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ABSTRAGT 

Culebra Island, located about twenty miles east of 

Puerto Rico, is composed of undated andesite and spilitic 

volcanics which are intruded by diorite plutons. On the 

basis of the ages of similar rocks on Puerto Rico and the 

Virgin Islands the age of the Culebran rocks is probably 

within the Albian - Middle Eocene interval. The oldest 

rocks in the area are the Culebra Andesites (2400 feet 

exposed) which consist of augite andesite pillow lavas and 

massive flows interbedded with coarse andesite breccia and 

andesite tuff. Conformably overlying the Culebra Andesites 

is the Cerro Balcon Formation (1300 feet exposed). This 

formation is composed of thick-bedded spilitic lapilli tuff 

with a basal unit of thin-bedded, fine grained tuff called 

the PIaya Resaca Member. The Cayo Norte Formation (750 feet 

exposed) is composed of albitic, quartz-rich pillow lavas 

which are the youngest stratified rocks in the area. 

Intrusive igneous rocks include two diorite stocks, a 

diorite dike and several small spilite intrusives. The rocks 

of Culebra are unmetamorphosed except for contact meta¬ 

morphism of tuffs adjacent to the diorite intrusives. 

Structurally, Culebra is a homocline dipping 15° to 

the northeast. At least three northwest trending high angle 

faults cut the area. Stratigraphic throws are from a few 
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hundred to about a thousand feet. 

The Culebra Andesites are considered to be orogenic 

igneous rocks which are related to the high-alumina basalt 

described by Kuno (i960), Orogenic andesites may be derived 

from high-alumina basalt by fractional crystallization or 

may simply represent a slightly lower melting fraction of 

the ultramafic material of the mantle. High-alumina basalts 

and related andesites are considered to be primary magmas 

which are generated by partial melting of the ultramafic 

mantle in active orogenic areas. 



INTRODUCTION 

This report is a description and synthesis of the 

geology of Culebra Island, Puerto Rico, and the surrounding 

islets. The area is located seventeen miles east of the 

northeast corner of Puerto Rico and approximately midway 

between Puerto Rico and St* Thomas in the Virgin Islands. 

This location is at the eastern end of the Greater Antilles, 

an island-arc mountain system which was deformed at different 

times during the Mesozoic and Tertiary and which has been 

relatively quiescent since the Oligocene. The rocks studied 

in this report are a small sample of the vast thicknesses of 
5 

volcanic rocks which constitute a large part of the Greater 

Antilles. These rocks are, however, perhaps unusual in that 

they have undergone comparatively little deformation and 

metamorphism and are hence particularly well suited for 

mineralogical and petrological study. 

Six weeks were spent in the field during the summer of 

i960. Geological mapping was done in a 1:30,000 United 

States Geological Survey topographical map. Outcrops are 

excellent around most of the shoreline of the islands but 

good outcrops are rare inland, so that contacts between the 

various rock units are approximations and are hence 

represented by dashed lines on the geologic map. About four 

dozen rock samples were collected and thin sections were 

made from most of them. In addition, six thin sections 
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from samples collected by T.W. Donnelly were studied. 

Laboratory work included the thin-section petrography of 

the rocks and mineral composition determinations by index 

of refraction measurements and universal stage techniques. 

Previous Work 

According to a review of the literature on the Virgin 

Islands, Culebra, and Vieques by James P. Kemp (Kemp, 1926), 

previous reports on Culebra are few and incomplete. Prom 

Per Teodor Cleve (1871) Kemp reports: "Culebra ... is said 

to consist of dark gray or brown labradorite porphyry. On 

Culebrita is dark green trap with quartz veins." 

Lobeck (1922) pointed out that the topographical 

features of Culebra are controlled by erosion along strong 

joint systems, the major one trending northwest-southeast 

and a minor one almost transverse to it. He pointed to 

submergence as the cause of the deeply indented shoreline 

and numerous offshore islets. In a report on the strati¬ 

graphy of the Virgin Islands, Vaughn (1923) mentioned only 

"metamorphosed sedimentary rocks composed of reworked 

volcanic constituents," apparently referring to the 

Cerro Balcon tuffs of this report. On the basis of their 

lithologic character, Vaughn referred these rocks to the 

Upper Cretaceous. Howard Meyerhoff (1926) discussed the 

geomorphology of Culebra, along with the Virgin Islands and 

Vieques. Some of his conclusions on regional geomorphologic 
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history are reviewed in the section on historical geology. 

Of the previous geological reports on Culebra, by far 

the most comprehensive is a short section in the appendix 

of T.W. Donnelly*s unpublished Doctor»s thesis (Princeton, 

1959) on the geology of St. Thomas and St. John Islands. 

On the basis of two weeks of reconnaissance exploration and 

mapping, Donnelly produced a general geological and petro- 

graphical description of the island and his geologic map 

differs only in minor details from the one compiled in the 

present study. 

Geography 

The area studied is located twenty miles east of 

Fajardo, P.R. and includes several small surrounding islands 

(the largest less than a square mile in area) as well as 

Culebra Island. The area totals about fifteen square miles. 

Meyerhoff (1926) classifies the climate of the Virgin 

Islands as subtropical with mean monthly temperatures from 

76° F. in February to 84° F. in October. He gives the 

average annual rainfall for the group as forty-five to forty 

eight inches, but Culebra, being one of the smaller islands, 

probably has less than this, possibly thirty to thirty-five 

inches. 

Much of Culebra is covered by tall grass, having been 

cleared for grazing, while uncleared portions support a 

forest of low trees. Most of the area is easily traveled 



-4- 

on foot, but a few sections are thickly overgrown with 

briars and cacti and are very difficult to negotiate. The 

outlying islets, Cayo de Luis Pena, Cayo Norte, and Culebrite, 

are particularly difficult in this respect, 

Culebra has a population of about seven hundred, almost all 

of whom live in the town of Culebra, The main industry on 

the island appears to be the raising of Brahma cattle. No 

crops of any kind are grown on a large scale. 

Geomorphology 

Culebra has a youthful, hilly topography rising to a 

maximum elevation of 650 feet on Monte Resaca in the north- 

central part of the Island. Erosion along parallel fault 

lines has produced a marked northwest-southeast parallelism 

of the topographical forms of the area. The parallel 

topographically low areas include the channel between 

Culebra and Cayo de Luis Pena, the two valleys whose sub¬ 

merged extensions are the inlets on southeastern Culebra, 

and the channel separating Culebra from Cayo Norte and 

Culebrita. 

