocks
(amphibolites), which are derived from the underlying Bermeja
‘complex, at the base of the andesite in the Tea syncline
and the Guanajibo anticlines, Sills and dikes of quartz .
diorite porphyry are intruded into the Sabana Grande andesite
in the Tea syncline area., The general vetrography of these
rock types were described by Mattson (1960),

The andesite porphyry has equal amounts of pheno-

crysts and groundmass, The phenocrysts are composed mostly
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of twinned and zoned plagioclase laths, 0,1 to 1.5 mm in
length, They are commonly moderately altered to sericite,
while chlorite, calcite, quartz, sphene, and pumpellyite

may also replace it in some extensively altered crystals

or pseudomorphs, Calcic plagioclase relicts are not rare,
but only occur in the cores of grains, 'Although plagioclase
is usually slightly zoned, the average anorthite content is
about 35 percent., Partially altered pyroxene and euhedral
pseudomorphs after it occur in minor amount as phenocrysts,
averaging 1.0 mm in length. The pyroxene is pale grezn angite
with an optical angle (ZVZ) of approximate 57°, as deter-
mined on a universal stage. Measured value of Ny is 1,702,
They are partially to completely replaced by chlorite,
calcite, and quartz, with minor sphene, opaque minerals, snd
purpellyite. The subhedral prismatic or blocky pumpellyite
displays a distinctive blue-green pleochroism, and is smaller -
than 0.1 mm in grain size, A small amount of a euhedral

to subhedral opaque mineral occurs as phenocrysts.up to 0.2
mm in size, The groundmass contains small grains of opéque
minerals and feldspar, and altered glass (?). The amygdules
\may be filled with laumontite, chlorite, calcite, quartz,
and sphene.' .

The volcaniclastic rocks contain various amounts of
rock fragments of andesite porphyry, broken crystals of plagio-
clase, pyroxene, and amphibole, and a fine grained matrix,
Secondary alteration is more extensive than in the andesite

porphyry, The plagioclase is moderate to extensively altered
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to chlorite, sericite, epidote, and laumontite, Besides
these secondary products, some pseudomorphs after plagioclase
also contain pale yellow to brownish yellow epidote, and
blue-greeri pumpellyite. Pale green clinopyroxene is slightly
altered to chlorite and opaque minerals, Pseudomorphs after
amphibole usually contain chlorite and calcite, with rare
opaque minerals, The matrix and cavities are composed of
various combinations of secondary chlorite, calcite, quertsz,
laumontite, epidote, sphene, and opaque minerals,

A specimen from an intrusive sill or dike is of
quartz diorite porphyry. It was originally dominated by
plagioclase, K-feldspar, and quartz, with subordinate biotite
and apatite,. Plagioclase occurs as phenocrysts, aversging
3 to 4 mm in length, commonly twinned with slight zonning.
The composition is usually sodic andesine, K-feldspar is
untwinned and very rarely zoned, bccurring as phenocrysts
of the same size as plagioclase.. Both feldspars are usu-
ally moderate to extensively replaced by sericite.and rarely
by calcite, with unaltered feldspar only remaining in the
center of some crystals, Euhedral quartz phenocrysts are
1 to 2 mm in size and rarely altered. The groundmass is
composed of small grains (0.1 to 0.3 mm) of quartz and
partially altered feldspar laths., Micas are widespread in
the groundmass, usually interstitial to other minerals.

They include sericite and olive-green pleochroic biotite,
Biotite is usually in tabular or lamellar aggregates, some=-

times associated with opaque minerals or intergrown with
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white micas, Accessory apatite occurs as euhedral to sudb-

hedral prismatic crystals, averaging of 0,8 mm in size,

E, San German’Formation

A thick sequence of andesitic volcanic rocks with
interbedded conglomerate and lenses of massive limestone
make up the San German formation. This formafion. with a
maximum thickﬁess of 600 m near Cabo Rojo, thins from the
west to a minimum of 100 m in the Lajas area and thickens
further east in the Susua basin., The Contul limestone is
the highest unit in the formation except southeast of Cabo
Rojo, where about 150 m of andesitic volcanie rocks, with
minor basalt lava, shale and conglomerate overlies it, The
San German formﬁtion rrobably unconformably overlies the
Mayaguez group and is conformably overlain by the Jicara
formation. By means of foraminiferal age determination, the
formation ranges from Campanian to Maestrichtian in age
(Mattson, 1960),

The hornblende andesite‘porphyry contains about
-one third.euhedral to subhedral plagioclase and hornblende
phenocrysts, approximate 1 to 2 mm long, The rest is ground-
mass, containing altered minerals and small crystals of
hornblende and plagioclase, Plagioclase laths are-usually
clouded with alteration products of white micas (sericite),
albite, laumontite, chlorite, and minor calcite., Relict

Plagioclase is very rare and is usually calcic andesine,
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The hornblende is usually twinned and has well developéd
cleavage, with an extinction angle CAZ, of about 18°. ZVX
about 70°, n, = 1,660, and n, = 1,684, Usually, the horn-
blende is unaltered, but slight alteration to chlorite and
sphene occurs in a few cases, Inclusions of small plagio=-
clase laths, euhedral apatite, and subhedral to‘euhedral
opaque minerals in the hqrnblende are common, The hornblend»
displays %trong pleochroism: X = greenish yellow.'Y = dark
greenish brown, and Z = dark brownish green, Besides the
small altered plagioclase lathsvand hornblende. the zround-
mass is commonly replacéd by interstitial chlorite, lau-
montite, quartz, and rare calcite,

In the basalt porphyry, euhedral plagioclase and
clinopyroxene occur as phenocrysts, with an approximately
equal amount of fine grained groundmass. Plagioclase laths
are 0,2 to 2,0 mm in length, usually twinned and zoned, and
are extensively altered to sericite, albite, chlorite, and
rarely to calcite, epidote, and opaque minerals, No relict
calcic plagioclase was observed., Colorless augite usually
ranges from 0,5 to 1,5 mm in size, and is partially or com-
pletely replaced by chlorite, calcite, and sphene, and rarely
by epidote and opaque minerals, The relict clinopyroxene
has a optical angle (ZVZ) of si°, measured on the universal
stage, Measured values of ny = 1,700, The groundmass,
commoniy altered to chlorite and calcite, contains small

cryztals of altered plagioclase laths and pyroxene,




1I1. WETAMORPHISM IN SOUTHWESTERN PUERTO RICO AND
PELATIONS T0 THZ EASTERN GREATER ANTILLES

The study of mptamorphlsm is one of the important
tasks in an ¢nve"t1gat;oﬂﬂisléném;volutlon. ‘The tectonic
histbry of the interaction of two adjacent 1ithospheric
platesgéan ve recorded in the sfruc%nfaiiand metamorphic
features in the rocks of an island arc, as weil as in a con-
tinenial margin, Structural features‘in an island arc area
aré revealed byvstudies cf the surface strueture, as well
aé through gea@ﬁ&éical*investigatiOns. Much inforpation
an be hidden in the metamorphic¢ rocks, which may contain
clues to the fﬁvsioal conditions existing during part of
the epo¢h of island arc evolution whether turied at depth
'or submerged in sea water. and of which we have little
knowledge at this moment., Some models and hypotheses of
island arc formation have been formulated or medlfied on the
basis of the studies of exposed metamnrphic belts in some
island arcs and cbntinental margins, especially in Japen,

| In this section, the metamorphic features in the
Berme ja complex of southwestern Puerto Rico and the exposed
voleesnogenic rocks in fhé game area will be discussed, and
g review of the availsble published duta of low-grade meta-
morphism in otheér parts of the easterv'éreater Antilles
will bé made, A comnarlson with o+her matamorphlc terranes

>

and a brief dlscu@alon on the paragenﬁszs fﬁlJGWB.
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A. Metamorphism in the Bermeja Complex

The oldest rocks exposed in the eastern Greater
Antilles are the Bermeja complex, which probably represents
examples of initial-stage island arc rocks under thg exposed
volcanic pile in most parts of Puerto Rico or the oceanic
crust (see discussion in later sections)., This unit is of
special significance for the study of metamorﬁhism. because
it may reflect something of tectonic history of the initial

stage of island arc formation,
1. Schistose Amphibolite and Massive Metabasaltic Dikes

The metamorphic features of th;se rocks and their
relationships to possible tectonic events involving the
schistose amphibolite as well as the intrusive metabasalitic
dikes exposed in the Las Palmas area wer¢ described by
Tobisch (1968). Reglional metamorphism of a typical amphi-
bolite facies first affected the schistose amphibolite,
¥ost of the structural feature, including foliation, horn-
blende 1ineation. segregation bands, and small-scale foiding.
were formed durirg this stage of metamorphism, The meta-
morphic intensity decreased beofre the schistose amphibolite
was intruded by the basaltic dikes, which were then meta-
morphosed in the epidote-amphibolite facies, with deve-
lopment of late stagé kink-bands. Serpentinite bodies
emplaced from depth caused local contact metamorphism or Ca-

metasomaetism in a narrow zone of the amphibolite bodies in
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the Greenschist facies,

a. Regional Metamorphism

The main petrographic characteristics of the
schistose amphibolite and the metabasaltic dike indicate'
features of the amphibolite facies and epidote amphibolite
facies, respectively. The differences between the two rock
types can be recognized by the mineral assemblages, the
crystallization characters of hornblende, segregation bands,
and the structural features,

The major constituent minerals of the schistoss
amphibolite unaffected by the contact metamorphism and meta~-
somatism are hornblende, sodic andesiné, and quartz,
Accessories include apatite, opaque oxides, sphene, =nd
zircon, and are stably associated with the main mineral
assemblage. Apatite occurs in most specimens., Opaque oxides
and sphene are common, but zircon appears only rarely.

This mineral assemblage corresponds to the amphibolite
facies and very close to or on the join hornblende-anorthite;

as shown in Figure 7{(c¢). The calciferous amphibole in this

-assemblage is bluish green, deep bluish green, and rarely

brownish green hornblende, which usually has well formed
crystal habit and well-developed cleavage, Therefore, the
physical conditions .of the metamorphism may correspond to
those of the lower té upper amphibolite facies, asccompanied
by such tectonic stresses as are necessary to cause the

foliations, lineatiocns, folding, and quartzo-feldspathic
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segregatioﬁs in the schistose amphibolite,.

The stable mineral assemblage in the dikes during
regional metamorphism was hornblende, sodic andesine, and
epidote, VOpaque oxides and zircon occur rarely as accessories,
Hornblende of;this assemblage is a pale green to vale bvluish
green pleochroic variety. The stable assemblage falls in
the field of fhe hornblende-epidote association of the
epidote-amphibolite facies, as shoﬁn.in Figure 7 (b). For
the horntlende of the dike, the crystal habit and cleavage
are less well developed, the grain size is smaller, and the
pleochroism is weaker .than . in that of the schistose amphi-
bolite, The existence of small relict clinopyroxene éoras
in the hornﬁlende of the dike suggest that the physical
conditions of epidote-amphibolite facies metamorphism lasted
a relatively short period, before all minerals in the dike
could be completely reconstituted. Thus, the schistose
smphibolite was not, or only very slightly, affected under
these new, and somewhat less intensive conditions; The
tectonic stresses during this later stage of metamorphism
sppear to be weaker due to the absence in the metamorphosed
.dike of these structural and textural features which had

existed in the schistose amphibelite.

b, Contact Metzmorphism

Tobisch (1968) approximatély defined a narrow
contact zone, about 100 to 150 m in width on the margin of

the amphibolite bodies, where he inferred an increased ther-
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mal gradient due to the emplacement of the "hot serpentinite”
into contact with the amphibolite body, after the major
regional metamorphism ceased. Within this ®contact zone",
the equilibria among mineral phases are incomplete, with
minerals beloﬂging to the previoug facies of regional meta-
morphism still persisting in these rocks. The possible
equilibrium mineral assemblage may be albite to oligioclase
(?) - epidote - chlorite - quartz - actinolite - (apatite -~
opaque oxides - sphene - prehnite (7)), which may belong to
the epidote- chlorite - actinolite field of the greenschist
facies (Figure 7 (a)), but scme uncertainties still exist,
Calcium-metasomatism is suggested by the appearance and
abundance of-prehnite in some parts of the "contact zone",
More detailed work is obviously necessary in order to further
clarify‘the picture of the effects of the serpentinite

emplacement on this amphibolite body.
© 2, Amphibolitized Dolerite

- The reconstitution of the metamorphic mineral
assemblage was incomplete in the amphibolitized dolerite
’exposed in the spilite quarry near Mayaguez., The original
igneous texture is preserved to some sxtent, but clinopyroxene
is usually replaced by bluish-green hornblende, Small
relict centers of augite are rare, The bluish green horn-
blende ranges 0.1 to 1 mm, usually with moderately developed
clezvages, The mineral assemblage of hornblende - sndesine -

(quartz ~ opaque cxides) rmuy be of the smphibolite facies
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(anorthite - hornblende joint of Figure 7 (c¢)). However,
this cannot be considered conclusive due to a lack of detailed

petrographic data,
3. Spilite:

The petrogenesis of spilite and the theories to
explain the sﬁilite problem are very diverse in nature
(summarized by Amstutz (l968)).-and will not be discussed
here, As will be shown in a later section on geochemical
data, the spilite of the Bermeja complex might have been
subjected to metasomatism, mainly of alkali migration,

Generally, the original magmatic origin of the
spilite of'the Bermeja complex is recognizable by preserved
textural features which differ in no marked way from those of
normal extrusive mafic rocks, The original glassy groud-
mass has been eifectively recrystallized in@o low-temper-
ature mineral assemblages (chlorite, quartz, epidote, prehnite,
hydrogarnet) under new physical conditions, Albite(secondary
?) is also commonly replaces in various extents by chlorite,
white miéas, rrehnite, epidote, or calcite. These alteration
'assemblages may be caused by 1ow—grade burial metamorphism,
Alternatively, some of the secondary minerzls (prehnite,
epidote, calcite), may also be caused by Ca-metasomatism
effects in proximity-to fhe contzct with the adjacent ser~-
pentinite, However, beyond the recognition of alteration
effects, the genesis of this spilite is still obscure, In

order to further evaluate the possible petrogenesis, more



field work to examine structural and petrologic features
within the "spilite body" and the contact relationships with

other rocks must be made,
L4, cajul Volcenics and Mayuayo Porphyry

All the examined rocks of Cajul volcanics and the
Magua&o porphyry show at least some minor alteration to
lower temperature assemblages,

| In the Cajul volcanics, mostly plagioclase pheno-

crysts are moderately to extensively replaced by white micas
or sericite..chlorite. and rarely calcite and epidote. Clino-
pyroxene usually persists unaltered or is only slightly re-
placed by chlorite and calcite, The interstial groundmass
shows more extensive alterations to chlorite, epidote, ﬁhite.
micas or sericite, quartz, or sphene, The amygdules and
veinlet filling may contain chlorite, epidote, quartz,
ca}cite and pumpellyite,

The Maguayo porphyry was subjected to a lesser
degree but similar type of alteration as the Cajul volecanics.
No clinoberXene was found in the porphyry, and in stead,
hornblende, either fresh or altered, and biotite, which is
commonly altered, are common in the porphyry. The alteration,
being similar to that of the low-grade metamorphism of the
Upper Cretaceous volcanogenic rocks-in southweétern Puerto

Rico, will be discussed in more'detail in the next section.
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B. Metamorphism of the Post-Albiasn Rocks in Western Puerto

Rico

In previous sections, the petrography and alteration
of the igneous and pyroclastic rocks of the Rio Loco formation,
Mayeaguez gfoub. and San German formation of southwestern
Puerto Rico were discussed in some detail, In this ection,
the type of regional distribution and of alteration, and the
applicable low rank metamorphic facies of these rock units,
and of the pyroclastic rocks exposed in the western part of
the Yauco Quadrangle and the southwestern part of the Munte
Guilarte Quadrangle (easternmost part of the map area of
Figure 2), and the volcanoclastic rocks of the Rio Culebrinss
formation in the Rincon Quadrangle (northwesternmost part
of the map area of Figure 2), will be briefly discussed,
while population of samples of these rock units in this
study is too small to allow a definitive study of progressive
low-grade metamorphism in this area, neverthless, the avail-
able limited petrographic data permit at least an intro-
duction to the area immediately adjacent to the exposed
Berme ja ultramafic complex, The features of low-grade meta-
morphism in other parts of the eastern Greater Antilles as
currently known will also be summarized, and a comparison of
other documented low-grade metamorphic terranes in other
parts of the world ana their paragenetic relations to the
eastern Greater Antillean terrane will be discussed,

All the rock examined in the present study show at
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least some minor alteration to low-temperature mineral
assemblages, The amount of alteration or secondary phases

is related to rock types that is, pyroclastic rocks generally
contain more secondary minerals than nearby lava flows.
Greater alteration of pyroclastic rocks is expectedvbecause
they generally were more permeable and thus accessible to
fluid migration, It is also seen that minerals characteristic
of the zeolite facies and prehnite-pumpellyite facies are
typicai in these rocks, and it will be shown that these
secondary mineral assemblages are not clearly related tc

stratigraphic position or to the present depth of burial.
1. Alteration

Most primary mineral phases in the rocks show varying
degrees of alteration, Although many secondary mineral
associations are themselves in disequilibrium, in order to
s@ow the progressive sequénce of alteration in the individual
primary phases, the alteration of plagioclase, olivine,
pyroxene, amphibole, groundmass, and of the matrix materials
(in the pyroclastic rocks), as well as the filling of amyg-

‘dules and veins will be considered separately,
a. Plagioclase Alteration

The least altered plagioélase occurs in the quartz
diorite porphyry intruded in the Sabana Grande AndeSite.of
the Mayaguez group,

With an increesing degree of alteration, thz plagio-
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clase has been slightly albitized., Thin rims of dusty albite
and sericite are developed on the edge of the plagioclase
phenocrysts, accompanied by the occurrence of various com-
binations of chlorite, calcite, sphene, epidote, opaque
minerals, and‘quartz in minor amount. Relicts of the primary
Ca-feldspar, however, commonly remain in the crystal centers,
which is in cdntrast to the common style of (igneous) deuteric
alteration whére the cores of plagioclase (must calcic) are
altered first with the more albitic outer zones remaining
stable or approximate so with the alteration assemblage.
Somewhat more altered plagioclase has been further replaced
by cohbinations of the above minerals as well as laumontite,
The most altered plagioclase contain an extremely
diversified suite of alteration phases, Prehnite and/or
pumpellyite begin to .replace the plagioclase phenocrysts,
while secondary albite pervades all of the crystals. Only
plagioclase phenocrysts of extremely coarse size have escaped
complete alteration, with tiny isolated patches of calcic
plagioclase remaining in qrystal"centers. Small quantities
of the other alteration phases, including laumontite, are
also presént in these altered feldspars, Sphene and opaque

minerals, however, are rare,
b, Olivine Alteration

Euhedral olivine pseudomorphs were only found in
several thin section in keeping with the general sensitivity

of olivines to alteratiorm, No traces of relict olivine were
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found in any of the rocks examined. The most common alteration
product of olivine is greenish to pale greenish chlorite,
commonly associated with the following mineralss calcite,
quartz, epidote, and opaque minerals. In rare cases, calcite
occurs as a majcr constituent in the olivine pseudomorph

with minor amounts of other secondary minerals, In one thin
section, a trace of pumpgllyite'(?) of the slightly brownish
pleochroi; type was found in associated with chlorite,

epidote, and opaque minerals in the pseudomorphosed olivine,
c. Pyroxene Alteration

'Clinopyroxene is usually unaltered or only slightly
altered to secondary minerals; Pyroxene is extensively’
altered however, in some specimens., Pyroxene pseudomorphs
are rarely found., Chloritization of pyroxene is common |
along edges and fractures in'association with small amounts
of sphene and calcite.,  More altered pyroxene contains mainly
chlorite, calcite, sphene and opaque minerals, and rarely
quartz and epidote, Subordinate amounts of pumpellyite
of the bluish green and brownish (?) types also occurs in

a few of the most altered pyroxene phenocrysts,
4, Kmphibole Alteration

Primary amphibole occurs only in some andesite lavas
(Savana Grande andesite of the Mayaguez group and hornblende
andesite porphyry of the San German formation)., It usually

persists unaltered, although some extensi&ely altered




58

or pseudomorphosed amphiboles are found in the andesite frag~
ments of the pyroclastic rocks, The possible alteration
products are similar to those of clinopyroxene, The amphi-
bole pseudomorph was usually recognized by means of the
distinctive cieavage traces which were replaced by opaque

minerals,
e, Alteration of Groundmass

The groundmzss of the volcanic rocks and of the
volcanic fragments of the pyroclastic rocks have undergore
moderate to extensive secondary readjustment,and as noted above
the latter contain more secondary minerals or are more ex-
tensivel& réplaced than the former, Chlorite is the most
common groundmass replacement mineral, with various com-
binations of séricite, sphene, calcite, quartz, epidote,

opaque minerals, and laumontite present in lesser amounis.