Meyerhoff (1926) has recognized three erosion surfaces 

in the area which includes eastern Puerto Rico, Culebra 

and Vieques, and the United States Virgin Islands. The 

surfaces were developed in early Tertiary time as a result 

of repeated cycles of uplift and erosion of the deformed 

sedimentary and volcanic rocks. The highest surface is 
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Flgure 1. 
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exposed on Puerto Rico and the Virgin Islands but has been 

completely removed by erosion from Culebra. Meyerhoff 

believes that the hills about 400 feet high on Vieques and 

Culebra are remnants of the intermediate erosion surface. 

The best evidence for an erosion surface observed by this 

writer is the flat summit of Cerro Balcon at an elevation 

of about 500 feet (fig. 2) and the abrupt decrease in the 

slope of Monte Resaca at about the same level. The lowest 

surface is the submarine platform from which Culebra, 

Vieques and the Virgin Islands rise as monadnocks. This 

surface has an average depth of about 150 feet below sea 

level. 
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Figure 2. Cerro Balcon as seen from Cayo Norte, 
showing the flat summit at an elevation of 
500 feet. 
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SUMMARY OP STRATIGRAPHY OP CULEBRA 

The stratified rocks of Culebra are here divided into 

three formations and named after localities within the 

area. The oldest rocks studied are the Culebra Andesites, 

a 2400-foot thick sequence of augite andesite flows with 

interbedded tuffs and breccias. This unit is conformably 

overlain by the Cerro Balcon Formation, composed of 1300 

feet of spilitic lapilli tuff. Exposed on Cayo Norte are 

750 feet of pillow lavas which are the youngest rocks in 

the area and which are here named the Cayo Norte Formation, 

Because of the absence of fossiliferous beds in the area 

and the present lack of a reliable lithologic correlation 

with rocks of other areas, it is impossible to assign an 

age date to the Culebran rocks. However, on the basis of 

the ages of similar rocks on Puerto Rico and the Virgin 

Islands, the age Is probably somewhere within the Albian - 

Middle Eocene interval. 
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CAYO NORTE PM. (750* -f ) 
Albitic, quartz-rich pillow 
lavas. Lower and upper 
contacts not seen. 

A fault probably separates Cayo 
Norte from Culebra. 

CERRO BALCON PM. (1300'+) 
Thick-bedded spilitic lapilli 
tuff. Upper contact not exposed. 
At the base is the PLAYA RESACA 
MEMBER (150*); thin-bedded, 
fine grained tan tuffs. 

Conformable contact 
CULEBRA ANDESITES (2400'+) 

Pillowed and massive augite 
andesite lava flows with inter- 
bedded tuffs and breccias. 
Lower contact not seen. 

Breccia layer on Culebrita (200*). 
Position doubtful because of 
faulting. 

PLAYA SARDINAS BRECCIA MEMBER (150») 
Thick-bedded andesite breccia with 
interbedded tuffs. 

Altered pillow lavas on Cayo de 
Luis Pena. 

Andesite breccias and tuffs exposed 
on the small islets west of 
Cayo de Luis Pena. 

Figure 3. Stratigraphy of Culebra. 
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CULEBRA ANDESITES 

Introduction 

The Culebra Andesites crop out over most of Culebra 

and on all the surrounding islets with the exception of 

Cayo Norte* About 2400 feet of andesite flows and pyro- 

clastics are exposed from the western shore of Cayo de 

Luis Pena to the basal contact of the Cerro Balcon Forma¬ 

tion, Also included in the Culebra Andesites are the 

scattered exposures of andesite breccias and tuffs on the 

small islets to the west of Cayo de Luis Pena, The unit 

is made up of about 80$ porphyritic augite andesite lavas 

and 20$ interbedded andesite tuffs and coarse volcanic 

breccias. Of the interbedded pyroclastics, only the three 

most important breccia units, ranging from 80 to 200 feet 

in thickness, are included on the stratigraphic column and 

geologic map. In the following discussion the Culebra 

Andesites are divided into two parts: the flows and the 

pyroclastic rocks. 

Andesite Flows 

Andesite lava is the most common outcrop and float 

material in the area. The flows are both massive and 

pillowed, in about equal amounts. The lavas are generally 

porphyritic with abundant intergrown labradorite pheno- 

crysts up to 1 cm. in length and augite phenocrysts up to 
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3 mm* in length. The groundmass is glass or altered glass 

with plagioelase and pyroxene microlites. Magnetite and 

pseudomorphs after olivine and orthopyroxene are present in 

minor amounts. The pillow lavas in general contain smaller 

phenocrysts than the massive variety, and a few lack pheno- 

crysts. Small quartz filled amygdules are common in some 

of the more non-porphyritic pillow lavas and are especially 

abundant in the altered flows on Cayo de Luis Pena where 

they are strikingly arranged in bands parallel to the pillow 

surfaces. Most flows are dense and not greatly altered, 

and reasonably good samples are obtainable. 

Chill zones weather more readily than other portions 

and pillow lavas in general weather more readily than 

massive flows. Outcrops and float fragments generally 

weather to a reddish soil while fresh fragments and outcrops 

exposed to wave action are gray or black. White, bluish, 

or greenish siliceous material occurs as Joint and cavity 

fillings and as interpillow material. 

Thickness of Flows 

Because of poor outcrops both upper and lower contacts 

of the thickest flows were not observed, and it was not 

possible to determine maximum thicknesses. However, several 

pillow lava flows are at least 100 feet thick. Lavas on 

the north shore of Culebrita are particularly well exposed, 

and here there are several hundred feet of pillowed and 
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mas si ve flows uninterrupted by tuff or breccia beds. Under 

these conditions the only possible means of distinguishing 

one flow from another is the presence of a chill zone. 

However, since each individual pillow is surrounded by a 

chill zone, this feature becomes useless and the true 

thickness of flows is difficult to determine. The massive 

flows, which definitely represent single outpourings of 

lava, were not observed to exceed 30 feet in thickness. 