’ f. Alteration of the Matrix Materials in the Pyroclastic

. Rocks

The pyroclastic rocks have been more extensively
'altered than the volcanic rocks of the studied specimens,
In the least altered matrix of these rocks, chlorite is
usually dominate,along with subordinate combinations of
sericite, sphene, calcite, quartz, and opaque minerals,
Laumontite coexists with combinations of the above secondary
phases in the more altered matrices, Laumontite, as both

2 massive cement and & repiacement product, may dominzte the
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mineralogy of some of these rocks, In the most extensively
altered matrix materials, prehnite and pumpellyite become
important, Chlorite, and smail quantities of the combinaticns
of sphene, calcite, quartz, epidote, and opaque minerals may
coexist with prehnite and pumpellyite. In some cases, lau-
montite also occurs with these alteration produéts. In one
thin section, prehnite exists without laumontite and -pum~

»

pellyite,
g. Fillings of Amygdules and Veins

Within filled Qoids. parts of the following mineral
sequence are commonly present in succession from margins to
cores: (1) dark yellowish green chlorite, (2) faint green |
chlorite, {(3) pumpellyite, quartz, (&) prehnite, (5) lau-
montite, (&) calcite, The completeness of the suxcession
depending on the extent of alteration of the rocks., Lau-
moytite. rrehnite, and pumpellyite do not occur in the voids
of the least sltered rocks, but prehnite and pumpellyite are
common in the amygdules of the most altered rocks, Thé
variety and the amounts of secondary rhases filling in voids
of the rocks are usually greater than those altered from
the primary crystal phases of the same rocks, Accordingly,
equilibrium among the secondary phase (amygdules and altered

crystals) and primary phases during alteration was not achieved,
2, Regional Distribution of Metamorphic Facies

The studied specimens of exposed rocks in the Las
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Vegas, Hormiguera, and Tea synclines (in order, north to
south) in the map area of Figure 5 will be discussed separ-
ately in this section, Because most secondary mineral phases-
of these rocks are not in total equilibrium, the term "mineral
association" is used instead of "mineral assemblage",

The secondary mineral associations of the Upper
Cretaceous igneous and py;oclastic rocks exposed in the Las
Vegas synéline are shown in Table 1A, The approximate age,

a columnar section, and the present stratigraphic thicknass
are shown in the left columns in the same table, in cordar
to indicate the approximéte stfatigraphic level of the sauples,
The maximum depth of burial of the specimens examined,
estimated from the present stratigraphic thickness,}is avout
L0000 m, The varieties and the amounts of secondary minerals
among the specimens do not vary clearly with the present
_depthvof burial, Chlorite, white micas, and albite are the
mogt common alteration products of these rocks, and sphene,
carbonate, and epidote occur sporadically in small quantities,
In most rocks, quartz coexists with other secondary minerals,
Laumontite is locally in abundance, associated with most
other secondary minerals, Varying‘amounts of prehnite and
pumpellyite are commcn in some of thesa rocks (especially in
the Maricac basalt), in which laumontite may or may not Le
present,

' In the Homigueras syncline, the Sabanz Grande
andesite, occurring as lenses in the &auco nudstone, contains

an alteration association ¢f mainly chlorite, sericite, zlhite,
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quartz, and laumontite, with small amounts of sphene, calcite,
or epidote., No prehnite or pumpellyite was found in the
specimens examined, which are at an estimated stratigraphic
depth of about 2000 m, |

Secondary mineral associations for the studied
specimens of the Mayaguez group and San German formation in
the Tea syncline are shown in Table 1B, The associations
usually c;ntain abundant chlorite, sericite, and chlorite
with occassional’sphene._calcite. quartz, and epidote. Lau-
montite is locally abundant, but no prehnite was found; small
amounts of pumpellyite ﬁay occur with laumontite " and other .
secondary phases. | |

Thin sections were prepared and examined for ~the
Upper Cretaceous rocks collected alohg route 128 between
Yauco and Los Rabanos, on the eastern most part of the map
area of Figure 2, Chlorite, sericite, albite, and quartz
are common in all specimens, Calcite and epidote occasionally
occur in small quantities; sphene is rare, and laumontite
was found only in one specimen, Small amounts of prehnite
and/or pumpellyite occur in most specimens, usually associated
with epidote.
| In northwestern Puerto Rico, the exposed Lower
Tertiary Ric Culebrinas Formation contains as much as 3,000 m
of andesite and dacitic tuff breccias, coarse tufis, and
thin-bédded volcanic sandstone and mudstone (McIntyre et al.,
1970), Six specimens of the volcanogenic rocks of this

formation, taken along route 2 in the Rinéon Guadrzngle in



the northwest part of the map area of Figure 2 were also
microscopically examined, The alteration association is a
common one, containing chlorite, sericite, albite, calcite,
quartz, and 1qumontite. No epidote, prehnite, and pumpellyite
were found, |

In summary, chlorite, sericite, albite, calcite,
and quartz aré all common alteration products in Western
Puerto Rico, ‘Laumontite is in abundance in the southwestern
part (Tea syncline and Homiguera syncline) and western part
(Rio Calebrina formation on route 2) of “this area, The
occurrence of prehnite and pumpellyite is rare or limited to
breciated zones in the rocks in this area, The mineral
association, chlorite - laumontite - sericite - quartz -
( - albite ~ calcite - sphene - prehnite (?) - pumpellyite (?)),
may be of the zeolite facies (Coombs et al., 1959). Prehnite
and pumpellyite are common in significant quantities in
the northeastern part (Las Vegas syncline) and eastern part
of southwestern Puerto Rico. Epidote commonly occurs in
small amounts in these rocks. Laumontite is locally present
in the prehnite-pumpellyite-bearing rocks, but not common.
The hineral associztion prehnite - pumpellyite - albite -
chlcrite - sericite - quartz - (calcite - sphene - epidote -
laumontite) may be considered as in transition from the
zeolite facies to the prehnite-pumpellyite facies (Coombs,
1661). Therefore, the low-grade metamorphism in southwestern .
Puerto Rico may increase in intensity approximately from

the zeolite facies in the southwestern part to the prermite-~
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pumpellyite facies in the northeastern part. The secondary
mineral associations are not, at least not clearly in terms
of the data of Tables 1A-B, related to stratigraphicrpositicn
or to the present depth of burial.

The large exposure of the younger Utuado pluton
(see Figure 3) is about 20 miles northeast of the center
of the studied area, Whether this intrusion might have
slightly ;ffected the thermal gradient during the low-grade
metamorphism is problematical., Moreover, the metamorphism
may have occurred before the plutonic intrusion. Obviouély,
no conclusion can be made without further work and data,

'Simflified paragenesis account for the studied rocks
is shown in Figure 8, in which the zeolite and prehnite-pum-
pellyite facies are approximately assigned in terms of the
mineral associations, The transition between these meta-
morphic facies is, ho&ever. gradual, since most primary
mineral are incompletely reconstituted, Thus, a deter-
mination of the boundary between the metamorphic facies (or
zones) is difficult at best, and impossible at present,
since the specimens examined in this study are limited in
amount and regional distribution. More fhorough sampling
and detailed petrographic studies, as well as chemical
analyses, are necessary to clarify the patterns of the low-

rank metamorphism in southwestern Puerto Rico,

3, Low-Grade Metamcrphism in Other Parts of the Eactern

Greatern Antilles
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Figure 8, Procgressive mineral changes of volcanic and pyro-
clastic rocks in southwestern Puerto Rico,.
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In order to discuss the metamorphism of the Eastern
Greater Antilles in general, and to compare that in the area
studied here, a summary of the low-grade metamorphism in
different parts of the Eastern Greater Antilles as described
by previous wgrkers will be made,

The Water Island and Louisenhoj formations of the
Virgin Islands appear to have been exposed to low-grade meta-
morphism of the prehnite-pumpellyite facies grading into
the greenschist facies (Donnelly, 1966; Hekinian, 1971). The
jntermediate volcanogenic rocks in central Puerto Rico show
regional low-grade metamorphism of the zeolite and;prehnite-
pumpellyite facies (Otalora, 1964; Lidiak, 1965; Glover, 1967
Jolly, 1970a). '

In'St., John of the Virgin Islands, the spilite-
keratophyre association of the Water Island formation,
probably of Pre-Albian age, lies unconformably below the
LQuisenhoj formation, which is an augite-andesite volcanic
breccia of 7000 feet thickness, The Water Island‘formation

is approximately 15,000 feet thick, of which spilite flows

make up about one-fifth of the total. The sequences of low

grade metémorphism in these formation described by Donnelly
(1966), and Hekinian (1971) (Figure 9A) are a prennite-
pumpellyite and lower greenschist facies, The transition
between the two facies is characterized by the disappesrance
of prehnite and pumpellyite, and a concomitant increas=

in actinolite with increasing stratigraphic depth in the

wWater Island formation,
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Zeolite Facies Prehnite~Pumpellyite
Facies

Analcime -

Albite —_— -

Laumontite -

Prehnite - — -

Pumpellyite - -

Epidote _— e — - - =~

Actinolite - - -

Figure 9B. Progressive mineral changes with metamcrphism in ioter-
mediate volcanogenic rocks in central Puerto Rico (After Otalora,
1964; Jolly, 1970a).

Prehnite-Pumpellyite Greenschis:
Facies Facies

Sodic
" Plagioclase

Calcic e e e - -
Plagioclase

Chlorite —_ -

Prehnite ' ——

Pumpellyite - — -

Epidote —— -

Actinolite _ —_— e -

Quartz

Figure 9A, Generalized progressive mineral changes with metamorphism
in the Water Island and Louigenhoj Formations of the Virgin Islands
(after Donnelly, 1966; Hekipnian, 1971),
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In central Puerte Rico, the metamorphic seéuence
produced in Upper Cretacecus intermediate effusive and pyro~
clastic volecanic rocks, which were altered in the zeolite
and premite-pumpellyite facies, is shown in Figure 9B (Otalora,
196k Lidiak, 19651 Jolly, 1970a). The primary texture of
the rocks is preserved, and no schistosity has been developed.
First, analcime and then, with increasing grade, laumontite,
are characteristic of the zeolite facies. Epidote occurs
sporadically in this facies, Heulandite associated with
sericite and analcime was reported by Giover (1967) to be
present in fhe Coamo and Cariblanco formations in the Coamd
Quadrangle, The appearance of prehnite and pumpellyite =%
about 11,000 feet in terms of an estimate of the thichknevs &
burial, marks the beginning of this facies, Calcic plagic-
clase (relict origin) is common in the zeolite facies while
albitized plagioclase is characteristic of the higher-grade
facies. Albite, quartz, chlorite, and calcite have been

abundantly dewveloped in both facies.

L, Comparison with Cther Low Grade Metamorphic Terranes

and their Paragenatic Relations

Low grade metamorphism bf the zeolite and prehnite-
pumpellyite Tacies occurs mezinly in the lowest temperature
parts of regional and ccean~Iloor matamorphic terranes, and
recrystallization is usually incomplete within these facies,
It appears that the pzragenetic relations in the zeolite

facies in diffevent terranes are partly related to the
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estimated geothermal gradient, based on recent petrogréphic
and experimental studies, Thus, Miyashiro (1973c) classified
these metamorphic terranes in terms of their apparent geo-
thermal gradients into low, medium, and high pressure types.
In northeastern Maine, Coombs et al,, (1970) ﬁave

féund a wide zone belonging to the prehnite-pumpellyite
facies which probably represents the lowest temperature part
of a low-pressuré type metamorphism in the northern Appala-
chians., In the eastern Akaishi Mountains, Mogami ares, and
in the Tanzawa Mountains in Japan, the zeolite and prehnite~
pumpellyite facies are well documented (Matsuda and Kuriyv:agawa,
19653 Utada, 1965;.Seki et al., 1969), and are probably of
the low-pressure metamorphic type. High geothermal gradients
characterize these terranes, in which a great nﬁmber of
zeolites including mordenite} stilbite, yugawaralite,
wairakite, heulandite, laumontite, and analcime c<ccur,

, In the Katsuyama area, Japan, a zone of the prehnite
pumpellyite facies, which grades with increasing temperature

into a zone of the glaucophane-schist facies, represents

the lowest temperature parts of a high-pressure metamorphic

terrane, A transitional zone between the typical glaucophane-
schist facies into the prehnite;pumpellyite facies has been
documented in the eastern and central parts of the Fran-
ciscan terrane in California (Zrrzt, 1965; Ernst et al.,
1970).

A zeolite facies terrane in the Taringatura area

(Figure 3.0), New Zealand is probably of the medium-pressure
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type, with a lower geothermal gradient than that occurring
during a low-pressure type metamorphism, in the central
Kii Penisula {(Figura 10B) in the high-pressure type Sanbagawa
metamorphic belt of Japan, zeolite facies rocks, probably of-
the medium pressure type, occur with laumontite presenf as
the only zeolite, The common varieties of zeolite present
in low-grade metamorphism of the low-préssure type, i.e.,
mordenite, stilbite, yugawaralite, and wairakite, are absent
in these medium-pressure terranes, partly as a result of the
difference in geothermal gradient during these two typzs cof
metamorphisﬁ (Miyashiro, 1973¢c). In the Taringatura area
(Figure 10A), the only zeolite minerals are heulandite,
laumontite, and analcime, which are also the only threze
zeolite varities found in Puerto Rico volcanic and pvroclastic
rocks, A few theoretical considerations and experimental
studies of the stabilities of zeolites can be used to aid
the interpretation,

ﬁsing a few basic assumptions and the available
petrographic data, Miyashiro and Shido (1970) formulated a

theoretical scheme for the statility relations of the zeolites,

‘The stable assemblages of Ca-zeolite and Na-zeolite in the

assumed systems An - SiO, - Hzo'ané Ne - 8i0, - H,0, respectively
are shown in Figure 1lA-B, It was assuned that zn incrzasing
temperature always tends to form a progressively denhvdrated
zeolite assemblage in the order as shown by (a) to {4} in

the same figures, The low-pressure type metamorphiswm of +4the

Tanzawa Mountains (Seki et al., 1969) may be roughly correlated
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Figure 11A, Progressive dehydration of Ca=-zeolite
assemblages (Miyashiro and Shido, 1970), Abbreviations:
An, anorthite; Chabaz, chabazite; Gism, gismondine;
Heul, heulandite; Scole, scolecite; Thom, thompsonite;
Wairak, wairakite,
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Figure 11B. Progressive dehydration of Na=-zeolite
ascemblage (Mivashiro and Shido, 1970), Abbreviations:
e, nepheline; Morden, mordenite; Clinoptilol,
Yinoptilolite; Phill, phillipsite; Natr, natrolite,
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with all steps in the progressive dehydration of Ca- and Na-
zeolite of Figure 11A-B, In an area of the medium-pressure
type, where the geothermal gradient is low, e.g. the Tarine-
gatura area (Coombs et al., 1959), the most strongly dehydrated
Ca-zeolite, wéirakite (in Figure 11A9d)) does not occur, In
stead, the zeolite assemblage in Figure 11A(c) with increasing
temperature w§u1d grade directly into the prehnite~pumpellyite
facies, The Puerto Rican zeolite facies rocks may also be
correlated approximately with the assemblages of Figure
NA(D)(?), NA(e), 11B(c'), and 11B(d*)(?), which in turn
then grade directly into the prehnite-pumpellyite facies,
This may suggest that the physical conditions during low-
grade metamorphism in the eastern Greater Antilles did not
have a very high thermal gradient, and pfoceed approximately
as a medium-pressure type.

Some experimental studies on the stabilities of
zgolites{ gs shown in Figure 12A, can be applied as a mean
of estimating the physical conditions of low-grade metamorphism,

In central Puerto Rico, the amount removed by erosion above

the studied rock sequences is unknown, but the maximum

may be aséumed 10 have been approxima%e 2 ¥m, (total thickness
of Cariblanco and Coamo formationc)., Accordingly, the total
depth of burial present during development of the seguence

of secondary phases in this area may have been only sbout

5 Km, It is impossible,however, to determine. at what depth
the reaction analcime + quartz = aibite + H,0 may have taken

place, since the alterations commonliy were incomplete (see



Pryo (kbar)

Temperature (°C)

Figure 8A, Stability fields of the analcime +
quartz assemblage and laumontite (Campbell and

Fyfe, 1965; Liou, 1970)., Broken lines 'Tar' and
'Mog' indicate possible geothermal curves of the
Taringatura and Moagami areas (Miyasniro, 1973c).
Dot line 'PR' indicates possible geothermal curve

of Puerto Rico area. The high-temperature stability
limit of laumontite is shown after Thompson (1970).

Laumontite

Ancrthite

A H20

" Stilbite
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Temperaturs

Figure 12B, Possible form of phasa -oundaries
between Ca-zeolite in the presence of an aqueous
fluid (after Miyashiro, 1973c), ‘'Heuland' and
'Wair' mean heulandite and wairakite,
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Figure 8)., The above reaction is regarded as taking place
at about 180°C at low to moderate PHzo (see Figure 12A) and
if it is assumed to have taken place at a depth of about

L Km, the geothermal gradient is then roughly estimated at

1, Under these circumstances, the low grade meta-

45°C Xm~
morphism of the Puerto Rico area could be of the medium=-
pressure type; but close to the'low-pressure type. Obviously,
further work is required to confirﬁ or modify this analysis,
in particular the metamorphic features in other parts of

the island, as well as the unknown effects on this meta-

morphism of the presence of numerous late-Cretaceous or

Eocene plutonic intrusives in Puerto Rico should be studiszd,

C. Discussion

The general distribution of the regional metamorphic
facies and their characteristic mineral assemblages in the
Cretaceous volcanogenic rocks of the eastern Greater Antilles
(Puerto Rico and Virgin Islands area), as discussed above
in this section, are summarized in Figure 13,

The progressive mineral changes of regional meta-
morphism in these parts c¢f the Greater Antillean island arc
are shown in Figure 14, The range in metamorphic intensity
(as represented by mineral facies) for various stratigraphic
levels of the Greatef Antilles are also shown in spyproximate
order of increasing age. In general, the epoch ¢f regional

metamorphism in the Greater Antilles began at a Pre-Albizan



..

VES NVETETHYD 82108 sydury .
Ty 0Z : 01 - 0 ' d qH ) ]
R 2t goToe} 217097 uy AM// A
o SR de) -3 : = 1114\\ #o1oey *yduy*dy
, o’ nn.m -0
e SpPUBTST \\\ . umng - *yatq \ qu
uyBaty L= 77
§9I0EJ IATT0P
2b 3 F1e0Z oN

A Y N

- N_s3o0a s13serotde pu® 93°U0QIBD AIBTIAB] OIPPIN
]
o

wav\\\\nl)/lll)l\\illllt\/{\l\\\. sr/nww owm
A4 um//;

§3201 OFUEDT0A ALIBIIAB], IDMOT PUE ESNODIEBIBAYD ; Sapoe]

syoox d735e7oTde pur 83euoqiIEd AXEiLI8] IPPIN

”J\J)- - \ll’c‘/..l l'\\\l,(l an————

§9F0®] JISTYOSUIBLYH

m.\\\ Y

9 $9TOCy ©3F[097

CED 15 S ////
*dung - *yaid
NVIDO OTIINVILV .

PITA

ey
L /

uy

FDURTSY
ut8aIA




80

*gofeTquesse 93T[09z l0J T[] dandfj @eg *sorory orydiowejaw

303 [ 9an3yj 99§ C*sudlBUY = ,Buy, °‘suyyeydsN = ,ON, ‘93rjucmne] = ,NEY, ‘ziiend= ,,2),
‘a31diTedung = , *dung, ¢s3Tuysag = ,°ysai1g, €O3TIOTY) = ,,TUD,, *9ITFIOUTIOV = ,, 30y, ‘olopidy = ,dF,
¢a37170qTyduy = ,, *yduy, ¢epusiquioy = ,qH, ‘93ITYIouy = ,uy, °*xo7dwod eleoureg uetqlV-d1g pue
syooa ojuoanTd Lief3ael i9mo d30usp ,,0¢, PU® ,d, °*OOTY 03Iong ul €9BeTquasse JeAdUTW dBYI pue

wstydiowelsw [ruoySex Jo UOTIINGIAISTP Teisusl oy3 Surmoys dew o278oTcod poryFrduys °*¢T 2ANn8TJ



81

st wstydiowejauw JIORIUQY

*9an8TI STYI UT DLPN{Uxy
*o3Ty 03a9ng UIoisemyInos ‘xeTdwod elomasg ur syooa orydiowwimn syl pur

(1261 ‘ueTupiey 9967 ATTPUUCQ} FPUETSI GTBATA DUB “OOTN 03TeNg UILISOM (BOLET ‘ATIOL f4GeT *TI0T®I0)

OO 03I9ng [BAJUSD UT S3}D01 OIJsucBourdToA PIRIPBWASIUT pue OTSEq OYI UT SO8UBYD RIS

“51 9InBTI

xo7dwon elauxog
SPUBTET UT3aTA
00Ty o3aang TBAUID

COTy 0319ng uisisap

u92i8
umoag

usaax3d

usead
anigd 9Teq

duUTsapuy

- - o v eme -

- 98812037170

93Tq1V

apusTquIoy
93 TTOUTIOY
ageTo0T8e1d
Z33Eend
SEPTW 9ITYM
auaydg

" 93791®)
®3ITA0TYD
muouH@mA

93 7L TT9dunyg
23TW8lg

83 TIuowN ]

swidoTEUY

CER LK |

?3TTogTYduy

s97o®g

a3110qTYdUy
V ~3230p1dy

soyo®d
IS TYOBUBIIY

e LT |
93T T1odung
a3 TuyLag

saToed
831097

soToeg dfydaoueiay

|




82
age and ended probably in the Early Tertiary, The intensity
of regional metamorphism appears to approximately decrease
with decreasing age.

In the oldest Bermeja complex (which subsequently
will be shown to represent either the rocks of the initial
island arc stage or oceanic crust), of pre-Albian age and
unconformably overlain by the younger rock sequences, was
first subjected to high grade regional metamorphism of the
amphibolite and epidote.amphibolite facies with the develope-
ment of strong and moderate metamorphic textures, and later
probably partly to 16w-grade metamorphism (?), The nexf
younger rock sequencéé studied are those in the Virgin islands,
which wefe metamorphosed in the lower gfeenschist facies and
the prehnite-pumpellyite facies, The younger Upper Cretaceous
volcanégenic rocks in Central Puerto Rico, were altered during
a low-grade metamorphism to the zeolite facies, the prehnite-~
pumpellyite facies, and probably to an incipient stage of
the green-schist facies (?). The late Upper Cretaceous and
Early Tertiary yolcanogenic rocks in Western Puerto Rico
were reconstituted in the zeolite and lower prehnite-pum-
pellyite facies, .

If rocks stratigraprically between fhe Berme ja
complex and the younger volcanib pile, and rocks similar
to the Bermeja complex should exist in othar par=zs of the
eastern Greater Antilles they are likely hidden a% depth
under tre thick volcanic pile or at least not yet found,

Therefore, it is not unusual that there is an apparent g=p
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in the intensity of metamorphism between the incipient green-
schist facies and the epidote amphibolite facies (Figure 14),
The range in intensity of metamorphism may be continuous, and
the whole metamcrpﬁic sequence may be due to the same epoch
ranging from g Pre~Albian to Early Tertiary age. Alter-
natively, the gap in the intensity of metamorphism may
separate two 6ompletely different types (and times) of meta-
morphism, as for instance, Miyashifo (1973a) proposed a
paired metamorphism in island arcs., Evaluation of either of
these possibilities will require more data, but nevertheles;,
I think that the unexposed.rocks beneath the thick wvolcanie
pile of Puerto Rico may be dominated by the more highly meta-
morphosed fypes, similar to those of the Bermeja complex,

and probably of the greenschist to amphibolite facies,



1V, GEOCHEMISTRY OF THE BERMEJA COMPLEX

A. Analytical Methods
1, Sample Selection

Spilite, amphibolites, serpentinite, and amphin
bolitized dolérite from the Bermeja complex were chesen for
geochemical study because of their>uncertain petrogenesis in
relation to the significant role they have played in the
evolution of the Antilles Island arc. Specimens of the Cajul
volcanic rocks and Maguayo porphyry from this complex were
not analyzed. Microscopic examination showed that they had
been subjeéted to strong secondary changes or alteration znd
would not suitably represent the composition of the original
rocks,

Thin sections of the specimens examined under %he
m@croscope included four spilites, one amphibolitized dclerite
from the northern spilite quarry near Mayaguez, twelve
schistose amphibolites, four massive metabasaltic dikes in
the schistose amphibolite at Las Palmas, and six serpentiniizs,
On the basis of this examination, somevsamples were rejected
for the chemical analysis, because they had veinlets and
alteration or otherwise showed weathering effects,

Some spilites contain small prehnite - calcite
veinlets of uncertain origin, which can in some cases be
sawed away and not included in the samples prepared for

the analysis, One spilite was rejected for anzlyszis, howsver,

84



85

because it contained a higher density of veins that were
found difficult to remove., Most plagioclase in the schistose
amphibolites is slightly to moderately altered to white
micas. This might represent some additional amount of alkali
from exterior sources and bias the composition relative to
the original parent rock, Five samples of schistose amphi-
bolite with only slight plagioclase alteration, that was
judged to be tolerable, were chosen for analysis, and seven
were rejected, Most samples from massive metabasaliic dikes
contain epidote veins., In two samples, the veinlets were
sawed away Qith care, One sample was rejected because of an
abundance of veinlets., Most rocks close to the contact zone
with serpentinite are affected by metzsomatism from the ser-
pentinite body (Tobisch, 1948), 1In these specimens, prehnite
appears in abundance, One massive metabasaltic dike rock was
rejected for this reason, Three specimens of Cajul volcanic
rqcks and five specimens of Maguéyo porphyry were also
examined., The plagioclase phenocrysts in both rock types
were all strongly altered to white.micas, chlorite, and
calcite, Secondary chlorite, epidote, quartz, calcite, and
‘pumpellyite were also common in the groundmass, and as vein-
lets and amygdules, Therefore.'these rocks were not accepted
for chemical analysis., Among the serpentinites from the

Las Palmas, AMSOC core hole near Punta Guanajibo (serpentinized
diopside harzburgite, type C, 19#7 m deep in AMSOC core hole,
Mattson, 196L) was selected because it contains the highest

amount of relic orthopyroxene, clinopyroxene, and olivine
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among the samples examined in this study, and may thus
preserve some portion of the original chemical features of
the parent peridotite,

Thin section and petrographic data for the analyzed

sample are listed in the AppendixA-E,
2, Sample Preparation

The undesired veinlets and the original contamirated
rough surfaces of the rock samples were sawed away, Fossible
contamination caused by contact of the saw on the rocks was
reduced to éome extent by rubbing together two pieces of sawed
slices cut from the same sample to remove the saw marks.

This process was done on all sawed surfaces., Absolute freedom
from contamination during the operation of the jaw crusher
and the roller bar pulverizer cannot be expected., However,
a small part of the "clean" rock'sample was run through the
"cleaned" jaw crusher and the roller bar in order to precon-
taminate them with the material of the same rock specimen.
This portion of the sample was saved as reference, After
pulverization, the sample was well shaken in a clean air-
lfilled plastic bag to achieve a uniform distribution of the
whole pulverized sample. The sémple was split by rolling
and quartering on clean sheets of paper. One split was
ground in a tungsten carbide grinding container using the
Spex Mixermill 8000 for 20 minufes. The powdered samples
were used for major element analysis and trace element

analysis,



87

3. Atomic Absorption Spectrometry

The NaZO content of the analyzed samples was deter-
mined by atomic ébsorption spectrometry. About 5 ml of 48 %
hydrofluoric acid was added to a platinum crucibvle, containing
an accurately weighed sample of 0,1 g, It was heated on a
hot plate at a rate to slowly evolve white fumes of the acid
without boiling or splattering. When the sample was almost
dry, a small portion of distilled water was added and the
slow evaporaéion repeated, After this about 2 ml of nitric
acid was added, Slow heating and evaporation led to a com~
plete decomposition of the rock sample. Distilled watér
was then used to pick up and transfer the dissolved sample
a 100 ml volumetric flask., "Washing" the crucible with dis-
tilled water insured that all the decomposed sample was in
the final solution. It was diluted to volume, using distilled
water, and transferred to a polyethylene bottle, This provided
a’Q.l % solution of the rock sample in distilled water,

Sample solutions of suitable concentration for analyses

were prepared by the dilution of 10 ml of the 0.1 % solution
~to 100 ml with distilled water, using a clean volumetric
flask,

Trace anzlyses for Cr, Co, Ni, Cu, and Sr were done
by atomic abscrption spectrometry of rock sample solutions
prepared similarly t6 that described above, Some samples
were also analyzed by X-ray spectrometry as described in a

later section, The instrumental conditions for the analyses
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using a Perkin-klmer 303 Atomic Absorption Spectrometer are
shown in Table 2,

Multiple—elemenf lamps were used for most elemehts,
except for Na and Cu, when a single-element lamp was used.
An air-acetylene flame was used throughout all analyses,
Meter readings or recorder charts or both were made for each
elemeﬂt. Standard solutions were prepared from stock solutions
to cover.the possible coscentration ranges of the rock
solutions to be analyzed, For Na analyses a calibraticn
curve was constructed from standard solutions. In this method,
the percent absorption for the standard solutions, read from
the meter was converted to absorbance, which was plotted
against established concentration., Then a calibration curve
was drawn, The analysis of the unknown was done by obtaining
the absorbance in like manner from the sample solution and
applying this absorbance to the calibration curve to derive
its concentration graphically., For the analysis of Cr, in
order to avoid the effects of interference due to Fe, the
ﬁethod of standard additions was used, For the method of
standard additions, two aliquots of each sample were taken,
To one, 1 ml distilled water was added, to the other 1 ml
of a known concentration of the analyte in the expected
renge, The absorbance for each solution was obtained and
plotted ageinst the added concentration incresment. The
straight line Detween these points was then‘extrapolated
through the zero absorbance axis, Tﬁe intercept on the con-

centration axis then yields the concentration in the diluted



" +,,PPPPE SEM XD wdd g1 7@
UOTINTOS pivpuUElI8 JO Jw duo ‘sidues JO W U0 03,IBY] SSILLIPUT pAouddoTiu4s twot,, S1TeIRp 193 §IX93 9IS xy

%uz *UOTITPPE paAEBPULIE
Jo poyagm : °y°S {IN PuU® IJ JO UOIITAIUSIUOD AOT Sujaey ‘yoox paepueds:{-yog STN YITY puw D ysry:Z-d «x
(*V's) ¢x1 (vu 0Z) °qnL
aguddg® T1TUI+S TWE 6°¢ (°¥°s) zx1 ouat43ode  8poyIe) MOTIOH
OCHTWI+STUS 001 VARAR AN 0T*1 -3V 8 ~15-8D-2d 0°Y L09% 40
@onN. Ao<omv YRS Aé m..ﬂv aqn],
noudd Tw+S WG 2101 (°V°'S) Gx*T auaTL390®  9pOYlIEBD MOTIOH
OCHTWT+S TWg 001 AR AR 0TX1T -17V np 0°¢L Lyz€ ™0
(z-9) 0°07 (°V°S) X1 (vu 0€) *anL
TNuddgTUT+S TWE 0°2 (z-9) 1X1 suaT43008  @poyIED MOTIOH
0CHTUT+S TWG 001 0°1°¢* OTXT -3V IN-WW-ND=3D-0D 0°¢ YA WA Hi
. (vu 0€) 29nL
onuddy Twi4+STWS G* 2uaTA390®  9POYIBD MOTTCH .
OCHIWT+8TUS 001 ‘geefgez” 0TxT1 ~ITV  IN-UK-ND=-2D-0D 0° Love <
xoudd)7 TWG+S WS
QTHTWGHS UG .
apuddz TTwi+s WG
OCHTWT+5TUWS (1-90d) O1XT (va 0€) @9nL
IpuadoTTWI+S TWO (z-9) Tx1 suatflade  BpPOYIBD MOTIOH
OCHTIWI4+S TWOT 001 6X1 =ITV  IN-W{-ND~-1D-0)D 0°? 6L5C 2D
(vu 01) 290l
6°c‘o°2 ausld39de  9poylIEd MOTTOH
000°01 0°1°s* 01X -3V BN VARt 0865 ©EN
¥xSUOTITPPY gs1dues (wdd) (y) '
parpue3s 303 X030ej SUOTINTO§  yuoTsuedxy 8ur33ss Amv
I03J UOTINTIQ UOTINTIQd  Ppaepueas I939y  od{y eweld @2anos 4377 ITIS YrBuataary

*(COC IBWTT~-uTHIag) SIEATRUV Lai3swox3dads uoyidiosqy DFwOIy I0J BadIdBWERIATRI



90

sample, Both the methods of the calibration standards and
standard additions were used for other trace element analyses
inxorder to compare the methods and to check the precision

of the analytical results, The dilution factor for each
rock solution was 100, using a 1.0 % sclution of the rock’
sample. The further dilutions used in the method of standard

additions are shown in the last column of Table 2.°
L, X-ray Spectrometry

X-ray spectrometry was choéen as a secorid method
for some of the trace element analyses, Two grams of each
sample was compressed into a briquette, using 0,1 g pure
ground boric acid as a binder. The effect of the binder
is to reduce slightly the intensity of the X-ray spectrum.
However, it makes the specimen more easily handled and stored,
and facilitated the analysis under vacuum for some elements.
The sample and binder were ground together to insure thorough
mixing. The mix was fed evenly into the pellet press., A
mixture of boric acid and graphite was used as backing
material, A pellet with uniform and smooth analyzing
surface and uniform sample thickness was produced. It was
coated with clear lacquer on the margin fo retard chipping
and flaking. Duplicate pellets were made for each sample,
Exactly the same procedure was followed to prepare pellets
of standard rocks to achieve similar preparation conditions
for both samples and standards.

Analyses were made using a Siemens SRS-1 Y-rav
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Spectrometer for Cr, ¥n, Ni, Cu, and Zn, The instrumental
conditions for the analysis of the various trace elements

are summarized in Tatle 3A. K series X-ray spectral lines
were used for these elements, The analytical line chosen

for each element was that which had highest relative intensity
and least interference from adjacent spectral lines, A
tungsten target X-ray tube was used, with excitation as shown
in Table 3A, LiF (110) analysing crystal was used for the
analysis of Cr and Mn and LiF (100) was used for the other
elements, Fine collimation (0.150) was used throughout the
whole analyéis to achieve good resolution, For the longer
wavelength lines, CrK& and MnK&L , a vacuum path was used to
increase intensity., Secondary X-ray intensities were measured
with a gas flow proportional counter using an argon-methane
mixture (P10 gas). Shorter wavelengths (NiKL , CuK{ , and
ZnK«L ) were measured with a sintillation counter in an air
path., The use of a pulse height selector becomes increasingly
important with trace analysis in order to improve the peak

to backeground ratio by rejecting harmonics and spurious

pulses as well as possible higher order interference spectra,
‘"It is also important to remove pulses due to scattering

and fluorescence from the analyzing crystal, The lower or
base level of the pulse height selector was set within the
range 7 to 7.5 volts, With the use of the scintillation
counter, the channel widths were set at 8 volts, ZRecause
there may be slight drift in pulse voltage with counting

rate with a flow proportional counter, s wider windeow, 1C
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volts, was used, For the analysis of these elements the
scaler was used., A fixed time interval of 6 to 12 seconds
for accumulating counts was used for the analyses,

A background correct;on was applied to the analysis
of each elemeﬂt. Positions of the background measurements
were normally determined by examining X-ray 20 scans of the
peaks and vicinity.A Background measurements on either side
of the peak pésition were averaged>to obtain the background
at the peak position,

For the determinations of the tface elements by
X-ray spectromeiry a linear calibration method modified by
mass absorption correction was used. The standard rocks
used and thé published recommended values for their trace
element contents are shown in Table 3B. These standard rocks
were chosen to provide a concentration range for the analyte
similar to that of the samples to be anaiyzed. Two standards
were prepared from a leached rock base by adding known amounts
of the analyte to extend the range of the standard curve, A'
simple linear relationship between fluorescent intensity
and concentration is not valid unless the mass-absorption
‘coefficients for standards and samples are constant, The
mass-absorption coefficient, which is a function of the bulk
composition of a rock, is different for each selected standard
rock and each sample, because of the gross variation in
composition, For satisfactory analyses the application of an
absorption correction as a function of dulk composition is

necessary, Because the major comporients of the gamples (see2
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"Geochemistry of Major Elements") and standards were known,
the total mass-absorption coefficients for the selected
standard rocks and samples at wavelengths of 1.5 X and 2,0 X
were calculated from their major element compositions, using
the values of;mass-absorption coefficients given in Bertin
(1969). These are shown in Table 4, For the measurements
of NiKd , CuK&. and ZnKd, the mass-absorption coefficients
at 1.5 X wereiused for absorption éorrection. while for the
measurements of CrKA and MnK&, the mass-absorption coefficients
at the wavelength 2,0 X were used, The count~rate corrected
for background, C, was calculated for each standard rock and
sample, The values, given by the products ¢f net count-
rate times mass-absorption coefficients, C x u, were plotted
against the known concentration for the standard rocks to
establish the calibration CQrve. Hence, we were able to derve
the concentration for the samples graphically, |
For trace analysis, the count rate at the peak
position, Cp, and of the background, Cb, differ only slightly,
thus the counting time is generally equal for the line and
background, The statistical lower limit of detection, i.e.,
‘peak minus background (3¢ confidence), is then = 6 / m (Cb /
T)I/Q, where T is the total measureing time and m is fhe
number of cbunts per second obtained per unit of concentration
for the element in the sample, This value (in terms of ppm)
for the lower limit of detection for Cr, Mn, Ni, Cu, and Zn
was calculated under the different instrumental conditions

used ari¢ is shown in the last column in Tzble 3.
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Table 4 . Calculated X-Ray Total Mass-Absorption Coefficients for the
u (2, OA) is used for the znalysis of

Standarxd Rocksgand the samples,

Cr(Cria=2.291 A) and Ih(‘hkn 2.103 %),

analycls of Ni (NiKA=1,659 4), Cu (CuKA= 1 542 A), and Zn {ZnKA=1,437

(1 5 P) is used for the

o
Wavelength, A

1.5 2,0
Standard BCR-1 64,51 84,13
Rocks
CAAS 56,56 83,27
PTS-1 43,49 57.80
Knippa Basalt 60. 66 86.02
__PCC-1 42,45 57,35
T-1 46,07 76.54
V25-1-T2 59,66 85,25
W-1 61.14 86.15
Schistose 7917-85 61.95 84,10
Amphibolite - :
" Ba-8a-1 60.99 79.50
7917-66 66,36 86,21
7917-45 65.93 85.15
Ba-8a-4 67.26 80,91
" Massive Ba-10 57.39 83,32
. Metabasaltic
Dike Ba-8b-2 57.43 83.39
Spilite Ba-1b 51,26 76.43
Ba-6 53,09 79.77
Ba"?l 55‘0""“ 77.20
Amphibolitized Ba-7a 76.54 85,02
dolevite
Serpentinite B-2 32,99 54,17

).