Structure and Formation of Pillows 

The abundance of good exposures makes Culebra an ideal 

locality for the study of pillow lavas. The pillows range 

from essentially ellipsoidal pillow-shaped bodies from 2 to 

6 feet in diameter to sinuous or lobate forms up to 15 feet 

in length. At some places there are excellent exposures of 

the pillows in three dimensions (fig. 4), 

Pillow surfaces are surfaces of cooling as indicated 

by chill zones and concentrations of amygdules close to 

the surface. In addition, the surfaces of some pillows 

show a polygonal fracture pattern which appears similar to 

muderacks. Unusually good exposures show that the individual 

pillows are connected to each other by means of narrow 

necks (l to 2 feet in diameter) which may be several feet 

long (fig. 4)or more often very short and scarcely 

noticeable. Pillows are also commonly joined along their 

sides and a pillow may issue from between other pillows 
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Figure 4. Andesite pillows on western 
Culebra showing pillows connected 
by narrow neck3. 
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Figure 5. Large pillows on Cayo Norte, 
15 feet in length. 

up to 
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Figure 6. Andesite pillow lavas overlying a 
massive flow on Culebrita. The outcrop 
is about 60 feet in height. 
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rather than from the ends of other pillows. 

The formation of the Culebra andesite pillows is 

envisaged as follows. Lava erupts from a submarine vent 

and flows as a single sheet of liquid as long as flow is 

sufficiently rapid. Eventually, however, there will be 

a decrease in the outward velocity of the flow front, either 

caused by a waning of the volume of flow at the vent or 

simply to the enlargement of the perimeter of the flow. 

This decrease in velocity results in a prolonged chilling 

of the flow front by sea water and the development of a 

viscous skin which impedes the forward movement of the 

lava. Pressure increasing behind the skin causes ruptures 

out of which flow the individual pillows. Each pillow 

expands until rupture occurs or until the resistance of 

its own skin becomes too great. Further rupturing pro¬ 

duces additional pillows and the lava front moves slowly 

forward. The necessity for rapid chilling of a highly 

fluid magma probably limits this process largely to sub¬ 

marine extrusions. In any case, the Culebra pillow lavas 

are interbedded with pyroclastics which were almost 

certainly deposited on the sea floor and hence are in all 

probability submarine flows. Tyrrell (1926) gives a 

similar description for the formation of pillow structure. 
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Mineralogy of the Flows 

Plagioclase: Compositions were determined mostly 

by the Turner method with the universal stage (Turner, 

19^7)• Results using Turner’s curves were later checked 

using unpublished curves based on the data of Burri (1956) 

and Kuno (1955)* The Michel-Levy method was used on some 

of the albite twins and Ny of a few crushed samples was 

measured on a spindle stage (Wilcox, 1958-1959-1960). 

These different methods gave results which agreed within 

2 or 3 percent anorthite content. Only a few samples were 

fresh enough for index measurements and some were too 

altered for even the Turner method. 

Plagioclase compositions are rather constant through¬ 

out the andesite flows, ranging from An 70 to An 60 and 

averaging about An 65. Average compositions for the 

individual samples range from An 63 to An 66. Some pheno- 

crysts contain cores or zones which are as. calcic as An 80 

and which contain numerous inclusions of groundmass 

material, augite, and magnetite. The significance of 

this feature is discussed below with the other textural 

features. Compositional zoning in the normal An 65 

plagioclase is slight. No composition determinations were 

made on the groundmass plagioclase. 

Plagioclase phenocrysts are euhedral and range in 

length from 1 to 10 mm. They characteristically occur 



-18- 

in groups of two or more intergrown crystals exhibiting 

irregular, sutured grain contacts. Polysynthetic twinning 

is universally developed Twin laws observed and their 

frequencies are albite (9), Carlsbad (5), albite-Carlsbad 

(3), and acline (2). 

Plagioclase phenocrysts in the andesite flows and 

also in the andesite breccias and diorite intrusives show 

a very peculiar and characteristic texture due to inclusions. 

Larger phenocrysts commonly have cores or zones which con¬ 

tain numerous inclusions of groundmass material and to a 

lesser degree augite and magnetite. Groundmass inclusions 

are in part bounded by cleavage planes and are commonly 

elongated parallel to the cleavage. Augite inclusions are 

small round crystals which do not show crystal faces and 

magnetite inclusions are subhedral. The plagioclase of the 

inclusion rich zones is a peculiar patchy intergrowth of 

An 80 plagioclase and the normal An 65 plagioclase. 

The two plagioclases may occur as irregular patches 

or as well defined lamellae parallel to the cleavage. The 

contact between the two compositions is a sharp line in the 

case of the lamellar intergrowth but appears gradational 

in the irregular type. The outer margin of the inclusion 

rich zones may be parallel to the outline of the plagioclase 

crystal or may be rounded. Most inclusion rich zones are 

about 60$ An 65 plagioclase and 40$ An 80 plagioclase, but 
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Culebro Andesites Cerro 
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Figure 7. Plagloclase compositions plotted 
against stratigraphic position. Note the 
predominance of An65 plagloclase In the 
Culebra Andesites, with minor amounts of 
An80 plagloclase In the cores of some 
phenocrysts. Alblte Is apparently the 
only plagloclase present In the Cerro 
Balcon and Cayo Norte Formations. The 
plagloclase of the dlorlte lntruslves Is 
similar In composition to Culebra Andesite 
plagloclase and the spillte lntruslves 
contain alblte. 
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either composition may be dominant. The An 80 plagioclase 

tends to be slightly more abundant toward the outside of 

the inclusion zones. 

Kuno (1950) has described similar inclusion zones in 

the plagioclase phenocrysts of Japanese lavas. He 

described ’’dust” inclusions consisting of finely divided 

particles of pyroxene and magnetite, with or without glass, 

often elongated parallel to the cleavage traces of the 

enclosing plagioclase. He goes on to state (p. 968), "In 

some instances the zone of the inclusions is distinctly 

more calcic than adjacent zones. In other instances, a 

narrow calcic zone is developed Just outside the zone of 

inclusions," Kuno explained the dust inclusions as formed 

in plagioclase xenocrysts which are enclosed by a magma 

which is in equilibrium with a more calcic plagioclase. 

He stated that the dusts originated by partial crystalliza¬ 

tion of liquid particles formed by Incipient melting of the 

xenocrystic plagioclases along their cleavages* He con¬ 

sidered that part of the material of the liquid particles 

was introduced from the magma outside by diffusion. 

When the liquid particles formed by the remelting of 

xenocrystic plagioclase were coarser, they assumed irregular 

or vermicular shapes often connected with one another by 

narrow channels and solidifying into a "honey-combed 

structure" in the host plagioclase (fig. 8). These coarser 
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I mm. 