96

B. Experimental Results

The mean value, i. and the coefficient of variation,
c.V. (%), were calculated for the various analyses in which
duplicate detgrminations were made for each sample, and an
additional determination was made in the case of duplicate

samples, The following equations were used:

X= (X, +X,) /2
2 = 2
D, = ( (X - X2 ) / Xp )
V(%) = ( (sumof D) /2n )% x 100

where an and an are the duplicate measurements for one
samplé. n is the number of the sample, in is the mean, and
C.V, is the coefficient of wvariation of the analyses, When
an analysis of one element was made by two methods, the
gross coefficient of variation was calculated in a similar
way by considering the twc averages or values obtained by
the two methods, respectively, as duplicate measurements,
The precision of the analytical techniques for the reported
elements, calculated from the results shown in Table 8A-E

.and 9A-E by these equations is shown in Table 5,
1, Atomic Atsorption Specirometry

For analysis of Na, five amphibolite sawmple solutians
were prepared without treating with nitric acid (see experi-
mental methods). The results were apparently too low,

probably because true solutions were not obtained, Next, ore
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analyzed abyssal tholeiite was used as a standard and tweo
samples of amphibolite were completely decomposed using

the procedure as described on page 87, The results obtained
on these three are shown in column three of Table 6, Ten
rock samples were subsequently brought into solutions in the
same manner., The results obtained on these are shown in
column four of Table 6, Each value reported in these two
columns are the mean of 1 to 3 replicate determinations. The
next two columns show the normalized NaZO % recalculated
using a value for the standard rock (V25-1-72) equal 4o the
recommended value of 2,87, The suggested values of Nazc%
determined by atomic absorption are listed in the last
column., The second column shows the Na,0 % reported for
bulk rock analyses, which is systematically higher tharn the
values determined here by atomic absorption, except for
sample Ba-1b (spilite). The coefficient'of variation,
calculated from the duplicate determinations for samples
7717-85 and 7917-66, is 3.3 %. These analytical results

for Na,0 content will be used in the discussion of the major
elenent geochemistry,

Results of trace element analyses of two stsndard
rocks, BCR-~1 and V25-1-T2, analyzed at the same time as the
twelve rock samples by atonic absurpiion spectrometry are
shown in Table 7, Two analysis techniques were used, that
of establishing a calibration curve from standard solutions,
and the method of standard additions. Recommended values

for BCR-1 are also given in this table for comparison,
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The precision of the analyses is shown in Table 5. My
result for Cr is equal to the recommended value of 16,0 by
Abbey (1972)., My Co value is higher than the recommended
value of 31.4 + 3.4 ppm by Flanagan (1967), but is lower
than the valué of 50 ppm given by Abbey., My analyses of Ni
give a average of 20,7 ppm, which is higher than both of the
fwo recommendéd values which are close to 13 ppm, However,
Flanagan's report gives a standard deviation of 7.3 ppm for
a mean Ni content of 13,7 ppm., The value for Cu obtained
in my analysis is lower comﬁared with the two recommendeid
values, while Sr is in good aggreement., There are no rea-
commended values for these elements in sample V25-1-T2,

For the analyses, the values given for the method
of calibration using standards are the mean of 1 to 3 replicate
determinations. The results of the analyses for Cr, Co, Ni,
Cu, and Sr-in the twelve samples are sho@n in.Tables 8A-E,
Included aré results obtained at different times and by
different methods, The mean and coefficient of variation
are reported tc show the precision of the analyses for each
sample and elem:nt,.

Cr (Tabvle BA): Analyses of Cr were done by standard
additions, The mean valiues for the samples range from 109.C
to 307.5 ppm, except for a high value of 20600 ppm for sampls
B-2 (serpentinite).  The coefficient of variation for the
analyses of Cr is 11.9 %, |

Co (Table 8B): Co was analyzed by using standards

for calibration. One sample of each roem type, WNos, 2, 7, 9.
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and 11, was analyzed by the method of standard addition in
October, Results obtained at two different times and two
different methods are very close for each sample, The largest
mean value is 52,5 ppm for the serpentinite. The rest of
the ssmples are less than 42 ppm, Coefficients of variation
for the analyses by the method of calibration via standards
js 6.5%. The coefficient of variation, calculated from the
four sampies analyzed by.both methods is 7.5 %.

Ni (Table 8C)s Most samples were analyzed for Ni
by both methods at two different times, except Nos, 8 and
12 were not analyzed by the method of standard additions.
The mean values, based on three determinations (excepting
Nos., 8 and 12, two determinations), are within 62,5 to 115.3
for the basaltic rocks and 2025 ppm for the ultramafic rock
(No, 12), The analyses using standards for calibration
have a coefficient of variation of 9,9 %4, For the analyses
by both methods, the coefficient of variation is 8.1 %,

; Cu (Table 8D): All samples were analyzed using
standards for calibration, and in addition three samples of
different rock types were also analyzed by the method of |
standard additions, yielding close agreement between values
determined at two different times, However, the three deter-
minations made by the method of standard additions give
values which are systematically higher than those obtained
by the other method. This bias might be due to preparaticn
errors in making solutions, The means for the samples are

in the range of 25.0 to 83,0 ppm, The coefficients of
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variation using standards for calibration and for combing
both methods are 8,9 % and 13.0 %, respectively,

Sr (Table 8E): The Sr analyses using standards that
were made in October for the amphibolite and dike rocks tend
to be lower vélues than those done in August by the same
method, This systematical relationship is reversed for the
épilite and amphibolitized dolerite., The time interval
between the tﬁo series of analyses'may have had different
effects on solutions of these two groups of rocks, The
determinations for one amphibolite and one dike -by the method
of standard addition also give lower values than those
obtained on the same samples at two different times by the
first methdd. This relationship is also reversed for the
amphibolitized dolerite. The range of the means for the
samples is 58 to 204 ppm, except for serpentinite, in which
Sr was not detected, The coefficient of.variation for the
analyses using standards for calibration is 11,7 %, Three
sémples analyzed by both methods yield an overal coefficient

of variation of 13,2 %,
2, X-Ray Spectrometry

Results of the analyses of Cr, Mn, Ni, Cu, and Zn
by X~-ray sSpectrometry are shown in Tables 9A-E, Analytical
determinations were made on duplicate pellets prepared from
each sample, Two determinations were made from most pellets
for the analyses of Cr and Mn, while only single determinations

were made of each rellet for the remaining elements. The
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mean and coefficients of variation were calculated from a
total of &4 determinations for Cr and Mn for most samples and
from 2 determina?ion for Ni, Cu, and Zn in all samples,

Cr (Table 9A): The mean values of Cr content in the
Berme ja rock samples are in the range 102,5 to 312,5 ppm.
The serpentinite, sample B-2, has a high Cr concentration of
2125 ppm, The coefficient of variation for the analyses is
5.1 %,

Mn (Table 9B): PFor the analysis of Nn, the coeffi-
cient of variation is 3,7 %. The analyses fall within the
range of 1275 to 1810 ppm, except for the serpentinite {3-2)
which has a low value of 965 ppnm,

Ni (Table 9C): Except for the high content of
serpentinite (B-2) with 2250 ppm, the mean values for Ni
concentration in the rocks analyzed are in the range 72.5 to
115.0 ppm, The coefficient of variation is 4,7 TG

Cu (Table 9D)s The amphibolites and dike rocks
héve mean Cu content within the range 31,0 to 64,5 ppm, Cu
was not detected in the serpentinite sample, The remaining
rock types, spilite and amphibolitized dolerite, have mean
'Cu contents varying from 26,0 to 51,5 ppm, The coefficient
of variation for the Cu anaiyses‘is 16.4 %,

Zn (Table GE): The mean values of Zn content in
the amphibolite samples are higher (range 104 to 143 ppm),
than the rest of the rocks, in which the Zn content is less
than 80 ppm. The coefficisnt of variation for the Zn analysecs

is 6.5 %,
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3, Discussion.

Frecision of the analyses of Cr both atomic absorption
spectromeiry and X-ray spectrometry is reltatively good., The
results of analyses foramphibolite, dike rocks, and serpentinite
are in good agreement between the two methods, For spilite,
however, the results by X-ray spectrometry are consistently
lower than those by atomic absorpticn. Although corrections
for matrix effects based on the masé-absorption §f the bulk
samples were épplied to}the X-ray data (page 95), other
factors can _affect the accuracy of the results, The effects
of mineralogy, particle size distribution, and the physical
puxing of the sample, cannot be neglected, if there are
differences in these factors between samples, For instance,
chlorite is a dominant mineral in spilite, but is negligibvle
in the other'rocks analyzed. The presence of chlorite, which
is a sheet slicate, commonly causes some problem in grinding,
and tends to produce varying size distributions compared to
the rocks without sheet silicate present in them, although
all samples were ground in the same manﬁer. The physical
packing of the parlicles of the samples would also be affected
by the presence of chlorite, even if the sample pellets are
prepared by the same technique, Thus, it is frobable that
the theoretical correction for mass-absorption is not the
only correction neceésary for the X-ray analyses,

The precision for the analysis of Co by atomic

absorption and Nn by X-ray fluorescence is good., However, in
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the preparation of the sample, use of the Spex Tungsten
Carbide Mill may introduce some Co contamination, which is

a factor at low concentration levels., We are not certain to
what extent Co contamination might occur in our samples
{(Thompson and?Bankston, 1970). The precision for the analysis
of Ni by atomic absorption and X-ray is good to fair for
individual mefhods, but for the spilites a discrepancy
between the results of the two metﬁods occurred, similar 1o
the case of Cr analysis, This has been discussed above., In
the analysis of Cu, the precision by the X-ray method is
poor due to the target contaminatibn and short counting

. time, while the analysis of Cu by atomic absorption yields
good pnnisiﬁn. However, in spilite of this the greatest
discrepancy between the X-ray and atomic absorption resﬁlts
again occurs for the spilite samples, Tbe precision for the
analysis of Sr by atomic absorption is fair. The ana}ysis

of Zn by X~-ray spectrometry generally has good pfecision.

C. Geochemistry of the Major Elements

The discussion in this section is based on the new
major element analyses of the schistose amphibolite, massivé
metabasaltis dike, spilite, amphibolitized dolerite, and
serpentinite from the Bermeja complex. The Cajul volcanic
rocks and NMaguayo pofphyry from the complex are excluded from
our discussion, inasmuch as they were subjected to strong
seccendary changes. The existing analytical data of this

conmplex and other relsted rocks reported in the literatuve

W S
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were used to supplement my results, because these new analyses
were of a limited FeO*/Mg0 range. Here, FeO¥ means total

iron expressed as FeO, i.e., I (Fe0O + 0.9 Fe203). CIPW norms
were calculated from the analyzed data, and diagrams showing
the variations in the major elements were constructed, with
their significant features emaphasized. All of the analyses
in the tables have a Fe203 content higher than 1.5 %,
probably dwing to metamorphism, and possibly weathering
before and/or after metamorphism, In the study of slightly
weathered abyssal rocks, Miyasshiro et al.,, (1970) and Kay

et al., (1970) suggest that the partial reduction of total
Fezoa_to give Fezo3 = 1,5 % as a common degree of oxidation
may serve to approximate the composition of the original
fresh rocks. Therefore, the CIPW norms were also caiculated

from the modified data after assigning a value of 1,5 % for

Fe203 to them.
; 1. Schistose amphibolite

Five new chemical analyses for the major elements of
the schistose amphibolite are presented in Table 1CA, as well
‘as seven analyses from the literature (Mattson, 19€0; Renz
and Vorspyck, 1962; Tobisch, 1963; Donnelly et al., 1971).
These are listed in order of increasing Fe0* /Mgl ratio. The
sampling locality, field observations, and petrograrhy for
the newly anzlyzed samples are given in Appendix A. The necw
major element data are in good agreement with most of thz

existing analyses in the literature, Some variations exist
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between the rocks studied, with the major variations found
for Fe, Mg, Al, and Ti, and minor variations in the other
elements,

The degree of advance in the fractional crystallizalion
of basaltic magma may be measured by increases in the FeO¥*/NgO
ratio. The existing data for amphibolites in the literature
give FeO*/Ng0 ratios ranging from 0.92 to 2,89, while those
of the new analyses fall in a smaller range from 1.33 to
1.78. As shown in Figure 15A, the SiO, content, with few
exceptions (Nos. 1 and 5), remains within a narrow range
(around L9 %) and very slightly increases with the increasing
. FeO*/Mg0 ratio for the schistose amphibolite., Nos. 1 and 5
represent the two extremes, with Si0, contents of L6,36 %
and 53.9 % respectively, The FeO* content and FeO*/g0 ratio
were plotted in Figure 15B, and a clear positive correlation
can be seen, Figures 15C-E showvthe plots of the Ng0, Tioz,
apd P205 content versus FeO%*/Ng0 ratio, respectively, which
show the sympathetic variation in these elements, With an
increase of the FeO*/MgO ratio, the TiO, content tends to
increase, and the Mg0O content decreases. If the sample No.Z2,
‘which was taken near the contact with the serpentinite and
has extremely high P205 content among the schistose amphibolite.
is not considered, there is a tendancy for the on5 content to
increase with an increase of the FeC*/Mg0 ratio, A variatio

trend of Al,0, with the Fe0%/Mg0 ratio is not well defined

3

in Figure 15F, however, a weak negative correlation between

them appears to exist, A (Na,0 + K20) - FeO - MgO plot for
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Figure 15 A, Changes of Si0; content (anhydrous) with FeO*/MgO ratio in the
“schistose amphibolite, massive metabasaltic dike, spilite, and amphibolitized

dolerite of the Bermeja complex,
trend of abyssal tholeiites.,

Dash line is the average compositional
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are arbitrarily drawn.
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Changes of MgO content with Fe(0¥*/MgO ratio in the schistoese

amphibolite, massive metabasaltic dike, spilite, and amphibolitized dolerite
of the Bermeja complex, The encircled areas are composition fields, which
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the schistose amphibolite is shown in Figure 16, in which a
clear tendency for iron enrichment can be easily defined in
a field elongated pazrallel to the Ng0 - FeO* side, that is,
in the direction of tholeiitic trends of differentiation,

A plot of NaZO/KZO ratio against (Na,0 + K,0) is shown in
Figure 17,.in which the schistose amphibolite is distributed
within a small area (Na,0 + K,0 about 2.5 to 3.5 %, Nas0 /
K,0 ratio varying from 6 to 3.5). >Figure 18A-B show the
relations of Na,0 and (Nazo + Kzo) versus Si0,, respectively,
Both Na,0 and (Na,0 + KZO) contents remain in restricted
ranges_with the changes of SiO2 content, Thé average trends
~for the schistose amphibolite show a slight increase of NaZO
and (Nay0 +.K20) contents with increasing Si0, content,

The CIPW norms of the schistose amphibolite are
represented in Table 10B-C, Both the original norms and
modified norms are plotted on a diopside'- hypersthené -
olivine - nepheline - quartz diagram in Figure 19, re%resenting
tﬂe fields of quartz tholeiite, olivine tholeiite, and
alkali olivine basalt of Yoder and Tilley (1962). Most of
{he analyses fall within the olivine tholeiite normative
"field. The modified recalculation using 1.5 % Fe203 moves
th of four which are in the gquartz normative field into
that of olivine tholeiite, No analysis of the schistose

amphibolite is nepheline normative,
2, Massive NMetabasaltic Dike

Two new analyses {Nos., 1 and 2) were added to the
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Figure 16, MgC - FeO* - (Nay(0+Kp0) diagram for the schistose amphibolite,
massive metabasaltic dike, spilite, and amphibolitized dolerite of the Bermeja
complex, See the text for the differentizticn trend of the massive
metabasaltic dike, The encircled areas are composition fields, which are
arbitrarily drawn.
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four previous analyses of the massive metabasaltic dikes which
are intruded the schistose amphibolite., These data were taken
from the literature (Tobisch, 1968; Donnelly et al,, 1971)

and are given in Table 11A. The new analyses with FeO*/Mg0
ratios of 1.24 and 1,39 are on the lesser or early differenti-
ation side of all the analjzed samples, In general, for all
the analyzed samples of the massive metabasaltic dikes, the
ranges of variation of the major elements, except 5102 and
alkalies, are rather small compared with those of the schistose
amphibolite as shown in some of the variation diagrame (Figures
15B-F and 16). This is probably due to the smaller range of
differentiation within the parental rocks compared to that

of the amphibolite, The FeO*/MgO ratio ranges from 1.24 to
1.8, These rocks are relatively widely distributed in the
FeO*/Ng0O - SiO, diagram of Figure 15A, The metabasaltic

dike shows enrichment in FeO* in Figure iSB. The trend has

a similar slope to that of the schistose amphibolite.i The
clear differentiation trends of the g0, Tioz. P205 contents'
are easily observed in Figures 15C-E, respectively. In the
metabasaltic dike the P205 content increases more rapidly
‘with increasing differentiation than that for the schistose
amphibolite of similar differentiation index (FeO*/ig0). 1In
Figure 15F, the A1203 content of the dike rocks d=creases
rapidly with increasing differentiation, thus a trend with

a steep slope can be seen clearly for the metabasaltic diks,
In general, the A1203 content is higher in the massive metza-

basaltic dike than in the schistose amphibolite at an equi-
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valent FeO%*/Mg0O ratio, while FeO* is lower. The secondary
phases formed during metamorphism or alteration, especially
during contact metamorphism, could cause some migration of
the more mobile alkalies and alkaline earths in the original
parental rocks of the metabasaltic dike (Tobisch, 1968),
Thus, an iron-enrichment trend is not found in the AFM
diagram of Figure 16, As shown in the (Na,0 / K,0) - (Nay0

+ K,0) diagram of Figure 17, the dike rocks have a relatively
wide range of total alkalies (Nazo + K,0 ~ 1,5 to L,0 %)

and Na,0 / K,0 ratios ( ~ 3 to 40), The variations of Na,0
and Na,0 + K,0 contents with Si0, content for the dike rocks
are relatively large as shown in Figures 18A-B, Although
not shown in these diagramé the Ca0 content also varies over
a wide range., Sample No, 5, which was taken near the contac?®
with the serpentinite, has a high Ca0 content, This is
probably due to calcium metasomatism following the emplace-
ment of the serpentinite, or during the serpentinization
pfocess. Analysis of sample No._6 also yields uncommonly
high Ca0 content., Unfortunately, the sampling locality is
unknown and the relationship to possible contact metamorphism,
or alteration is therefore not clear. The remaining four
enalyses, which are from samples further away from the contact
and therefore expected ko be free from contact metasomatic
effects, have Ca0 contents similar to those of most samples
of the schistose amphibolite, In the AFM diagram, the
analyzed metabasaltic dikes fall on both sides of the iron

enrichment trend of the schistose amphibolite, with samples
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Nos. 5 and 6, on the ferromagnesian side, If we exclude these
two samples which may have been affected by contact metaso-
matism, a short trend of iron enrichment can be seen in Figure
16,