Figure 8. Copy of a diagram from Kuno 
(1950, p. 968) showing a plagloclase 
phenocryst with "honey-combed structure. 
Inclusions are monocllnlc pyroxene 
(finely dotted), clear glass, and dusts 
of pyroxene and Iron ore. 
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inclusions appear very similar to the groundmass inclusions 

in the Culebra plagioclases (compare fig. 8 with figs. 9 

and 10). Finally, Kuno considered that the plagioclase 

xenoerysts represented either crystals which were suspended \ 

in another part of the magma of different composition or 

detached crystals of cognate origin. Kuno apparently 

attributed the more calcic plagioclase of the inclusion 

zones to reaction between the plagioclase xenoerysts and 

the enclosing magma, although he did not state this 

explicitly. One feature described by Kuno which was not 

seen in the Culebran plagioclases is the presence of 

inclusions of clear glass which he attributed to direct 

melting of the plagioclase xenoerysts. 

Kuno’s hypothesis for the formation of the inclusion 

zones of the Japanese plagioclases does not seem applicable 

to the plagioclases of the Culebra Andesites.1, First of all, 

from a general standpoint, it seems highly unlikely that 

a plagioclase xenocryst of intermediate composition can 

actually be melted by an andesitic or basaltic magma. 

The plagioclase phase diagram (Bowen, 1928) indicates that 

plagioclase with a composition of An 65 will begin melting 

at about 1350° C. Bowen (1928, p. 183) gives the temperature 

of a saturated basaltic magma as about 1000° C, so that a 

basaltic magma is clearly incapable of melting plagioclase 

of An 65 composition unless it possesses an unreasonable 
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Figure 9* Crossed nicols, magnification 
23 x. Plagioclase crystal in center 
has a rounded, inclusion-rich core of 
An80 and An65 plagioclase surrounded 
by a rim of An65 plagioclase. 
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Figure 10. Partially crossed nicols, 
magnification 200x. Thin section of 
porphyritlc augite andesite from the 
Culebra Andesites. The plagioclase 
phenocryst contains inclusions of 
opaque groundmas3 material and exhibits 
an intergrowth of two plagioclases in 
the inclusion rich portion. The darker 
plagioclase is about An65, the lighter 
about An80. 
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amount of superheat. The melting point of albite is about 

1100° C so that even very sodic plagioclases are unlikely 

to be melted by normal magmas. 

A plagioclase xenocryst can, however, be dissolved 

by a magma which is in equilibrium with a more calcic 

plagioclase. For solution to take place either a proper 

concentration gradient must be maintained by diffusion or 

fresh magma must be bodily brought into contact with the 

crystal being dissolved. In either case solution should 

be concentrated along the borders of the xenocrysts. It 

seems unreasonable for solution to occur along complicated 

passageways in the interior of the xenocrysts, where it 

would be relatively difficult to maintain a concentration 

gradient by diffusion, while leaving the exterior of the 

xenocrysts comparatively unaffected. Therefore the forma¬ 

tion by solution of the "honey-combed structure" in the 

Japanese plagioclases and the groundmass inclusions in the 

Culebra plagioclases seems unlikely. 

In addition, there are several other features in the 

Culebran plagioclases which are difficult to explain by 

Kuno*s hypothesis. The plagioclase adjacent to the in¬ 

clusion zones, both inside and outside, and the less calcic 

plagioclase in the inclusion zones all appear to have the 

same composition, An65, as judged by extinction between 

crossed nicols. This requires that the chemical or physical 
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changes in the magma which lead to the crystallization of 

An80 plagioclase must later have been precisely reversed 

in order to precipitate the outer zone of An65 plagioclase. 

The necessity of postulating an exact reversal in conditions 

does not favor this hypothesis, but rather indicates that 

the oscillatory zoning may be caused by an internal 

mechanism. 

Also, if it is assumed that the An80 plagioclase of the 

inclusion zones was formed by reaction of An65 xenocrysts 

with the enclosing magma, then one would expect this 

reaction to have taken place along all exposed surfaces of 

the An65 plagioclase. One would therefore expect the 

groundmass inclusions to be surrounded by An80 plagioclase. 

In the Culebra plagioclases, however, the distribution of 

the patches of An80 plagioclase is completely unrelated to 

the individual groundmass inclusions. 

Finally, the inclusion zones of some plagioclases con¬ 

tain numerous inclusions of augite and magnetite which are 

not associated with groundmass material and which are 

clearly unrelated to any melting or resorption of the 

plagioclase phenocrysts. These inclusions were obviously 

incorporated during the growth of the plagioclase pheno¬ 

crysts and indicate that the groundmass inclusions may have 

been formed in the same way. 

In summary, then, the textures of the Culebran plagio- 
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clases, together with theoretical considerations, provide 

strong evidence against the formation of the groundmass 

inclusions and the associated calcic plagioclase by the 

resorption and reaction of xenocrystic plagioclase. On 

the contrary, the textures of the Culebran plagioclase 

phenocrysts strongly suggest that the inclusions were in¬ 

corporated during growth. If this is accepted, it is then 

necessary to explain why the inclusions are concentrated 

in definite zones and why the inclusion zones are always 

associated with patches of more calcic plagioclase. 

There are indications that some plagioclase composi¬ 

tions are favored over others (Donnelly, personal 

communication), possibly because of the necessity of 

ordering the Si and A1 atoms in low temperature plagioclase. 

If An65 and An80 are favored compositions, the zones of 

inclusions may be explained as follows. An65 was the first 

plagioclase to separate from the melt. Then for some 

reason, possibly a slight change in water vapor pressure, 

another favored composition, An80, began to crystallize. 

The An80 plagioclase crystallized very rapidly and in¬ 

corporated numerous inclusions. Subsequently An65 plagio¬ 

clase was again crystallized and partially replaced the 

inclusion riddled An80 plagioclase along cleavage planes. 

Unfortunately, Kuno did not report the exact composi¬ 

tions of the plagioclase in and adjacent to the inclusion 
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zones which he described. The hypothesis advanced in this 

paper thus remains very tentative. However, if inclusion 

zones prove to be common in other rocks and are associated 

with plagioclase of certain favored compositions, then it 

is reasonable to attribute the feature to an internal 

mechanism rather than to fortuitous events such as the 

drifting about of crystals in a magma chamber, 

Clinopyroxene: All clinopyroxenes are augite as 

determined by measurements of 2V and Ny according to the 

method of Hess (1949). Like the plagioclase, the augite 

shows little compositional variation within the Culebra 

Andesites. The overall range of 2Vz is from 45° to 50°, 

while the average 2Vz*s for the different thin sections 

vary from 46° to 48°. Ny values are from 1.697 to 1.700 

and the compositional range is Ca 39 Fe 23 Mg 38 to 

Ca 38 Fe 26 Mg 36 (fig. 11). 

Augite phenocrysts are euhedral or subhedral and range 

in size from .5 to 3 mm. They often occur in clusters with 

irregular sutured grain contacts or straight non-inter- 

locking contacts. Simple or multiple twinning on (lOO) 

is fairly common and compositional zoning as judged from 

2V measurements is slight. No exsolution lamellae were 

seen. The augites are generally clear and unaltered but 

some contain inclusions of groundmass material or magnetite. 



-29- 

DIOPSIDE HEDENBERGITE 

CULEBRA ANDESITES 
• flows 
* breccias 
o CERRO BALCON F M. 
■ DIORITE INTRUSIVES 

Normal trend of clinopyroxenes from 

saturated basalts 

Figure 11. Composition of Clinopyroxenes 



-30- 

Augite also occurs as elongate or equant microlltes in the 

groundmass. 

Pseudomorphs after Olivine and Orthopyroxene; Pseudo- 

morphs after olivine and orthopyroxene, representing 

euhedra from ,25 mm, to 2 mm, in size, are present in minor 

amounts in virtually all the andesite lava thin sections 

studied. They are composed of calcite, chlorite, and 

granular quartz. Some pseudomorphs have a definite olivine 

shape (fig, 14) and a few contain relic orthopyroxene. The 

bulk are indeterminate. 

Magnetite: Two to four percent magnetite is in¬ 

variably present in the andesites and occur as equant 

crystals to .5 mm. in the groundmass and as inclusions in 

plagioclase and augite phenocrysts. Magnetite also occurs 

as dendrites in the groundmass. 

Minerals which are apparently of secondary origin, 

occurring either in the groundmass or as replacements of 
* 

primary minerals, are the following: 

Quartz: Granular quartz is present in amygdules and 

in pseudomorphs after olivine and orthopyroxene. Some of 

the pseudomorphic quartz occurs as fibrous layers or small 

spherulites of chalcedony. 

Chlorite: Pine grained aggregates as a minor 

alteration of the groundmass and in pseudomorphs after 
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olivine and orthopyroxene, 

Calcite: Granular aggregates as cavity or amygdule 

fillings in a few of the more altered flows and in pseudo- 

morphs after olivine and orthopyroxene, 

Serlcite: Most of the plagloclase in the flows is 

more or less altered to a fine grained, strongly bire- 

fringent mineral - probably sericite, 

Pumpellyite is present in a few samples as a fine 

grained, strongly pleochloric, intensely green mineral 

altering groundmass material, 

Prehnlte occurs in amygdules as anhedral aggregates, 

radiating sheaves of crystals and radiating fibers, 

Epidote is present as a fine grained alteration product 

in the groundmass. 

Petrography of the Plows 

The andesite lavas generally have a prphyritic texture 

with phenocrysts of labradorite, augite and pseudomorphs 

after olivine and orthopyroxene in a glassy groundmass 

containing magnetite and mlcrolites of plagloclase and 

augite, 

Phenocrysts: The typical lava contains about 20$ 

plagloclase euhedra, An65, which are commonly intergrown 

in clusters. About 4$ augite, Ca39 Fe23 Mg38, is common¬ 

ly present as subhedral crystals up to 2 or 3 mm, Pseudo¬ 

morphs after olivine and orthopyroxene, 1$, occur as 
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Figure 12* Crossed nicols, magnification 6x. 
Thin section of porphyritic augite andesite 
(48, Culebrita). Note the abundant in¬ 
clusions in the cores of some plagioelase 
phenocrysts and the skeletal plagioelase 
microlites in the groundmass. 
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Figure 13. Partially crossed nicols, magnifica¬ 
tion 40x. Porphyritic augite andesite (48, 
Culebrita)* Large plagioclase lath contains 
numerous inclusions of augite, magnetite, and 
groundmass material. The intergrowth of two 
plagioclases in the inclusion rich portion is 
faintly visible. On the right are clustered 
augite phenocrysts. Skeletal plagioclase 
microlites occur in the groundmass. 
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Figure 14. Partially crossed nicols, magnifica¬ 
tion 40x. Thin section of porphyritic augite 
andesite (47, Culebrita). The photograph shows 
an altered plagioclase phenocryst and at the 
far right a small, fresh augite crystal. In 
the upper right are pseudomorphs after olivine 
composed of granular quartz, chlorite, and 
calcite. 
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euhedra up to 1 mm. in size. 

Groundmass: The groundmass is glassy with abundant 

plagioclase, augite, and magnetite microlites. The 

plagioclase is skeletal, exhibiting numerous hollow, box¬ 

like cross sections. Augite microlites may be equant or 

elongate. Magnetite makes up 2 or 3 percent of all the 

lavas, occurring as small equant crystals or dendrites. 

Pyroclastic Rocks 

Interbedded with the andesite lavas in the lower part 

of the Culebra Andesites are several units of water laid 

andesite breccia and tuff. The interbedded pyroclastics 

occur in units from a few feet to 200 feet in thickness and 

varying in fragment size from fine tuff to coarse breccias 

containing fragments greater than two feet in diameter. 

The largest fragment seen was about four feet in diameter. 

All breccias and tuffs are poorly sorted and evenly bedded, 

with graded bedding but no cross bedding, ripple marks, or 

other structures indicating current or wave activity. Only 

a few small slump structures were seen. The absence of a 

change in fragment size and the constant thickness of the 

Playa Sardinas Breccia Member over a distance of four 

miles is considered evidence for subaerial rather than 

submarine eruption. The totality of textural and structural 

features indicate that the tuff and breccia fragments were 
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Figure 15. Outcrop of the Playa Sardinas 
Breccia Member on southern Culebra. 
The outcrop is about 40 feet high and 
shows a 20-foot layer of coarse breccia 
interbedded with finer breccia and tuff. 
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Figure 16. Medium and coarse grained tuffs 
of the Culebra Andesites. Minor slump 
structures are visible and graded bedding 
can be seen in the lowest bed. 
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explosively erupted from a subaerial cone, fell into the 

ocean, and settled quietly onto a flat or gently sloping 

bottom below wave base and out of the reach of currents. 