The CIPW norms are shown in Tables 11B-C, and are
plotted in the diopside-hypersthene - olivine - nepheline -
quartz diagrém of Figure 19, in which the metabasaltic dike
sanples are relatively widely distributed. Most of these
analyses are quartz normative for the original CIFW norms,

One is moved into the olivine tholeiite field and one is
nepheline normative after assigning a value of 1.5 % for
Fe203 to the original data. The wide distribution of all
the~analyses of the metabasaltic dike in Figure 19 may be

due to the effects of metasomatism and alteration,
3, Spilite and Amphibolitized Dolerite

The major element composition of the spilite.and
tﬁe amphibolitized dolerite}from the quarry one Km east of
Mayaguez is shown in Table 12A, Three analyses of spilite
(Nos. 3, 4, and 5) were taken from the literature (Mattson, -
19603 Donnelly et al., 1971), the other three analyses of
spilites (Nos, 1, 2, and 6) and one amphibolitized dolerite
(Nos, 7) were made in the course of this study. The newly
analyzed spilite have a wider range of FeC* /g0 ratic (1,07
to 1.47) than that of the previcus znalyses (1.32 toc 1.39).
Thus, some chemical variation features became more clearly -

defined in the spilites with the new data., As shown in Figure
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15A, the SiO, contents(ranging from 50.7 to 53.7 %) do not
vary regularly in respect to the FeO*/Mg0O ratios for the
spilites. In general, for a given Fe0*/NgO ratio the SiO,
content of the spilite is higher than that of the amphibolite
and of the metabasaltic dike of the complex, The 3102 content
of the amphibolitized dolerite is 50.1 %, which is lower than
that of spilite but higher than most amphibolite,

The enrichment of FeO¥ for the spilite (in respect
to FeO*/MéO ratio) can be clearly seen in Figure 15B. This
trend is continuous toward that of the massive metabaszltic
dike, which overlaps on the more differentiated end. This
continuous iron enrichment trend of spilite and dike rock
occurs at a lower FeO* confent than in the schistose amphi-
bolite trend at an equivalent FeO*/Mg0 ratio, The amphi-
bolitized dolerite sample lies on the trend defined by
spilite and dike. The same relationships can be observed in
the FeO*/Mg0 - NgO diagram of Figure 15C, except that the
trends of variation are negatively correlated,

The variation trend of the spilite, showing a
slight increase 6f Ti0, with Fe0O*MgO ratio, has a similar
‘slope as those defined by the amphibolite and dike (Figure 15
D). The plotted point of the amphibolitized dolerite is
again on the spilite trend, P205 content increases with
the extent of differentiation for spilite, forming a trend
having a similar slope to that of the amphibolites bdut
at a somewhat lower value for the same range of FeO*/MgC

ratio, as shown in Figure 15E, The amphibolitized dolerite
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has the lowest P205 content among the analyzed basaltic
rocks, however, it is close to the spilite trend.

A1203 contents of spilites vary from about 14.8 to
16,1 %. No variation trend with differentiation can be
defined on the A1203 - FeO*/Ng0 diagram of Figure 15F., . The
distribution field overlaps that of the metabasaltic dike
rather than the amphibolite field, >Generally. the spilite
has a higher content of A1203 than amphibolite at an equi-
valent FeO*/MgO ratio, Again, the amphibolitized dolerite
has a high A1203 content which is close to the spilite field,
In the AFM diagram of Figure 16, as could be expected, the
distribution field of the spilite falls on the alkali side
compared to the other rock types analyzed, but no other trend
can be recognized for spilites in this diagfam. The point
for the amphibolitized dolerite is more or less continuous
on the Mg0O rich end of the iron enrichment trend of the meta-
basaltic dike, ‘

As shown in Figure 18A-B, both Na,0 and Na,0 + K,0
seem to increase with inaeaéing 5i0,, with the spilite containing

more alkali as compared with the other rock types analyzed.

.Plotting the NaZO/KZO ratio against Na,0 + K,0 (Figure 17)

can be used to interpret the character of the alkali content
to some extent, Most spilite points fall outside the field
for the Quaternary volcanic rocks from various parts of the
world, with a higher NaZO/KZO ratio, For this reason, we
believe the spilites likely have been subjected to meta-

somatism, at least in respect to the migration of alkalis,
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during or after the magmatic stage. As can be seen in the
same figure, the spilites are distributed in a steep narrow
belt, with a wide range of NaZO/KZO ratios (about 1 to 100),.
and a relatively small range in total alkalis. Based on the
fact that the Na,0 concentration is much higher than the
K50 concentration (by about a factor of 15) in the spilite,
the migration of K20 may be the main reason for such a dis-
tribution trend with a steep slope. However, this is not
conclusive, Other types of alkali migrations are also
possible and cannot be ruled out,

The CIPW norms for the spilite and the amphibolitized
_dolerite are shown in Table 12E-C., The plots of the CIFP¥W norms

(Fe,0., = 1.5 %) are all distributed over a wide area within
2

3
the olivine " tholeiite field of the diopside ~hypersthene -
olivine - nepheline - quartz diagram of Figure 19, except for
No, 4 which is in the nepheline normative field,

The spilite of the Water Island Formation, which is
récognized stratigraphically lowest group of volcanic rocks
in the eastern West Indies, is chemically siﬁilar to the
spilite of the Bermeja complex, Although they show a wider
‘range of FeO* Ng0 ratio (about 1 to 2.7), the tholeiitic
series have similar variation trends as these of the Bermeja
complex spilite (more discussions will be in the later
sections)., The younger spilitic lava flows exposed in
centrzl Puerto Rico are mostly Upper Cretaceous in age and

are chemically distinct from the spilites belonging to the

Bermeja complex, In general, they are more differentiated
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(FeO* /Ng0 ratio from about 1 to 5) than the spilite from the
Bermeja complex, and are rich in K,0 (generally 2 to 5 %) and
depleted in Na,0 compared to the spilites from the Bermeja

complex.

L, Discussion of the Major Element Chemistry of the

Basaltic Rocks

The major element chemical analyses for the amphi-
bolite, dike rocks, spilite, and amphibolitized rocks have
been shown in the previous sections. The increases in Fe(*®,
Tioz. and P205 and the decrease in Mg0O with the increasing
fractionation (FeO*/Mg0 ratio) of these basaltic rocks,
are similar to those of abyssal tholeiites (Miyashiro et al.,
1969a; Shido et al., 1971). However, the tholeiitic rocks
generated in the early stage of island arc magmatism are
also characterized by these features, except that the T102
content is generally, but not ﬁecessarily, lower than that
of the abyssal tholeiite (Jakes and Gill, 1970; Jakes and
White, 19713 Jakes and White, 1972; Miyashiro, 1973b).
Although the schistose amphibolites show a slight decrease
in A1203 with increasing FeO*/g0 ratio, similar to the
trend of abyssal tholeiite, they are lower by about 1 % in
A1203 content than most low alumina abyssal tholeiite analyses
in the literature (Miyashiro et al., 1969a; Shido et al.,
1971).. Morever, the‘previous analyses of the amphibolites
(ﬁos. 10, 11, and 12) give FeO#*/¥g0 ratios higher than the

upper limit of 1.9 in common low-alumina abyssal tholeiites,
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The chemical variation trends for the abyssal tholeiites and
the amrhibolite with FeO*/NgO ratios smaller than 1.9 are
similar, and extend continuously to these -three analyses of
amphibolite with high FeO*/Mg0 ratios, Abyssal tholeiites
with such higﬁ Fe0* MgO ratios have not been commonly found
.in the mid-oceanic ridge. However, tholeiitic gabbros from
the Mid-Atlantic Ridge show remarkable differentiation, with
the range of their Fe0O*/MgO ratios, 0.32 to 2.84, being

much wider than that of the analyzed abyssal tholeiites
(Miyashiro.et al,, 1970; Thompson, 1973) and covering that
of the schistose amphibolite, This rock type may also be
_considered as one of the possible parental rocks for the
schistose amphibolite, On the other hand, the abyssal b‘asalt
may react with sea water and cause an increase in the Fe*/Nigd
ratio by an increase of FeO* and decrease of Mgl in the rocks
during their travel from the mid;oceanic'ridge to the con-
tinental margin (Hart, 1970). 1In such cases, the metémorphic
dérivative of the weathered abyssal tholeiite may have a
high FeO#/Ng0 ratio, as the schistose amphibolites have,
However, this possibility is still largely unevaluated. The
‘variations of Na,0 and Na,0 + K,0 with SiO, content for
amphibolite are similar to those of the abyssal tholeiite

as shown in Figures 18A-B., Moreover, in the Nazo/KZO - (Nazd
+ KZO) diagram of Figure 17, most schistose amphibolite
points fall within the small field of abyssal tholeiites,
However, until the migration of alkalies during any secondary

process is understood, these features of the alkalies offer
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no evidencé to solve the problem of the genesis of these
rocks,

As mentioned above in this section, island arc
tholeiite is‘also similar to abyssal tholeiite in most
features of its major element ¢hemistry. Some island arcs
mainly composed of the rocks of the tholeiitic series are
represented by the Kermadecs (Brothers and Searle, 1970;
Brothers and Martin, 1970), Tongas (Bauer, 1970; Baker et
al., 1971; Bryan et al,, 1972), and North Marianas (Tanskadat e,
19403 Schmidt, 19573 Stark, 1963). These low-K tholeliites of
jsland arcs usually have slightly lowér T102 and Na,0 contente
~than common abyssal tholeiites, However, there is a Yaong.
submarine history for thesé'arcs prior to their evolutien
to the stage for which the chemical data were available.

For this initial period of island arc formation, we have

no data, Thus, by a reasonable'éxtrapolétion the initial
stage arc tholeiites’may also have Tioz eand Na,0 contents
similar‘to those for common abyssal tholeiites (Miyashiro,

in ‘press). However, in considering this possibiiity, necessérily
the present approach to interpreting the genesis of the
"tholeiitic rocks from the Bermeja complex becomes increasingly
more difficult. The chemical variation during the evolution
of &n island arc will be discussed in more detail in the

later sections, with emphasis alsolon the chemical features

of the earliest developed rocks of the tholeiitic series,

So far, there iz still not enoﬁgh evidence to certify

whe ther thess particular tholeiitic rocks of the Bermeja
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complex originated as a basement in the early stage of island
'arc magmatism or were at a mid-oceanic ridge and were moved
to their present location by sea floor spreading,.

Before tﬁe genesis of the analyzed tholeiitic rocks
becomes clear, let us summarize the similarities between the
rock types and also the significant differences in chemical
features, The rocks can be divided into two groups as shown
in the variation diagrams., Group I, including only the
schistose amphibolite. has a higher FeO#* and on5 and lower
Mgl and Alzo3 at an equal FeO*/Ng0 ratio than group II which
includes the massive metabasaltic dike, spilite, and amphi-
bolitized dolerite, Except for the variation of alkaliec,
‘each group defines separatervariation trends, within which
the rock types of the same group have continuity, The
variation behavior of FeO%#, MgO, Tioz, and P205 are more oy
less similar between two groups.

Although the SiO2 contents do not vary regularly
with FeO%*/MgO ratio for each rock type of group II, a trend
can be defined, if all rock types are considered together,
In this case, the Si0O, content increases with increasing
FeO* /g0 ratio for group II, while remaining almost constant
for group I, The spilite of group II is believed to have
been subjected to secondary migration of alkalies, which
tends to obscure any trends relativé to alkalircontents as
in Figures 16, 17, and 18A-B, However, the differentiation
trends of cther oxides - FeO*, Ng0, Ti02. and SiO2 - which

vsually suffer relatively little change during such secondary



153

spilitization processes, tend to confirm the view that two
vgroups of parental mszmas are present, both tholeiitic in
character,

In the field observation, there is no doubt that the
" metabasaltic dike of the group II intruded the schistose
smphibolite of group I in Las Falmas area., Therefore, the
rock types of the group II must be younger than group I,

In general, these tholeiitic rocks appear to have
preserved their original composition guite well in respec*
to FeO¥, MgO, TiO2 contents, while other components were
changed somewhat during metamorphism and/or other secondary

processes,
3, Serpentinites

Thirteen chemical analyses of the AMSOC serpsnmtiniite
core were given by Hess and Otalora (1964), One specimen
(B~-2) from this core was analyzed in this study. Results are
given in Table 13. The analyses are in order of decreéasing
Ca0 content, Serpentinites from the north wall of the Puertﬁ
Rico trench were studied by Bowin et al., (1966), from which
{iwo analyses are also shown in Table 13,

The Ca0 content of the AMSOC serpentinite rang@s from
0.07 % to 2,35 ¢ by weight, In Figures 20A-H, Alz()35 TiOZ.
Na,0, FeC, Mg0, FeO*/Mgo, FeZOB/Feo; end 1,07 were plotted
szainst Ca0, respectively. As shown in Figure 20A, the Alzo3
sontent tends tc decrease with decreasing Cal content. The

Tioz content appears to decrease with deareasing Cal contant,
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as shown in Figure 20B, but in & very irregular manner, The
Na,0 content varies from 0,18 to 0,48 % by weight. except for
sample No,11 (B-2), in which it was not detected., No corre-
lation between Na,0 content and Cal content can be seen in
Figure 20C, The Fe0O content decreases and the Mgl content
tends to iﬁcrease with decreasing CaC content as shown in
Figure 20D-E, ﬁenae, the FeO/Mg0 ratio decreases with
decreasing Cad content, Figure 20 F shows that the Fe0#*/

Mg0 ratio also tends to decrease with decreasing CaC, The
FeZOB/FeO ratio is high, ranging from 0.9 to 3.8, and tends

to increase with decreasing Ca0 (Figure 20G). Miyashirc
(1966) recognized that serpentinites. in metamorphosed

regions are generally lower in this ratio than those in wun-

me tamorphosed regions, showing a different degree ¢f cxzidation,
The H20+ content increases with decreasing Ca0 content as
shown in Figure 20 H, Cr203. MnoO, P205,'and NiO are geunerally
unchange with varying Ca0 content, In general, the new
analyses of the core specimen fall well within the variation
trends defined by.the other 13 analyses of AMSOC serpentinité,
on the low Ca0 side,

Two highly serpentinized peridotites from the north
wall of the Puerto Rico trench, about 200 miles north north-
east of the nearest exposed serpentinite bodies in the Bermeja
complex.‘were also plotted in Figuré 20A-H, Both analyses
appear t2 have lower H20+ contents than the ANSOC serpentinites
having siwilar Cal0 content, as shown in Figure 20H, and higher‘

5i0, content than all the analyses of the AMSOC serpentinites
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Except for the H20+ and Si0, contents, these two serpentinites
from the trench are close to the average variation trends of
the ANSOC serpentinite shown in the previous figures,
Although the ANSOC serpentinites are generally low
in Ca0 and A1203 content, the highest contents of these con-
stituents in the serpentinites are somewhat similar to the

Ca0 and Al,0, contents of the high temperature peridotite

3
(Green, 1967) and the high calcium group of olivine nodules

in basalts (Harris et al,, 1967), both of which commonly are
suggested as solid masses brought up from the upper mantle,
Based on the recalculated water free average composition cof
~the ANSOC serpentinites, Hess and Otalora (1964) suggested

a chemical resemblagce betﬁeen these serpentinites and

mantle .material,

Serpentinites from the Mid-Atlantié Ridge (Miyashiro .
et al., 1969b) show chemical compositional trends similar to
the AMSOC serpentinites, in that the A1203 content tends to
decrease with decreasing Ca0., A similar relationship also
occurred in the relatively fresh peridotite from St, Pauls'
Rocks (Tilley, 1947, 1966; Melson et al,, 1967; Hess, 1955).
In this case the positive correlation between Alzo3 and Cal
contents may be regarded as representing heterogeneity in
the mantle peridotite., The high~temperature peridotite
intrusion in the Lizard area (Green, 1964) also shows a .
similar trend of chemical variation, but with a =lightly
higher A1203 content. Most of the AMSOC serpentinites as

well as Mid-Atlantic Ridge .serpentinites have lowsr Cal and
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A1203 content, compared to the majority of the peridotites of
St, Pauls' Rocks and the Lizard, Miyashiro et al., (1969%)
regarded the decrease of Ca0 content accompanied by that of
AIZO3 in these low Ca0 content serpentinites from the Mid-
Atlantic Ridge to be ascribed partly to the removal of these
components during serpentinization. Based on the petro-
graphic observations of the analyzed AMSOC serpentinites
(Mattson,” 1964; Hess and Otalora, 1964), with the increasing
serpentinization of the analyzed samples, the Ca0 content
shows a tendency to decrease with the exception of my new
analyses, Hence, the compositional variations with Cal
_content of the ANSOC serpentinite may be partly due to the
various degrees of serpentinization, The occurrence of
hydrogarnet (identified in X-ray pattern) in the breccisted
serpentinite forming a light colored band in the serpentinites,
probably represents the secondary enrichment‘of A1203 and
Ca0, extracted from the rocks during serpentinization,
Therefore, the compositional variations of the serpentinite
from the Bermeja complex and Puerto Rico trench are probably'
due mainly to chemical migration during serpentinization,

but perhaps partly to heterogeneity of upper mantle peridotite

from which the szrpentinites were derived,

D. Geochemistry of the Trace Elements

"1, Trace Element Distribution in the Basalt !~ Rocks of

the Rermeja Complex
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Analytical techniques and<results using atomic
absorption spectrometry and X-ray fluorescence have been
discussed in detail in previous sections, Table 14 lists
analytical resulté for Cr, Co, Ni, Cu, and Sr determined
by atomic absorption, and fof Mn and Zn as determined by X-
ray. The precision of the analyses is shown in Table 5
expressed as the coefficient of variation, Comparative data
for Cr, Ni, end Cu as determined by X-ray spectroscopy can be
found in Tables 9A,C, and D,

In the previous section treating the major elszment
chemistry, we have noted that there appear to be two groups
of basaltic rock each having similar major element variation
trends in the analyzed rocké from Bermeja complex, These
trends show increasing total Fe, TiOz, and PZOS’ and decreasing
Mgb concentrations with increasing FeO*/MgO ratio, However,
grou§ I rocks (schistose amphibolite)} have higher total iron,
Mgo, TiC,, and P205, and lower A1203 “than these of group
II' (massive metatasaltic dike, spilite, and amphibolitized
dolerite) at equivalent Fe0*/MgO ratios, The variati@n/trend
for the group I rocks is also better defincd in 4nhe AFM
diagram than that of group II, The S10, contents range to
higher values at lower FeO*/ﬁgO ratios for group II then
group I, Similar trendé can also be observed in terms of ire
trace elements, In F}gure 20A-B, Cr and Ni contents are
plotted against FeO*/Ngld ratio of the sample., Fcr the
amphitslite, dike rocks, and spilite, Cr and Ni decrease in.

econcentration with increasing FeO*/Mg0 ratio, Overall, higher
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concentrations of Cr and Ni are present in the trends defined
by the amphibolite than those of the dike rocks and spilite,
Moreover, the dike and spilite trends overlap and can be regarded
as one trends values for the amphibolitized dolerite appear
related to this latter trend, Hence the analyzed basaltic
rocks from the Bermeja complex appear to also consist of the
same two group in terms Cr and Ni contents, Zn contents
tend to ihcrease with increasing FeO*/Mg0 ratio in terms «f
two groups, as shown in Figure 20C, The trends have a
similar slope, however, group I has a higher Zn coﬁten%'than
group II at a similar FeO%*/Mg0O ratio., No distinctive trends
are noted for Mn, Co,'Cu, and Sr contents over the range of
FeO* /g0 ratios possessed By either group., Overall, group I

may be somewhat lower in Sr content compared to group I1I,

2, Discussion of the Significances of Cr and Ni Distribution

in Basaltic Rocks from the Bermeja Complex

The large fractionation effects for Cr and Ni in
bagsaltic rocks are generally considered to reflect the érea ‘
cipitation of the mineral olivine (Henderson and Dale, 1970;
Gunn, 19713 Thompson et z2l,, 1972), Hence, the observed .
variation trends of Cr and Ni ih the basaltic rocks from the
Bermeja complex mey represent in some measure coriginal
features of the fractionazl crystallization (mainly of olivine)
of thelr parental magma, if metamorphism and/or secondary
processes had only minor effects on the distribution of thzse

elenents. During fractionation trhe Cr conteny in a magma
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is apparenfly controlled by olivine crystallization, but te
what extent this is influenced by inclusion of Cr-spinel

in the olivine is still not clear, Gunn (1971) and Thompson
et al,, (1972) agfee in a value for the partition coefficient
¥ (olivine/1liguid) of about 10 for Ni and 5 for Mg in oceanic
basalts, The octahedral site preference of Ni over Mg is
censistent with crystal field theory predication for the
olivine lattice (Burns, 1970; Henderson and Dale, 1970)., is
shown in Figure 21 A-B, the slope of the FeO*/Mg0 - Cr dis~
tribution is identical in both groups of basaltic rozks {rom
the Bermeja complex, However, the (FeO*/MgO) v.s. Ni trends
for each group appear to have somewhat different sloypes,
Although not shown in the diagram, it is noted that the

Mg0 - Cr trends for both groups have similar slopes, while
these for Mg0 - Ni show distinctly different slopes, The
steep slope of group I indicates a higher rate of decrease

in Ni content with decreasing Mg0O (MgO/Ni =~ 240) than the
gentle slope of group II (MgO/Ni=s400), A possible explanation
is that in group II, Ni and Mg contents may be influencéd '
or controlled by two crystallizing phases, olivine and clino -
pyroxene, the latter having a markedly lower Ni/lg ratios,

In & silicate melt, Ni and Cr may be fractionated
by crystallizztion of olivine and c¢clinopyrexene, In Figure
22A, the Ni contents arnd Cr/Ni ratiﬁs of individual samples
are normalized relative to th2 sample in ezch group of
basaltlic rocks of the Bermejs complex with the highest Ni

centent (7717-85 and Ra-7a from groups I and 1I, respectivaly).
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Figure 22 A-B: Cr/Ni vs. Ni for metabasaltic rocks of the
Bermeja complex (normalized to savple of highest Ni content

in each group); Filled circle = Group I: schistose amphibolite,
Open circle = Group II: massive metabasaltic dike, spilite, and
amphibolitized dolerite. Solid curves are calculated fractional
crystallization trends based on simple ﬁass balance relations.