The breccia beds range from five to twenty feet in 

thickness, with the coarsest breccias forming the thickest 

beds. The beds are massive and exhibit no laminations 

within individual beds. Graded bedding is noticeable only 

in the upper few inches of the breccia beds, suggesting 

that the upper part of a bed represents the cessation of 

a more or less continuous raining down of poorly sorted 

debris• 

The breccias have a varicolored appearance with 

andesite fragments weathering to red, brown, or gray. Most 

fragments are porphyritic augite andesite similar to the 

andesite flows, although the plagioelase phenoerysts of 

most breccia fragments are smaller, stubbier, and more 

numerous than in the average lava. Some fragments appear 

identical to andesite lava and are more abundant close to 

the contact between breccia and lava. Other fragments are 

non-porphyritic, including some with amygdules of quartz 

or chlorite. 

The interbedded tuffs are thin-bedded, generally tan 

colored rocks of medium to coarse grain size and occur in 

layers from a foot to ten feet thick. 

The finer grained breccia and tuff layers are generally 
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well weathered and friable. The coarse breccias on the 

other hand are dense and well indurated and weather out 

into large joint blocks up to fifteen feet or more across. 

Mineralogy of the Pyroelastics: 

Plagioclase; Composition determinations were hindered 

by alteration. The composition is slightly more calcic 

than in the flows, averaging about An70. Patchy cores 

similar to those in the flows are as calcic as An80. 

Plagioclase in the breccia fragments occurs as stutfoy, 

euhedral phenocrysts from .5 to 5 mm. in length. All of 

the plagioclase is more or less altered to sericite and 

some is partially replaced by albite. Polysynthetic twin¬ 

ning is universal and zoning slight or absent. The twin 

laws observed and their frequencies are: Albite (3)» 

albite-Carlsbad (3)> Carlsbad (l). Inclusions of ground- 

mass material are common. 

Cllnopyroxene: The clinopyroxene is augite with 

2Vz ranging from 42° to 55°. An average for one sample 

is 50° and Ny is 1.700, corresponding to Ca4o Fe24 Mg26. 

The augite occurs as euhedra from .5 to 2 mm. in size or 

may form clusters with sutured grain boundaries. Twinning 

is abundant and there is some compositional zoning, with 

2Vz smaller toward the outside of the crystals. The 

augites are unaltered or only slightly altered. 



Pseudomorphs after olivine and orthopyroxene are 

abundant in some breccia fragments. They occur as 

euhedra from .1 to 1 mm. in length and are composed of 

calcite, chlorite, or a combination of the two. Some 

pseudomorphs have the shape of olivine and an apparent 

olivine fracture pattern while others are indeterminate. 

Hornblende; A breccia fragment from the Playa 

Sardinas Breccia Member contains abundant phenocrysts of 

brown hornblende up to 3 mm* in length. The hornblende 

crystals are surrounded by rims of magnetite. 

Secondary minerals are the following; 

Calcite occurs as pseudomorphs after olivine and 

orthopyroxene, as cavity and amygdule fillings in the 

breccia fragments, and as cement in the matrix. 

Chlorite; Fine grained aggregates of chlorite are 

abundant as pseudomorphs and in the groundmass of the 

breccia fragments. 

Pumpellyite is a minor constituent of pseudomorphs. 

Iddingsite occurs as a reddish brown colored mineral 

pseudomorphous after olivine. 

Sericite is an abundant alteration product of plagio- 

cla.se. 

Prehnite occurs as an amygdule or cavity filling. A 

breccia fragment collected by Dr. Donnelly was identified 

as an intrusive diorite in which the plagioclase was complete¬ 

ly altered to prehnite. 
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Petrography of the Pyroclastlcs 

The breccias are coarse, poorly sorted aggregates of 

angular to subrounded andesite fragments up to two feet 

or more in diameter. The fragments vary considerably in 

texture and general appearance but all appear to be 

andesite. The plagioclase phenocrysts of most fragments 

are smaller, stubbier, and more numerous than in the 

average andesite lava. 

Fragments: The breccia fragments are subangular to 

subrounded and range in size up to two feet or more in the 

coarsest breccias. Most breccias contain phenocrysts of 

plagioclase and augite and some are amygduloidal, One 

fragment contained 10$ brown hornblende. The plagioclase 

is about An70 with cores to An80. 2Vz of augite varies 

from 42° to 53°* averaging about 50°. Ny is 1.700 and the 

composition is Ca40 Fe24 Mg36. Pseudomorphs after olivine 

and orthopyroxene are as abundant as 5$ in some fragments. 

The groundmass of the fragments is glass or altered 

glass with microlites of plagioclase, augite and magnetite. 

Secondary minerals include chlorite, sericite, albite, 

calcite and prehnite. 

Matrix: The matrix is composed of rock and mineral 

fragments with calcite, prehnite and quartz as cement. 
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CERRO BALCON FORMATION 

Conformably overlying the Culebra Andesites are 1200 

feet of thick-bedded spilitic lapilli tuffs which are here 

named the Cerro Baleon Formation* The term spilite as used 

in this report refers to extrusive or hypabyssal intrusive 

rocks containing abundant albite and chlorite and fresh 

phenocrysts of augite. No implication is intended as to the 

primary or secondary origin of the albite and chlorite* 

The lower 200 feet of the Cerro Balcon Formation are 

well bedded, thin-bedded, fine grained tan tuffs which 

are named the Playa Resaca Member* The remainder of the 

formation is thick-bedded spilitic lapilli tuff with minor 

amounts of interbedded fine to medium grained tuff. The 

contact between the Cerro Balcon Formation and the Culebra 

Andesites is well exposed on Punta Flamenco (fig. IT). 

Here the fine grained tuffs of the basal Playa Resaca 

Member are conformably molded around the uneroded pillow 

tops of an andesite lava flow. The upper contact of the 

Cerro Balcon Formation is not exposed, being submerged 

under the Atlantic Ocean. 

The lapilli tuffs are poorly sorted aggregates of 

angular to subrounded spilite fragments, with most frag¬ 

ments less than one half inch in size but many larger 

than one inch and a few bombs up to a foot or more in size. 



-43- 

Figure 17. Contact between the Cerro Balcon 
Formation and the Culebra Andesites on 
Punta Flamenco. The fine grained tuffs 
of the basal Playa Resaca Member are 
conformably molded around the pillow 
tops of an andesite lava flow. 
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Figure 18. Fine grained, thin-bedded tuffs of 
the basal Playa Resaca Member of the Cerro 
Balcon Formation. The cliff is about 60 
feet high. 