Broken curves are the percentages of crystallization (X = 3 to 107)}.

The partition coefficients used in Figure A and B are Déiol = 1.0,
1/01 1/cepx 1/cpx 1/01 1/01
Dyi = 0.1, D, = 0.1, and Dy; = 1,0 and Do = 1.0, Dy =

1 1 2
0.06, Dcich = 0,1, and DNQCPY = 0,3, respectively,
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Based on simple mass balance relations compariscn curves
showing fractional crystallization behavior are constructed
to show the effect of crystallization of olivine and clino-
pyroxene and variéus combinations of the two. For the
elements Cr and Ni, the depletion or enrichment of Ki and
the decrease or increase of the Cr/Ni retio in the residual

liquid are given by the relations:

NiNi = (1-x/DH O -y/DE{P%) /(1=
i LN S
(Cr/N1)/(Cr/R1), = (1-x/DE/O -y/DL/P%) /(- x/Dl/ Ly o)
where x = weight fractionation of olivine that crystallized;
'y = weight fractionation of clinopyroxene that cry-
stallized; |
1/xtal _ ... . C oy s s
Da = liquid/crystal partition coefficient for element o

The subscript "o" designated the initial concentration or
ratio in the liquid,
Using the liquid/solid partition coefficients azdopted

by Gast (1968; né{"l 1/°1 = 0.1, Dé{ch = 0.1, 2nd

1.0, Dy
D&{CPX = 1,0) it is noted from Figure 22A that the cry-
stallization of olivine and clinopyroxene in proper proportions
can imitate the Ni - Cr/Ni depléticn observed in the two

groups of rocks, and usually less than 10 percent crystallization
of these two minerals., Under the assumed conditions, group

I would generally require crystal lization of a lesser Pro-
portion of clinopyroxene thazn group II. Curves czlculated

1/01

with an alternate set of Ni partition coefficients ‘DN1 =

0.06, D;{CPX = 0,3) gave the results shown in Figure 22X,
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These lattér calculations sugges® a higher preportion of
clinopyroxene and a smaller percentage of crystallization
(less than 8 %) than these shown in Figure 224,

Other values of the assumed partition coefficients
and the preseﬁce of other mineral phases that might be in-~
volved in Cr - Ni crystal fractionation (especially spinel)
are conceivable, of course, but thie main point here is to
show that it is possible that some of the basaltic rocks of
the Bermeja complex could have been derived(relative to
rocks representing the most Ni - Cr enriched types of each
group) by only a small degree of crystallization of olivine
and clinopyroxene in reasonable proportions, as far as Ni
and Cr are concerned, If this mechanism was operative for
the basaltic rocks of the Bermeja complex in general, then
it is likely that group II was more influenced or contrelied

by clinopyroxene crystallization than was group I.

3, Discussion of the Application of Trace Element
Distribution Data to the Petrogenesis of the Bermeja

Complex

In’terms of major elemeﬂts. the basaltic rocks from
the Rerme ja complex are tholeiitic in character, but whether
these particular metamorphosed theleiitic rocks originated
at a mid-oceanic ridge or in an island arc setting is still
not conclusively shown, In the past some authors have stated
that there were some consistent differences between the mid-

cresn and island arc tholeiites, especizlliy in terms of trace
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element distribution. Jakes and Gill (1970), for example,
concluded that island arc volcanics are distinctiveiy low

in Ni and Cr concentrations, compared with those in the
abyssal tholeiiteé at any given silica content. The dis-
tribution fields of Cr and Ni concentrations in abyssal
tholeiites from the Mid-Atlantic Ridge, continental

margin and island arc volcanics from the calc-alkalic series
of New Zealand and Japan, calc-alkalic and tholeiitic series
rocks of Hakone, Japan, and the calc-alkalic series of
northern Chile are shown in Figures 23A-B, respectively,

In these figures, the Cr and Ni concentrations of the volcanic
rocks generated at two different environments tend to dacrease
with increasing FeO*/Mg0. ‘The Cr and Ni concentrationz in
the abyssal tholeiites from the Mid-Atlantic Ridge are high
(about 140 to 800 ppm and 70 to 250 ppm, respectively),
compared to the majority of the island arc and continental
margin volcanics, Moreover, practically all the abyssal
tholeiites have Fe0*/Mg0 ratios smaller than 2,0, However,
if volcanic rocks from island arcs and continental margins
with FeO* g0 ratios smaller than 2,0 are compared with
-abyssal tholeiites, the two groups of rocks overall would
show similar Cr zndNi contentis, Therefore, the negative
correlation trends shown in both figures for the abyssal
tholeiites and islanq arc and contiﬁental margin volcanics
are apparently continuous and widely overlap at low FeO#/Ng0
ratios, In fact, it may be that the composition fields for.

the .abvssal tholeiites are completely included in those of
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Ni against FeO*/MgO ratios for the abyssal tholeiites

from the mid=-Atlantic ridge, the continental margins and island arc

voleanics from calc-alkalic series of New Zeland and Japan, Hakone

calc~alkalic and tholeiitic series, and Calc-alkalic series of
northern Chile, and the Bermeja ccmaplex,
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the island.arc volcanic rocks, . In actuality, the majority
of volcanic rocks in island arcs and continental margins
have Fe0O®/Ng0 ratios higher than 1,5, while most abyssal
tholeiites have a FeO* /g0 ratio smaller than 1.5, Thus,
~a comparison of randomly selected samples of island arc
volcanics and abyssal tholeiites commonlj leads to finding of
compositional differences related to different FeO* /Mgl
ratios instead of true differences between the two groups
of rocks where FeO#*/Ng0O ratios are the same, The Cr and Ni
contents tend to be lower at higher FeC*/Mg0 ratios in
island arc and continental margin volcanics, therefore, Cr
and Ni contents are not promising for distinguishing volcanic
rocks of island arcs and continental margins from abyssal
tholeiites, particularly when the FeO*/Mg0 ratio of the rock
is low and the concentrations of these trace elements are
high, The Cr and Ni contents in the anaiyzed basaliic rocks
from the Bermeja complex are plotted against FeO*/MNgl ratios
in Figures 23A-B, respectively. Most analyses of these rocks
fall in the common composition field of abyssal thcleiites '
and island arc volcanics, with FeO*/Mg0O ratios in the range
1.0 to 1,8, Thus, for the reasons discussed above, Cr and
"Ni contents are not diagnostic in indicating the origirs of
the parental roucks for these particular metamorphosed tho-
leiitic rocks from the Bermeja complex,

In Figure 23C, the distridbution fields of Sr con-
centrations in abyssal tholeiites from mid-ocesnic ridge,

volcanics from active continental margirz, and island arc
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volcanics are shown., Although the Sr content of abyssal tho-
leiites is generally lower than that in the island arc
volcanies, the composition field for both rock types over-
lap, The Sr contents of basaltic rocks from the Berme ja com-
plex range from 60 to 215 ppm and fall within the composition
field of the abyssal tholeiite, However, eight out of the
eleven analyses of these basaltic rocks are also included in
the composition field of the island arc volcanics, although
the limited published analyses of the island are volcanics
with low-Sr content in this range are rare, Therefore,

it appears, on the baéis of the Sr content, that the baszltic
rocks from the Bermeja complex arc more similar to5 the
-abyssal tholeiites than island arc volcanics, However, this

is not conclusive,



V, SECULAR COMPOSITICNAT, CHANGES OF THE VOLCANIC
ROCKS iN PUERTO RICO AND OTHER ISLANDS IN
EASTERN WEST INDIES :RD THE SIGNIFICANCE

‘ OF THE BERMEJA CONFIEX

The association of the radiolarian chert, gerventinized
peridotite, pillow lava, and metamorphosed tholeiitir rocks
of the Bermeja complex was considered as an ophiolitic
gssemblage by-some authors (Hess, 1960; 196L; Donnelly, 1%71:
Wattson, 1973a, b), who suggested that this ophioli%ie
complex is a’fragment of oceanic crust and the underlying
.upper mantle which was created at a mid-cceanic ridze. I
the past decade, the ophiolite problem has plaved -
portant rble in the interpretation of tectonic hiétpry‘ir
relation to sea-floor spreading and plate tectoéicsf Fhere -
fore, it is important to find evidence to suppory or giz-
prove the existing hypothesis of‘the "orhiolite assoéiat%dn“
of the Bermeja complexé' On the basis of major element
analyses from the literature and new major and trace element
analyses presented herefor the metadbasaltic rocks from the
Berme ja complex, the interpretation discussed in the previous
sections have led to an undecisive conclusion. The mode of
origin of oceanic crust of the Eermeja complex is, there-
fore, neither proved nor disproved By our discussion at this
step., However, in this section, we will examine the com=
pesitional variations of the volcanic rocks of pre-Middle

Cretaceous to Tertiary age, from the thick island arc

179
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voleanic pile in the central belt of Puerto Rico and in
other islands in the eastern West Indies, for their signifi-
cance regarding the genesis of the Bermeja complex, t will
be shown that the Puerto Rigan volcanic pile and volcanics
from the eastern West Indies as a whole have a reguvlar -
pattern of island arc volcanism, with a gradﬁal variation

in composition with time znd stratigraphic level, whereas
the metabasaltic rocks from the Bermeja complex show a very
close resemblance to the earliest tholeiitic rocks generated

in the span of island arc evolution or to the oceanic crust,

A, Compositional Variation of Island Arc Volcanic Rocks

Three rock series can be chemically distinguished
for the volcanic rocks of island arcs, tholeiitic, cale-
alkalic, and alkalic series (Nockolds and Allen, 1953; 1954
19561 Kuno, 1959; Miyashiro, 1972, 1973b, in press). However,
the distinctions between the series and their mutual relation-
ships in space and tiﬁé have not been agreed upon among
previous works, It has been recognized nevertheless +that,

‘in a well developed island arc,‘the rock series follow a
regular pattern of variation in composition across the arc,
- that is, theleiitic rocks occur on the oceanic or trench
side, followed inland by cale-alkalic and alkalic rocks
(Jakes aznd White, 1971: Miyashiro, 1972)., Jakes and White
{1969), Gill (1970), znd Jakes and White (1971, 1972)

ncted that there is a variation in composition with time and
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stratigraphic level in rock series of the island arcs., The
rocks generated in the earliest stage are tholeiitic, varying
widely in 5i0, content (Baker, 1968; Jakes and Gill, 1970;
Jakes and White, 1971, 1972), usually including basalts and
basaltic andesite of the tholeiitic series, In later stages
of island arc evolution, calc-alkaline rocks are erupted
along with‘tholeiitic rocks., Joplin (1964) and Jakes and
White (1969, 1971, 1972) considered that the “"shoshonitic
association", appearing with tholeiites and calc-alkaline
rocks; is the latest stage of the arc magma evolution,
However, Miyashiro (in press) recognized that the rocks of
the alkalic series are abundant only in arcs subject to a
very slow rate of plate coﬁvergence. The high-K sho-~
shonitic rocks in Puerto Rico and Fiji are suggesfed to bve
the products of magmatism related to the spreading episodes
behind the arc, instead of an inherent stage in island arc
magma evolution (Donnelly, 1973).

' Although it is difficult to generalize about true
distribution of rock types in island arcs, former workers
suggested that the lower or earliest parts of island arcs,
may be built mainly of rocks of the tholeiitic series, where-
as the higher or later stratigraphic levels of island arcs
are composed mainly of rocks of the tholeiitic and calc-
alkalic series, Jakgs and White (1§71) suggested that the
whole island arc crust has a primary stratification with
respect to X, Rb, Ba, Sr, REE, Si0,, Fe0/Ng0, and K,0/Ha,0

resulting from such stratigrarhical variations,
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B. The Characteristics of Tholeiitic, Calc-alkalic, and

Alkalic Series

In the sfudy of the Hawaiian basaltic rocks, Mac-
Donald and Katsura (1964) used a alkali-silica diagram to
distinguish tholeiitic and alkalic series rocks, The proposed
boundary line in this diagram is uséful in the recognition
of the alkalic and non-alkalic rock series, where the alkali
contents in the rocks are not subjected to changes through
any secondary processes,

The distinction between the tholeiitic and calc-
_alkalié series can be based on critical differences in some
chemical features, 1In FeO*/MgO - 8102 diagram, a typical
tholeiitic trend (such as the Skaergaard intrusion) shows that
the 8102 content remains nearly constant or even decreases
slightly during the early stage of fractional crystallization
of the magma, The average trend of fractional crystallization
for abyssal tholeiites from mid-oceanic ridges is a nearly
horizontal line on a FeO*/MNg0 - Si0, diagram (Miyashiro
et al,, 1970; Shido et al., 1971). In other tholeiitic
magmas, the SiO2 contents increase slowly with increasing
FeO*MgO ratios, as represented by curves with gentle slopes
in the FeO#*/Ng0 - Si0, diagram, while the SiO, contents of
the magmas of the calp-alkalic‘seriés increase more rapidly
with increasing FeO*/MgO ratios, and are represented by
curves with steeper slopes, A dividing line,.passing

through two points, (FeO#/Mg0 = 0,5 and Si0, = L6 %) and
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(FeO*/¥g0 = 3.0 and Si0, = 62 %), in the FeO*/Mig0 - Si0,
diagram (see Figure 26), was proposed by Miyashiro (1973,

in press), with the tholéiitic and calc-alkalic series
having gentler ana steeper slopes, respectively, than this
dividing line, The position of Miyashiro's dividing line is
arbitrary, howevér, probably all the magmatic trends showing
FeO* enrichment in the early stage of crystallization will be
classed in the tholeiitic series, For the FeO*/MgO ratios
.greater than 2.0, the rocks falling on the lower and the
upper side of the dividing line are generally regarded as
belonging to the tholeiitic and calc-alkalic series, res-
:pectivél§. |

The tholeiitic serﬁes is also characterized by an
enrichment in Fe0* reaching a maximum during fractional
crystallization, while the calc-alkalic series shows a mono-
tonic decrease.of Feo*. Therefore a dividing curve can
also be established on a FeO*Mg0 - FeO* diagram (see Figure
26). Generally, the hlgher a rock series lies on the FeO*/
Mg0 - Si0, diagram, the lower the same series tends to lie .
on the Fe0*/Mg0 -~ FeO* diagram,.

The change of T102 during fractional crystallization
also contrasts the two rock series, Typical tholeiitic
magmas show enrichment in Tio2 reaching a maximum with
increasing FeO*/Mg0d ratios, whgreas‘typical calc-alkalic
magmas show decreasing Tio2 contents, As will be mentioned
later, the Cretaceous volcanic rocks in the central belt of.

Pverto Rico have been subjected to more or less low grade
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metamorphism, during which migration of elements in the rock
might have taken place. However, the FeO*, NgO, Sioz. and
TiO2 contents usually suffer relatively little change during
metamorphism and 6ther secondary processes, Therefore the
above relations are particularly useful in the study of the
compositional variation of the metabasaltic rocks of the
Berme ja complex and the Cretaceous volcanic rocks in Puerto

Rico.

C. Stratigraphy and Composition of Pre-Middle Cretaceous %o
Late Tertiary Volcanic Rocks of Puerto Rico and Other

Islands of the Eastern West-Indies

A location map of the eastern West Indies is shown
in Figure 24, The principal references on the stratigraphy
of Puerto Rico and other islands of interest here are Kaye
(1959), Berryhill et.al., (1960), Mattson (1960), Briggs and
Gelabert (1962), Donnelly (1966), Robson and Tomblin (1966),
Mattson (1967), Pease (1968), McIntyre et al,, (1970),
Donnelly (1970), and Seiders (1971)., In this section, I
restrict the stfatigraphic discussions to the formations for
‘which chémical data are available from the literature,

Abdut 120 chemical analjses of Middle Cretaceous to
Early Tertiary volcanic rocks of Puerto Rico and about L0
analyses of Mid-Cretaceous to Late Tertiary volcanic rocks
from cther islands in the eastern West Indies were examined

(Kayes, 1959; Mattson, 1960; Lidiak, 19635; Jolly, 197(;



\”‘

f .
:> PUERTO RiC « a‘ » ANGUILLA

ST MARTING o ST B2RTS
SABA . . {3 BARSUDA

S1 TS .
¢ O ANTIGUA

Q‘& GUADSLOUPE

-8 ]
5 € AVES 1.
W . D DOMINICA .
I .
%

o* ' %mmmmuz

! ' 0 ST LUSIA
0 st vincent N
L4 .

*

CURECAD . .
NSO#A?RE [ GRENADA
N

TorcuiLa

¢ v
\\ w.nsmm. &Tce AG0

BARBADCS

ST ﬁ;’ﬂ
- TFN\- TRINIDRD .
“ vewe dior

Figure 24, Location map showing the Eastern West-
Indies,

185



186

Donnelly, 19713 Jolly, 1971). The stratigraphic distribution
of these analyses is shown in Table 15,

The Water Island Formation of the Virgin Islands is
considered by Donhelly (1966) te be the stratigraphically
lowest group of volcanic rocks in the eastern West Indies.,

It consists‘of flowé, vith minor non-explosive pyroclastic
material, and was subjected to deuteric processes modified

by later, low-grade metamorphic effects (Donnelly, 1966, 1971).
An age of prefAlbian was assigned to this formation, although
a precise age has not been determined. In the Virgin Islands,
the Water Island Formation is terminated by an angular un-
conforﬁity. This formation was suffered by extensive but

not universal low-grade mefamorphism (Donnelly, 1966), in
central Puerto Rico, the apparent temporal equivalent of

the Louisenhoj Formation of the Virgin Islands is the thick
Fre-Roble Fofmation, which is dominantly middle Cretaceous
(Albian to Cenomanian) in age., The principal volcanic unit
of the Pre-Robles is an augite-andesite breccia., A precise
age for the Cerro Gorde and Santa Olaya Formations is in
doubt, However, some of these rocks appear to underlie
.strata of Albian age, and are regarded as Pre-ilbian in age
(Lidiak, 1970). Flows and pyroclastics of porphyritic

basalt, andesitic basalt, and andesite are the main compositional
types for these rockg. Unconformabiy overlying the Pre-
Roble is a group of middle Cretaceous volcanic rocks of

the Roble Formation and the apparently coevzl Rio Crocovis

group., These formations may range approximately from Albian
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to Santonian in age, although there may be some age cverlap
between them and the FPre-Roble, Rocks of this age crop out
in north-central and central Puerto Rico, and consist of
lavas (largely piilow lavas), augite andesite breccias, and
wackes and other sedimentary rpck types. The Perchas and Los
Negros units of the Rio Orocovis Formation consist of por-
phyritic augite flows, tuffs, and breccias of basalt and
basaltic andesite composition, The Avispa unit of the kio
Orocovis shows essentially continuous chemical variation
from basaltic andesite +to rhyodacite. The Roble Formstion
essentially consists of augite andesite, Many of the lava
“units (Roble and Rio Crocovis "Formations) of this age,
including the Lapa lava, A?ispa Lava, and Perchas lLava, are
characterized by high potassium contents. Burial has inci-
piently metamorphosed to low grades many of the rocks of
this age which has resulted in element redistribution to
varying degree (Lidiak, 1965; Jolly, 1970). Following this
inferval. a variety of andesite and dacitic igneous types
were erupted during the Latest Cretaceous to Early Tertiary
time, These include the Blacho and Rio de la Plata Formatioms,
‘and Figuera Volcanics, Basalts are very subordinate in the
eruptives of this period,

In scuthwestern Puerto Rico, the Cenomanian to
Turonian Ric Loco Formation (Mattson, 1960), lies unconformably
upon the Bermeja complex, It consisté of essentially bronzite
andesite porphyry lavas {more than half with pillow forms),-

and subordinate tuff.and brececia., A volcanic-sedimentary
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rock groupiresting conformably upon the Rio Loco or unconfom-
ably the Bermeja complex is known as the Mayaguez group in
southwesterh Puerto Rico (Mattson, 1960), The age of this
group probably ranges from Turonian or Santonian to Maestri-
chtian. The volcanic rocks in this group consist of basalt
porphyry lavas and andesite breccia.

The volcanic-sedimentary sequence of Puerto Rico has
been intruded{at several times in the Late Cretaceous and
Eocene by varied plutonic complex which range petrographi-
cally from olivine gabbro through diorite and tonalite and
granodiorite and quartz monzonite.  Associated dike rocks
_are doﬁinantly hornblende and pyroxene andesite and diabase,
These intrusive plutonic roéks are excluded from our present
discussion,

In the Lesser Antilles, with a few exceptions the
oldest volcanic rocks are Eocene in age.' The Miocene to
Recent volcanic rocks ére dominantly hypersthene andesite
wi%h lesser amounts of hornblende-andesite, dacite, and
basalt (Robson and Tomblin, 1966; Donnelly, 1971). |

As mentioned above, many of the Late Cretaceous
‘'volcanic rocks appear to have been subjected to weak burial
metamorphism, As a result, Na and K may have migrated to a
considerable extent during the metamorphism. Hence, the
alkali contents cannot be safely inéluded in the deter-
mination of the original characteristics of these rocks, A1l
the vclcanics are assumed to be rocks of non-alkalic series,

except for some well established K-rich shoshonitic lavas
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of Upper Cretaceous age in central Puerto Rico, The chemical
analyses of the non-alkalic series rocks of the individual
formations were plotted and variation trends were then defined
in terns of PeO*/g0 - Si0,, Fe(/Mgd - Fe0*, and Fe0*/Ng0 -
T102 diagrams if the number of available analyses permitted,
The analyses were then éssigned to either the tholeiitic or
calc-alkalic series, based on these trends and the position
of dividing lines between the  two series in the diagrams
which have been discussed in the previous section, The per=-
centages of each rock series among all the volcanics in an
individual formation or in an age period were calculaied
from the available chemical analyses, as an estimate of the
proportion of the rock seriés in the formation or in an ags
period for this island arc. However, such estimates will
be poor for a formation or an age period represented by a
biased collection of rocks or only small numbers of analyses,
Brief comments are made below on individual formations
inlapproximate order of decreasing age, Here, the rock
types basalt, andesite, and dacite are defined with respect
to a SiO2 content smaller than 52 %, 52 to 63 %, and higher
than 63 %, respectively.
(1) Water Island Formation and Louisenhoj Formation
The Water Island Formatiop of St. Thomas and St.
John, U, S, Virgin Iglands, ha§ beeg well documented (Donnelly,
1966; Hekinian, 1971; Donnelly, 1971, 1972), These rocks
of a spilite-keratophyre association consist of flows , with

minor non-explosive pyroclastic materiszl. Due to the
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apparent alkali exchange of the keratophyre flows with sea
water (Donnelly, 1966) and the similarity with the Late
Cretaceous X-rich rocks in central Fuerto Rico (Lidiak, 1965) ,
we exclude the keratophyre from our present discussion,

About two thirds of the available analyses of the
spilite of the Water Island Formation and the breccia of
Louisenhoj Formation belong to the tholeiitic series, and
are predominantly basalt. The remainder are andesites of
the calc-alkalic series, The average trends for FeO* and
Ti0, for the two series are shown in Figure 25G,

(2) Pre-Roble Formation, Cerro Gordo Formation, and
. Santa Olaya Formation
The thick pre-Roﬁle Formations in central Fuerto
Rico are the temporal equivalent of the Louisenhoj Formation
in the Virgin Islands. Although the available analyses
belong to basalts of the tholeiitic series, there are too
feﬁ to define clear variation trends,

’ The ﬁassive andesitic flows of the Cerro Gordo
Formation, exposed in north-central Puerto Rico are andesité
and dacite of the calc-alkalic series,

The Santa Olaya Formation, extending from the eastern
part of the Corozal quadrangle eastward into the Aguas Buenas
quadrangle in north-central Puerto‘. is composed mainly of
rassive and pillow flows integlayered with pyroclastic tuffs
and breccias, The rocks are predominantly tholeiitic
basalt. About 15 percent of the available analyses belong

to the calc-alkalic series,
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The average variation trends of FeO* and TiO, contents
for the calc-alkalic series of Cerro Gordo and the tholeiitic
and calc-alkalic series of Santa Olaya are shown in Figure
25A-B, respectively.

(3) Roble Formations and Rio Orocovis Formations

The lavas of these Late Cretaceous formations are
commonly pillowed, and several (Lapa lava, Avispa Lava, and
Perchas Lava) are enriched in potassium (ranging in some
cases aﬁ;ve 6 percent ¥,0). Jolly (1971) made a careful
study of one of the more conspicuous lavas, the Lapa Lava
in south central Puerto Rico, and concluded that the high
potassium content is largely original, although metasomatic
enrichment may occur.in soﬁé cases, vMoreover, using trace
ahalyses of K, Th, and U Donnelly et al., (1971) showed that
the variation trends of these elements for basic igneous
rock series for the Greater and Lesser Antilles are rather
smooth, with the conspicuious exception of the K-rich lava
‘series of the Rople and Rio Orocovis Formations, Neverthe-
less, contents of these elements for these high-K rocks are
all ccherent, from which he also concluded that the process
that resulted in high potassium contents was probably a one-
stage process affecting all three elements in a similar
fashion. Donnelly &t'al.. (1971) regarded that these K-rich
mafic magmas wers ,?qbably generated’by fusion at a green
depth, -due to a - " nze in the slope of the Benioff plane
during the Robl=- : Orocovis period, However, the difficultiés

for this interp:r = ~‘on, and cast doubt on an origin of these
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" high-K mafic magmas through inherent island arc magmatism,
Thus, these K-rich lava series have been excluded from the
present discussion of the island arc evolution. :ower,
The Laé Tetas Lava of the Roble Formation, exposed
mainly in thefnorthwestern guarter of the Cayey quadrangle,
is well documented (Jolly, 1970, 1971). Most rocks of the
Las Tetas Lava and the low=-K member of the Rio-Orocovis
Formation afe:basalts and andesites of the tholeiitic series,
The average variation trends for these rocks are shown in
Figure 25C-D, |
(4) Rio Loco Formation and Mayaguez Formation.
“ The Rio Loco Formation, exposed in south-western
Puerto Rico (Mattson, 1960)Ais a possible equivalent’of the
Roble Formation. All the avallable analyses belong fo the
fahdesite of the calc-alkalic series. There are not enough
anal&ses available to characterize the Méyaguez Formation,
which conformably overlies” the Rio Loco., However, it may
include tholeiitic andesite and basalt (7)., The variation
trends for the calc-alkalic series of the Rio Loco are shown'
in Figure 2%5E,
(5) Rio de la Plata Formation and Figurera Volcanics
The epiclastic volecanic debris with minor lava
flows of the Rio de la Flata Formation are exposed in the
wesiern part of the Naranjito guadréngle. Because of their
unusually high K,C content {over 3 % in most casex), they
are excluded from tiie present discussiorn, The predominant

rocks of the Pig: 2 Volcanics of north-cuntral Fuerto Rico
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and other minor voicanic units of the early Tertiary in Puerto
Rico are dacite of the czlc-alkalic series., Andesite of the
tholeiitic series is rasre, Figure 25F shows the average
variation trends §f the calc-alkalic series,

(6) Late Tertiary Voléanic Rocks of the Lesser Antilles

The Late Tertiary volcanic rocks exposed in St,

Lucia, St. Kitts, St. Vincent, Montserrat, St, Martin, and
Dominica of the Lesser Antilles (Figure 24) belong to both
i

b

of calc-alkalic and tholeiitic series, in about & 2 t

@

proportion. Most rocks of the calc-alkalic series are
andesite, with rare dacite, Andesite is also predominant
for thé tholeiitic series, with rare tholeiitic tasalt,

The average variation trendé of FeO%* and TiO2 for both series
are shown in Figure 25H,

Figure 26A-C show plots of FeO*/Ng0 - $1i0, and the
average variation trends of FeO#* and TiO2 with Fe0O*/Mg0O ratioc
for the available analyses of non-alkalic rocks of Pre-Albian
to Cenomanian, Albian to Santonian, and Late Cretaceous to

Tertiary formations, respectively,

D, The Possible Role of the Bermeja Complex in the Island

Are Evclution

In this section, the similarity of the metatasaltic
rocks of the Berr:)a complex to the expected earliest-stage
arc tholeiites v : ©be pointed outs; these latter rocks in

turn may be cher i -ily continuous toward the studied arc
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tholeiites,

Some island arcs, composed mainly of rocks c¢f the
tholeiitic series, are represented by the Kermadec (Brother
and Searle, 1970; Brother and Martin, 1970), Tongas (Bauer,
1970; Baker et al,, 19713 Bryen et ai.. 1972), and North
Marianas (Tanakadate, 1940, Schmidt, 1957; Stark, 1963). The
low-K tholeiites of island arcs usually have slightly lower
Ti0, and Na,0 contents than common abyssal‘thoieiites. For
these arcs, there is commonly a long submarine history prior
to the stage of evolution of rocks for which chemical data
are available.(,Unfortunately. for this unknown initial period
of islénd arc formation we hawe no data. However, by the
extrapolation of the avaiiéble variation data of arc'volcanics
back to the presumed initizl stage, the tholeiitic rocks
‘thus generated would closely-resemble abyssal tholeiites of
the mid-oceanic ridge systems, probably even in the TiC, and
Na,0 contents (Miyashiro, in presS). The island arc tholeiites
ma& not rarely have FeO*/¥g0 ratio higher than 2,0, which
is extremely rare in the abyssal tholeiites, |

The frequency distributions of SiO, percentages
(anhydrous basis) end FeO*/¥g0 ratios in analyzed rocks of
the Bermeja complex and of tholeiitic series in the Kermédec
arc as well as in abtyssal thcleiites and associated rocks in mid-
oceanic ridges are compired in‘Figure 27. For the Bermeja
complex, grouvn I (schistcse amphibolite) and group II (meta-
basaltic dike, spilite, and amphibolitized dolerite) are

shown by fuli and broken lines, respectively, The distributions
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of the older group I of the Bermeja complex and the combined
patterns of group I and II are intermediate between those of
the Kermadec tholeiites and the abyssal tholeiites., The
Kermadec arc has Qn oceanic-type crust, about 15 Km thick
(Karig, 1970). About-90 pefcent of the rocks of Macauley
and Raoul Islands of the arc belong to the tholeiitic series
(Miyashiro, in press). The average SiO2 percentage and
FeO*/Mg0 ratio of the Bermeja complex is intermediate to
those of‘the Kermadec tholeiite and abyssal tholeiites.
Thus, the Bermeja complex may represent either oceanic crust
beneath the -island arc, or the earliest volcanic products of
the isiénd arc evolution.‘ If the complex is a volcanic
product of the island arc, it is an earlier stage than the
tholeiites of the Kermadec arc,

In the discussion of the following section the
aséuﬁption will be made that the Bermeja complex represents

the initial-stage arc tholeiites,

’

E, Compositional Variation of the Volcanic Rocks in Puerto

Rico and Other Islands in Eastern West-Indies

In the previous section, the approximate composition
of the rocké of the non-alkalic éeries for the individual
formations was briefly discussed, However, only small
rumbers of analyses are available fdr many of the formations.'
This lowers the reliadility of such approximations apart

frem the problem of possibly biased collections of rocks,
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In this section, the formations are divided into three age
groups, on the basis of their approximate equivalence in
stratigraphic level, These groups comprise Pre-Albian to
Cenomanian, Albiaﬁ to Santonian, and Late Cretaceous to
Tertiary age, respectively.v These age intervals are chosen
simply for convenience in the present discussion. Each
formation has been assigned to the corresponding age group,
although it is recognized that some age overlap within and
between the fgrmations and groups does exist. As a result
of this grouping, larger numbers of analyses are obtained
for each group, which it is hoped will improve the reliability
of avefage‘compositioﬁ data calculated for each group, For
the tholeiitic series, the fercentage of tholeiitic basalt
and the tholeiitic andesite in the tholeiitic series tends
‘to decrease and increase, reépectively, with decreasing age
of'the groups, The percentages of tholeiitic basalt and
of the andesite of the calc-alkalic series among all the
nohealkalic volcanics decrease and incease, respectively,
with decreasing age, The mean Sioz percentage and mean”
FeO*/MNgO ratio also tend to increase with decreasing age
-and consequently increasing degree of development of this
island arc, It is important to see that the variation
trends for this island zrc appear to be continuous, with
the Bermeja complex assured to.situaﬁeﬁla position repre-~

senting an initial stage in the history of arc evolution,
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1. Proportion of Tholeiitic and Calc-alkalic Series Kocks

The approximate volume proportions of rock types
among all non-alkeslic volcanics of each time period are
estimated in Table 16A., The Bermeja complex is also included
and considered to represent rocks generated in the initial-
s{age of the island arc evolution. For the purposes of
comparison, the Puerto Rican volcanics and volcanic rocks
of Puerto Rico and other islands in eastern West-Indies are
treated separately as shown in Tables 16A-B and 17A-B, The
main reason for the grouping of the non-alkalic volcanics
in Puerto Rico.'Virgin Islands, and the Lesser Antilles is
simply to demonstrate the gradual temporal compositionzl
variations, It is more important, however, to reccgnize
'that the Puerto Rico - Virgin Islands region and the lesser
Antilles have diffefént spatial directions (trends), and so
probably have different - tectonic histories (Malfait and
Dinkelman, 1972), For example, when the direction of
relative movement of the Caribbean plate is to the east,
orogenic activities in Puerto Rico and unlikely but are
probable in the Lesser Antilles, and vice versa for relative
‘Aplate movement to the north. Therefore, grouping together
the volcanié rocks of both Puert§'Rico and the Lesser
Antilles in Tables 16A-B and 17A-B, may juxtapose two
possibly tectonicly independent groups of rocks, The
variation trends shown in these tables, thus, may of may

not show any tecionic significance, but are believed to
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carry temporal significance in respect to the development
of the overall island arc, For the Puerto Rican volcanics
the age group from Pre-Albian to Cenomanian includes the
Pre-Roble, Cerro Gordo, and Santa Olaya formations, the age
group from Albian to Santonian includes the Roble, Rio
Orocovis, Rio Loco, and Mayaguez formations, and the age
group from Late Cretaceous to Early Tertiary includes the
Figuera ?hd other Early Tertiary volcanic units. For the
volcanic rocks of Puerto Rico and of other islands in fhe
eastern West Indies, the Water Island and the Louisenho}
formations are_added to the group of Puerto Rico volcanics
of Pre;Albian to Cenomanian age, and the Late Tertiary Lesser
Antilles volcanics are comﬁined with the youngest group

of Puerto Rican volcanics.