Figure 19. View of the typical massive, thick-bedded 
spilitic lapilli tuffs of the Cerro Balcon Fm. 
Note the large bombs in the upper bed (hat for 
scale). Also note the spheroidal weathering in¬ 
ward from joint surfaces. 
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The largest bombs seen were about two feet in diameter. 

The tuffs are evenly bedded and massive with beds 

up to twenty feet thick. Individual beds contain no 

laminations and graded bedding is present only in the 

upper few inches of the beds. No cross-bedding, ripple 

marks, or slump structures were seen, indicating that the 

tuffs were deposited on a relatively flat surface below 

wave base. 

The lapilli tuffs weather to a brown or reddish brown 

where exposed inland but are gray where exposed to wave 

erosion on the north shore of Culebra. The tuffs commonly 

weather spheroidally inward from Joint surfaces and in some 

places break off into large joint blocks. 

Mineralogy 

Plagloclase; Compositional determinations on three 

samples all yielded albite. The albite occurs as pheno- 

crysts up to 2 mm. in size and as microlites in the 

groundmass. Virtually all plagloclase crystals are twinned. 

The observed twin laws and their frequencies are: albite 

(4), albite-ala (3), Carlsbad (2), Manebach (l), ala-a (l), 

and albite-Carlsbad (l). The plagloclase is only slightly 

altered and saussuritization is absent. Zoning is slight. 

Clinopyroxene: Augite. 2Vz from several fragments 

ranged from 50° to 53°, averaging 52°. Ny » 1.697* 
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corresponding to Ca42 Fe21 Mg37* A sample from a large 

bomb had an average 2Vz of 47°> but no Index determination 

was made. The augite occurs as phenocrysts and in the 

groundmass of the spilite fragments. 

Chlorite: Pine grained chlorite is an abundant 

constituent in the groundmass of the spilite fragments and 

also occurs in amygdules. 

Magnetite is present as small equant crystals, 

Quartz is common in the groundmass of some fragments 

and in amygdules. Quartz also occurs as cement in the 

matrix of the tuffs, 

Calclte, prehnlte, and epidote are minor constituents 

of amygdules, groundmass, and matrix. 

Petrography 

A typical specimen of lapilli tuff is a poorly sorted 

aggregate of angular to subrounded spilite fragments up to 

about 15 mm, in size. In hand specimen the fragments are 

reddish to neutral in color and the matrix is lighter. 

Fragments: Individual fragments are variable in 

texture and general appearance. Some are very fine grained 

with tiny albite crystals in a chloritic groundmass. Others 

have albite phenocrysts up to 2 mm. in size and some are 

holocrystalllne. Small amygdules of quartz or chlorite are 

abundant in some fragments. Augite phenocrysts occur in a 

few fragments. 
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The matrix consists of rock and mineral fragments 

cemented with quartz, prehnite, calcite, and epidote 
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CAYO NORTE FORMATION 

The Cayo Norte Formation is a 750 foot thickness of 

albitic, quartz-rich pillow lavas which crop out over the 

entire area of Cayo Norte and on a few small islets to the 

east. The exact stratigraphic position of the unit is 

uncertain since a fault probably separates Cayo Norte from 

Culebra and Culebrita. However, it seems reasonable to 

assume that these are the youngest rocks in the area 

rather than to postulate a displacement of several thousand 

feet by faulting. 

The pillows of the Cayo Norte lavas are unusually 

large (fig. 5)a commonly more than fifteen feet in length 

and are characterized by abundant quartz amygdules in the 

outer few inches of the pillows. The lavas are fine grained, 

containing only a few small albite phenocrysts to 1 mm. in 

length, and have abundant quartz in the groundmass. The 

Cayo Norte Formation is apparently composed entirely of 

the pillow lavas with the only other lithology on the 

island being a fine grained spilite intrusive. 

Mineralogy and Petrography 

Plagioolase: The plagioelase is albite, An3-An8, 

occurring as euhedral laths up to 1 mm. in length and as 

slender mlcrolites in the groundmass. Simple albite twins 

are common. The plagioelase is slightly altered to sericite 



and commonly contains inclusions of groundmass material. 

Compositional zoning is slight. 

Quartz: Abundant quartz, probably of secondary 

origin, is present as granular aggregates in the ground- 

mass and as amygdule fillings. 

Clinopyroxene occurs as a few small phenocrysts to 

.5 mm. in size. No composition determinations were made. 

Magnetite occurs as small equant crystals and as 

microlites in the groundmass. 

Chlorite is present as fine grained aggregates in 

the groundmass and in amygdule fillings. 

The Cayo Norte pillow lavas have a fine grained 

texture with a few albite and augite phenocrysts up to 1 

mm. in length. The groundmass consists of albite micro¬ 

lites, granular quartz, fine grained chlorite, and 

magnetite. Quartz and chlorite also occur in amygdules. 



-50- 

IGNEOUS INTRUSIVES 

Intrusive igneous rocks in the area include the 

Monte Resaca diorite stock which crops out over about 

two square miles on northern Culebra, a diorite stock on 

Cayo de Luis Pena, a thirty-foot thick diorite dike on 

northern Culebra, and several small spilite intrusives on 

Culebra, Cayo Norte, and Culebrita. The intrusives 

exhibit no flow banding or foliation of any kind and no 

inclusions were found. Texturally they are both equi- 

granular and porphyritic. 

No detailed study of contact metamorphism was made. 

The effect of contact metamorphism on the andesite lavas 

is negligible, but tuffs adjacent to the diorites are 

considerably affected. The diorite dike on northern 

Culebra had a marked effect on the invaded Cerro Balcon 

lapilli tuffs, which are dense, well indurated, and almost 

uniformly gray next to the dike, but are varicolored and 

rather easily weathered elsewhere. However, there are no 

mineralogical changes attributable to metamorphism. 

Spilite was found as float and at a few poor outcrops. 

Contacts between the spilites and other rocks were not seen 

and the size and form of the spilite bodies is not known. 

Some spilites may in fact be flows. As was stated 

previously, the term spilite, as used in this report, 
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re fers to rocks containing abundant chlorite and albite 

and is not necessarily intended to imply a primary origin 

for these minerals. 

No age other than simply post volcanics can be 

established for the emplacement of the Culebran intrusives. 