- The oldest Pre-Albian Bermeja complex contains
about 75 % tholeiitic basalt and 25 % tholeiitic andesite,
In the Middle Cretaceous, about half of the volcanics are
tholeiitic basalt, and one quarter is calc-alkalic basalt,
The remainder includes equal amounts of tholeiitic seriés
andesite and dacite and calc-alkalic andesite and dacite,
Toward the Late Cretaceous, basalt and andesite of the -
tholeiitic series respectively tend t§ decrease and increase
in proportion., These trends are more pronounced during the .
Tertiary, in which equal propoptions of andesites of both
the tholeiitic and calc-alkalic series are predominant (about
one third each), with approximately 6ne forth dacite of the

calc-alkalic series and one tenth of tholeiitic basalt.
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For the Puerto Rican volcanics, most of the tholeiitic
series rocks are basalt in the Middle Cretaceous, The pro-
portion of basalt in the tholeiitic series decreases gradually
while that of andesite increases with decreasing age. In the
Late Cretacecus to Eariy Tertiary period, andesite is the
only tholeiitic series representative, For the calc-alkalic
series, the proportion of the more silicious types also
increaseg’with decreasiné age, The variations in proportions
of rock types in the tholeiitic and calc-alkalic volcanic
series of the whole eastern West Indies also have a trend
similar to those of the Puerto Rican volcanics., In the Middle
Cretadéaﬁs basalt is predominant in the calc-alkalic series,
while during the Late Cretaﬁeous. andesite is most abundant,
and in .the Tertiary, there are about equal amounts of andesite
‘and dacite. - '

In Table 16B, the estimated volume proportions of
rock types in the whole non-alkalic volcanics of the accu-
muiated by age groups from the Pre-Albian are shown, This
may represent the distribution of rock types for non—alkalic.
volcanic rocks below a certain different stratigraphic level,
It may also indicate the nature of compositional variation
occurring with island arc evolution, the latter being repre-
sented by the thickness of the crust underlying the arc
(Miyashiro, in press), As shown in Table 16B, the proportion
of tholeiitic basalt tends to decrease with an accumulating
thickness of volcanic rocks in the arc, while proportion of

andesite and dacite of the.calc-alkalic series tends to
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increase slightly with evolution of the island arc, The pro-
portion of tholeiitic andesite among all volcanics, however,
remains nearly unchanged, As suggested by the present data,
the whole island arc volcénic of the eastern West-Indies (as
shown in the bottom row of Table 16B) may have better deve-~
lopment of basalt and andesite of calc-alkalic series and
tholeiitic dacite and andesite, and lesser development of
tholeiitit basalt than those of the Puerto Rican volcanics.
However, this comparisonAmay not be significant due to the
possible sampling bias,

| The estimated volume proportions of tholeiiiic and
calc-alkalic series in each stratigraphic group sre thown in
Table 17A. In the earliesf>stage. all volcanic rocks belong
to the tholeiitic series., Then, the proportion of tholeiitic
‘series and calc-alkalic series gradually decrease and
increase, respectively, with decreasing age. During the
Tertiary, the calc-alkalic series appears to be more pre-
valent than the tholeiitic series., A similar trend can also
be seen in Table 17B, in which the estimated accumulated
percentages of tholeiitic and calc-~alkalic series at various
stages of igland arc evolution are shown, Estimated total
volcanics from the initial stage up to Tertiary age (as shown
in the lzst row of Table 17A-B) consist of about two thirds
tholeiitic series and one third calc-alkalic series, However,
among the Puerto Rico volcanics there appears to be a somewhat
larger proportibn of tholeiitic seriés than among all '

velecanic rocks of the eastern West Indies, This is probably
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a reflection of the fact that Late Tertiary volcanics, which
have well developed calc-alkalic series are dominant in the

Lesser Antilles,
2, Frequency Distribution of SiO2 Content

The 5i0, content in non-alkalic volcanic rocks of
some formations in Puerto Rico roughly increases with de-
creasing age of the formation, although the trend is weak
(not shown in figure)., A better definition is seen when the
rocks are divided into the same three groups as those pre-
viously used in this section., The frequency distributions
on this basis using the average SiO2 content for each group
are shown in Figure 284, Tﬁey are arranged in apprcximate
order of decreasing age from the bottom to the top of <he
‘diagram, It is seen that the Si0, content increases gra-
dually from the oldest Bermeja complex toward younger group,
glthough wide variations are present in most of the formations
6rfage units, The accumulated frequency distribution of Si0,
content at certain stages of island arc evolution as expresséd
by various stratigraphic levels. for the Puerto Rico volcanics
‘are shown in Figure 28B, It is shown that the S:'LO2 content
gradually increases withthe degree of development of the
arc volcanics. Figure 28C-D show the gradual variation of
510, content for all non-alkaliec volecanic rocks in the-
eastern West Indies, on the basis of separate age intervals
and cumulatively. The increase in the average Si0, content

with decreasing age is similarily expressed in these diagranms,
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Figure 28 A-B., Frequency distribution of $i02 (%) (anhydrous) in the

analyzed non-alkalic voleanic rocks in Puerto Rico. Syubols are the
same as those in Table 15,
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Thus, the increase in the proportion of calc-alkalic
series rock (as discussed above in this section) is accom-
panied by an apparent increase in the proportion of more
silicic volcanic rocks among the non-alkalic volcanics,

as shown in these diagramn,
3, Frequency Distribution of Fe0O*/Mg0 Ratio

Figure 29A-D show the freguency distributions of
FeO* /g0 ratios in the volcanic rocks plotted on a corrus-
ponding basis as for Figure 28A-D, respectively, . The avail=
able data for most formations (not shown in figure) are 1no0%
numeroﬁs.enough to allow any definite conclusion on the
trend of variation of FeO*/MgO among them with decreasing
‘ege, However, it is important to see that the overall
'FéO*/EgO ratio does tend to increase with advancing develop-
ment‘of this island arc, as expressed by the estimated
averages for formations of similar age grouped together -
(Figure 29A,C) and for the accumulated rocks up to variqus
stratigraphic levels (Figures 29B,D),

Thus, the increase in the average 8102 content of
the non-alkalic voleanic rocks with the advancing develop-
ment of this island arc may be ascribed not only to the
increasing proportion of calc-alkalic series rocks, but
also to the arparently more adyanced stage of fractional
crystalXlization of magwa, or to contamination of magmas by
rocks of more granitic composition, both of which tend to

ircrease not only the Sioz.content. but also the FeO*/Ng0
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ratio,’

In summary, the rock types, the proportion of the
tholeiitic and calc-alkalic series, and the average SiC,
" content and FeO*/lgO ratio appear to change gradually in
regular patterns, from the earliest generated Bermeja complex
through the volcanic rocks of the upper stratigraphic levels
of Puerto Rico and the eastern West-Indies, These compositional
variation$ may be naturaliy continuous, and show the trends
of evolﬁtien of this islznd arc, The Bermeja complex nay
represent either the metamorphosed derivatives of the oldest
jnitial-stage arc tholeiites, presumably the major rocks
forming the basement ﬁnderlying the thick volcanic pile of
Puerto Rico, or an ancient ﬁceanic crust beneath the islarnd

arc,

F, Comparison with Other Similar Island Arc Systems

The island arc of the Central Kuriles has a com-
position similar.to the Puerto Rico - Virgin Islands non-
alkalic volcanic rock suitevin the proportions of the tho-
leiitic and calc-alkalic series; and in the frequency dis-
tributions of SiO2 percentages and Fe0*/Mg0 ratios,

The Kurile arc is divided into the South, Central,
and North portions (Gorshkov, 1970). The Central Kuriles
have an oceanic crust a little less than 15 km thick (Gorshkov, 7

1670), and a single arc structure. It is composed both of

tholeiitic an? calc-alkalic series rocks, The percentage
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of calc-alkalic series rocks among all volcanics is about
32 percent {Niyashiro, in press).

The frequency distributions of SiO2 percentages
and FeO*/MNg0 rafios in analyzed rocks of the non-alkalic
volcanics of Puerto Rico and of the combined volcanics of
Puerto Ricé and Virgin Islands, as well as the volcanics of
the Central Kuriles are compared in Figures 30A-B. The
Puerto Rico and the Central Kuriles distributions have
similar ;anges, though that for Puerto Rico shows a larger
proportion of low-SiO, and low-FeO*/Mg0 rocks, Data for
all non-alkalic volcanics in the Puerto Rico and Virgin
- Islands region resemble that of the volcanics of the Centrsl
Kuriles to a slightly greafer extent than for Puerto Rico
alone, The frequency distribution differences between
’these:two arc systems, however, may be a reflection of
different degrees of development of their contained rock
series, The percentage of tholeiitic series rocks is higher
in Puerto - Virgin Islands (75 %) (the Bermeja complex
included), or lower (60 %) (the Bermeja complex not inciuded}
than in the Central Kuriles (68 %).

Miyashiro (in press) noted that the percentage cof
calc-alkalic series rocks among all volcanics in the South
and North Kuriles, which have a thipker and more continental-
type crust (18 - 30 Km}g is greater>(b8 - 57 percent) than
in the Central Kuriles, Thus,; the percentage of calc-alkalic
series rocks may tend to increzse with, and reflect, the

development of a continental-type crust in the Kuriles src,
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Frequency distributions of Si0) percentage and FeO*/MgO ratios

in the volcanic rocks in Puerto Rico, Puerto Rico and Virgin Islands (Broken

line: the Bermeja complex inciuded; solid lines: the Bermeja complex not
included), and Central Kuriles,
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This conclﬁsicn may, moreover, be true for most island arc
systems around the world (Miyashiro, in press). Because
tholeiitic series rocks of the Puerto Rico - Virgin Islands
region are similar in abundance as in the Central Kuriles,
the eastern Creater Antilles may have a crustal thickness
of around 15 Km, From an analysis of gravity data, Talwani
et al,, (1959) deduced a maximum thickness of 30 Km for a
"root" bgneath the eastern Greater Antilles, However, a
more diréct investigation of the crust beneath Puerto Rico
by seismic refraction would provide invaluable data for =
more detailed estimation of the physical and chemiczal natuvye

of the crust-mantle system of this island arc,.



APPENDIX A-~D: TFETROGRATHIC DATA OF ANALYZED

SAMPLES OF THE BERNEJA CONFPLEX

Sample localitieé and petrography of znalyzed samples
of the Bermeja complex, including schistose amphibolites (A4),
massive metabasaltic dikes (B), spilites (C), amphibolitized
dolerite (D), and serpentinized peridotite (E) are described

below,
A. Schistose Amphibolite

The following five samples of schistose amphibolites

were ahalyzed and shown in Tables 10 and 14,

Ba-8a-1t+ The schistose amphibolite was sampled on a
stream cut, about 20 m north of the bridge on route 303 at
Las Palmas., The rocks are deep green colored and well foli-
ated, having a segregation layering consisting of white layers
of plagioclase and quartz that alternate with dark green
layers rich in hornblende, with an average grain size of 0.8
mm, Dominant minerals are hornblende, plagioclase,and quartz;
accessories are scattered magnefite, sphene, and apatite.
AHarnblende is subhedral prismatic (aversging 1 mm in length},
elongated parallel to the foliation with well developed
cleavage, The plecchroism is X = pale vellow, Y = deep
yellowish greerni, and Z = bluish green, The extinction an-
gle (CAZ) is about 22°, The‘optic angle (ZVX) as measured

. . c. Q0 . . - . . .
on a universal stage is 81", . FRefrective irdex determinations

oV
[AV]
AN
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of ny and ny are 1.652 and 1,676, respectively. Plagioclase
is either twinned or untiwined, usually very slightly zocned
with an average ccmposition of Anjh as determined on a
unjiversal stage by the maximum extinction angle method. It
commonly shows undulatory extinction, occurring as anhedral
and slightly flattened grains (averaging 0.8 mm in longest
diwension, which is subparallel to the foliation) associated
with smaller anhedral quartz grains (averaging 0.5 mm) in the
light-colored layers that alternate with the dark colored
layers rich in hornblende, Plagioclase is usually slizghtly
clouded in appearance and altered to white micas., Accesscry
sphene; apatite, and opaque minerals are interstitial or

inclusions in horntlende,

Ba-8a-41 Sample from a stream cut, avout 55 m north
of the bridge on route 303 at Las Palmas. The rock is
generally similar to sample Ba-8a-~1 and consists dominantly
of hornblende, plagioclase, and quartz, with minor iron
oxides (magnetite), apatite, and sphene. Hornblende: ny =
1,653, n, = 1,682, Pleochroism X = straw yellow, Y = yellowish
green, Z = bluish green, ZVX = 80°, The composition of

plagioclase is Anj g,

7717-85: Sample obtained 110 m north and 350 south of
the contacts with the serpentinite at Las Palwras. In general
the rock is megasceopically and micrescopically similar to
sample Ba-B8a-1, except for a finer average grain size (averagiﬁg

0.6 mm), The essentiel minerals include hornbiende, plagio=-
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clase, quartz, and sphene, The plagioclase (An36) is slightly
to moderately altered to white micas, A small amount of
epidote minerals in megascopic veinlets was sawed out before

chemical analysis, Hornblendes ZVX = 800, pleochroism X =

yellowish green, Z = pale bluish green,

1.666,

pale yellow, Y
= 1,644, n,

]

nx
?91?-&5: Sample obtained 400 m north and 80 m south

of the contacts with the serpentinite at Las Palmas. The rock

is similar to sample Ba-8a-1, It contains essentially

hornblende, plagioclase, and quartz, with minor iron oxides,

sphene, and apatite, Hornblende: ZVX = 7h°, pleochroism

X = pale yellow, Y = yellowish green, Z = green to pale bluish

green, ny = 1.660, n, = 1,682, Plagioclase is Ath and is

locally slightly altered to white micas,

7917-66: Sample obtained 120 m north and 400 m south
of the contacts with the serpentinite at Las Palmas., Generally,
the rock is similar to sample RBa-8a-1, with dominant hornblende,
plagioclase, and quartz, and minor iron oxides, sphene, énd .
apatite., The pleochroism of the hornblende is deeper than
that of sample Ba-8a-1, showing X = pale yellow, Y = deep
yellowish green to brownish green, and Z = bluish green to

brownish bluish green, with 2V, = 76° and ny = 1,656 and

X
n, = 1.680, Plagioclase (Anuo) is slightly to moderately
altered to white micas. Small veinlets filled with tiny
epidote grains and quartz, were mostly removed before chemical

anglysis,
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B, Massive Metabasaltic Dike

Two samples of massive metabasaltic dike were analyzed

and shown in Tables 11 zand 1k,

Ra-%b-2: The massive mgtabasaltic dike was sampled on
the stream cut, about 65 m north of the bridge on route 303
at Las Palmas, The dike, which is intruded‘into schistose
amphibolite, has a deep green groundmass set with light
colored,randomly oriented, prismatic phenocrysts, Under the
microscope, it contains about 20 percent of porphyroblastis znd
relict phenocrysts (0,5 to 1.5 mm) in a fine grained inter-
sertalvgroundmass. The essential minerals include amphibole
and piagioclase, with minof amount of iron oxides, and
prehnite, The amphibole occurs as simple crystals of horn-
blende (0.5 mm), as groups of subradiated fibrous actinolite
after original mafic minerals (probably olivine and/or pyroxene)
or as snall subhedrai prismatic hornblende in the ground-
mass, Generally, the cleavage of the hornblende is not
well developed., Hornblende: ZVX = 67°, optic axis Z =’palel
bluish green, ny = 1,646, n, = 1,668, Actinolite : ZVX =
00

©, very faint pleochroic, ny = 1,656, Plagiocclase laths

-

in phenocrysts from 0.5 mm to 1,5 mm are usually dusty in
appearance and slightly tc moderately altered to tiny horn-
blende grains and also commonly replaced by epidote minerals
(clinozoisite), Some less altered crystals are either twinned
or untwinned with slight zonning, with an average composition |

of An33, Tiny granules of magnetite occur throughout the
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rock. Veinlets are filled with tiny prehnite,plagioclase,
and quartz (?), mostly are sawed away and not included in the

prepared sample for the chemical analysis,

Ba-10: The dike rock was sampled in a small road cut
about 0.25 mile west of a 69.1 m benchmark at Las Palmés.
The rock is megascopically similar to sample Ba-8b-2, The rock
consists gssentially of hornblende, plagzicclase, with minor
epidote, sphene, ircn oxides (magnetite), and prehnite, The
original phenocrysts of plagioclase and mafic minerals is
less than 15 percentage, A weak foliation is defined by a
subparallel arrangement of elongate hornblende grains, which
are subhedral prismatic and range from very small to 0,3 mm,
The pleochroism of hornblende shows X = pale yellow, Y =
yellowish green, and Z2.= pale bluish green to pale brownish
green, 2V, is about 73°, ny and n, are 1,684 and 1,664,
respectively, Plagioclase phenocrysts are usually dusty in
appearance and are replaced by tiny hornblende, Some less
altered plagioclase has a compositiion of An35 as determined on
universzal stage. Anhedral but elongated magnetite grains
tend to be parallel to the weakiy developed foliation, Vein-
lets, which were mostly sawed out tefore chemical analysis,
consist of epidote, plagioclase; prehnite, and lesser amounts

of chlorite,

" C., Spilite

Three samples of spilite were analyzed and showa in
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Tables 12 and 14,

Ba-1bt The spilite was sampled 4 m away from the sheared
contact zone with foliated serpentinite on the east wall of
the water outlet cut at the northwestern corner of the quarry
about 0.7 mile by road east of Mayaguez on route 105, It is
massive grayish green rock with an average grain size of 0,7
mm, Slickensides, joints, and calcite veinlets are visible
on the outcrops. The rock is intersertal in texture and
consists dominantly of albite laths and interstitial augite
and chlorite, with minor amounts of calcite, epidote, preh-
nite, white micas, and iron oxides (magnetite). The plagio-
¢clase is slightly clouded and altered to white micas, chlorite,
and epidote, The composition is albite (Any,_() as determined
by universal stage. The interstitial augite commonly ex-
hibits undulatory extinction and the optical angle is thus
difficult to determined., ny = 1,684, The veinlets consist
mostly of calcite and minor prehnite, chlorite, epidote, and
anhedral albite, and were carefully sawed out during the

preparation of the sampie for chemical analysis,

Ba~3: The spilite was sempled about 2 m up on the
western wall of the quarry about 0,7 mile by road east of
Mayaguez on route 105, The rock is massive and grayish green
with an average grain size of 0,6 mm, and an intersertal
texture, Najor minerals include albite laths, augite, and
chlorite, with minor epidote, magnetite, and prehnite.

Plagioclase iz clear end only very siightly replaced by
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the same, Augite: 2V, = 50°, ny = 1,686, The originzal
jnterstitial glass (%?) is completely replaced by chlorite,

Calcite veinlets were mostly removed before chemical analysis,

Ba~-6:1 The spilite was sampled about 15 m above the
bottom of the wall at the eastern side of the quarry about
0.7 miles by road east of Mayaguez on route 105, The rock is
massive with a pale grayish green matrix spotted with dark
green pyroxenes with an average grain size of 1 mm, The
spilite has intersertal texture, and’consists mainly of
albite laths and interstitial clinopyroxene and chlorite,
with small amounts of iron oxides (magnetite), calcite, white
micas, prehnite, and epidote., The plagioclase (Anu) is slightly
clouded and replaced by white micas, chlorite, epidote, and
prehnite, Clinopyroxene is augite with 2VZ = 539, ny = 1,686,
I+t sometimes altered to yellowish brown granular aggregates -
and yellowish green prismatic crystals of epidote associated
with or without magnetite and chlorite. Calcite veinlets

were mostly removed before chemical analysis.

D. Amphibolitized Dolerite

Ba-7a1 The amphibolitized dclerite was sampled in the
quarry abcut 2,7 miles by road east of Mayaguez on route
105, The rock is deep grayish green with subophitic texture
and averege grain size of 0,8 mm, It contains mostly zonzd
plagioclase (An45-70) and hornblende, with accessory relic

clinopyroxene, iron oxides, and white micas, The calcic~core
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of the plagicclase is clouded and slightly altered to white
micas, The pleochroism of hornblende is X = pale yellow, Y =
yellowish green, and 2 = green to pale bluish green, occuring

as subhedral to anhedral crystals ranging from 0.1 tc 1 mm in

the interstices between plagioclase. The average optical |
angle (ZVX) is 70°, ny and ny are 1,642 and 1,662, respectively.
Small relic clinopyroxene occur rarely in the cores of large
hornblende grain with 2VZ = 590. Irregularly shaped iron

oxides are associated with or embedded in the hornblende,

Rock analyses are shown in Tables 12 and 14,

E, Serpentinized Peridotite

B-2t The serpentinite is from the MASCC test hole core
near Mayaguez, Puerto Rico (Burk, ed,, 1964), at a depth of
19.49 m, The rock is a dark greenish brown and is about 30
percent serpentinized, It originally contained about 75 per
cent olivine and 25 percent pyroxene, The original ortho-
pyroxene (about 20 percent), usually anhedral and equi-
dimensional, is up to 4 mm in size, while the anhedral clino?
- pyroxene (about 5 percent) is ug to 2 mm, The relict ortho-
pyroxene (about 15 percent) is enstatite with 2V, of 88° and

ny = 1,664, n, = 1,676, Closely spaced thin exsolution
lamellae of clinopyroxene, oriented parallel to the (100)
plane of enstatite are common, The clinopyroxene lamellae

usually pinch out towards the edge of the enstatite grains,

however, they may extend beyond the borders of fresh enstatite
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in serpentine, The relict clinopyroxene (< § percent) is
diopside with a ZVZ of 56° and ny = 1.678, Relict olivine

is rare ( { 5 percent) with 2V, of 860, but the refractive-
index is difficult to determine, Translucent spinel of a
golden brown color occurs as scattered interstitial crystals
about 0.6 mm in size, rimmed by opaque minerals (magnetite ?).
Spinel constituted about 2 percent of the original rock, as
judged from its relict interstitial texture. Serpentinized

peridotite analyses are shown in Tablesl3 and 14,
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