Whether emplacement pre or post-dates the relatively mild 

deformation of the area is indeterminable. 

Mineralogy and Petrography of the Diorites 

The mineralogy of the diorite intrusives is essentially 

the same as in the lavas of the Culebra Andesites. The 

plagioclase is twinned labradorite, An60 - An70, with minor 

amounts of An80 in the inclusion rich zones of some 

crystals. The outermost zones of the plagioclase in the 

equigranular Monte Resaca stock are as sodic as An37« 

The clinopyroxene is augite. 2Vz ranges from 47° to 31° 

and averages for the different intrusives range from 42° 

to 46°. Ny * 1.698 and the average composition ranges 

fpom Ca36 Fe26 Mg 38 to Ca38 Fe24 Mg38. Abundant horn¬ 

blende, partially altered to chlorite, is present in the 

Monte Resaca stock. Magnetite, quartz, chlorite, and 

apatite occur in minor amounts. 

The Monte Resaca stock is equigranular with crystals 

up to 4 mm. in size. Estimates of the modal compositions 

of the intrusives were made by point-counting, with 500 

points on 1 mm. centers. Modes for the Monte Resaca 



-52- 

stock are: 

Plagioclase; 73.3$ 
Hornblende; 12,2$ 
Quartz; 6.0$ 
Auglte; 4.4$ 
Magnetite; 3.3$ 
Apatite; < 1.0$ 

The diorite stock on Cayo de Luis Pena and the dike 

on northern Culebra have porphyritic textures with 

plagioclase phenocrysts up to 1 cm. in length. Modal 

percentages for the unaltered diorite dike are: 

Plagioclase; 72$ 
Augite; 22$ 
Magnetite; 2$ 
Pseudomorphs 
after olivine;2$ 

Chlorite and 
quartz; 2$ 

Mineralogy and Petrography of the Spilites 

In the field the spilites are fine grained gray or 

greenish gray rocks which commonly weather spheroidially. 

The spilites have an intersertal texture with the chloritic 

groundmass material filling the interstices between the 

albite phenocrysts. 

Phenocrysts: 

Albite; 45$; AnO - AnlO; occurs as elongate laths 

up to 1 mm. in length. Simple twinning is common. Some 

albite phenocrysts are bent and show undulant extinction. 

The lack of deformation of the surrounding crystals indicates 

that bending took place before complete solidification of 



-53- 

the rock. The absence of polygonization of the bent albite 

crystals then seems to indicate primary crystallization of 

albite rather than secondary replacement of a more calcic 

plagioclase by albite. 

Augite; 15$J occurs as subhedral crystals to 1 mm. 

2Vz ranges from 45° to 50°, averaging 48°. No index of 

refraction measurements were made. 

Groundmass: 

The groundmass is largely composed of fine grained 

chlorite. Magnetite occurs as small equant crystals. 

Albite microlites, granular quartz, and epidote also occur 

in the groundmass and calcite is present as cavity 

fillings. 



-54- 

STRUCTURAL GEOLOGY 

The rocks of Culebra are only mildly deformed and 

form a homocline striking N 45 W and dipping 15° NE. 

Dips range from 8° to 25° and strikes vary widely* How¬ 

ever, the trends which differ most from the average values 

all appear to be related to igneous intrusions or faulting. 

At least three northwesterly trending faults cut the 

area. These faults are parallel to a set of dextral strike- 

slip faults on St. Thomas and St. John to the east 

(Donnelly, 1959) and hence may be part of a well developed 

regional fracture pattern. 

The repetition of the Playa Sardinas Breccia Member 

of western Culebra on Cayo de Luis Pena requires a N 40 W 

faults separating the two islands, with the southwestern 

side downthrown. The throw on this fault appears to 

decrease to zero just north of Cayo de Luis Pena with 

displacement increasing in the southeasterly direction. 

The stratigraphic throw directly opposite the breccia out¬ 

crop on Cayo de Luis Pena is about 1200 feet. 

A N 40 W trending valley just north of the town of 

Culebra is apparently the surface expression of a high 

angle fault with the northeastern side downthrown and with 

displacement increasing as the fault is followed to the 

northwest. The absence of marker beds prohibits a good 

estimation of the stratigraphic throw on this fault. 
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However, in view of the considerable apparent thinning of 

the Culebra Andesites in the region west and southwest of 

the Monte Resaca pluton, a displacement of several hundred 

to a thousand feet seems reasonable. Another northwest 

trending valley cuts northeastern Culebra but no clear 

evidence of displacement was seen. 

The outcrop pattern in the northeastern part of the 

area gives good evidence for additional faulting. On 

Culebrita and the small island just to its northwest are 

exposures of the Culebra Andesites. According to its 

stratigraphic position the Cerro Balcon Formation should 

clearly pass between these exposures and Cayo Norte. 

However, a look at the geologic map indicates that there 

is not enough room to accommodate it. Two possibilities 

exist. The distinctive 200-foot breccia layer of 

Culebrita was not deposited on Culebra, indicating that 

a N 50 W fault may separate Culebra from Cayo Norte and 

Culebrita. However, the andesites of Culebrita have been 

included in the Culebra Andesites because of their 

lithologic similarity and their position along the strike. 

The apparent absence of the Culebrita breccia layer on 

Culebra may be simply the result of the generally poor 

exposures on eastern Culebra. 

The other possibility is that a N 80 W fault separates 

Cayo Norte from both Culebra and Culebrita. This fault 
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would also explain the N 10 E, 20° E trend of the Cayo 

Norte pillow lavas, which differs from the trends of 

nearby Culebra and Culebrita. This fault is shown by a 

dashed line on the geologic map. The north side of the 

fault is probably the downthrown side since the opposite 

case would require a minimum stratigraphic throw equal to 

the combined thicknesses of the Culebra Andesites and the 

Cerro Balcon Formation. 
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GEOLOGIC HISTORY 

The oldest rocks in the area, the Culebra Andesites, 

were extruded as lavas onto the sea floor in Cretaceous 

or early Tertiary time. Andesite pyroclastics were 

periodically erupted from a subaerial cone and were de¬ 

posited on the sea floor below wave base. The even bedding 

of the pyroclastics and the absence of a change in fragment 

size over a distance of several miles are considered 

evidence for subaerial rather than submarine eruption. 

The conformable contact between the Culebra Andesites 

and the Cerro Balcon Formation represents an abrupt change 

in the character of the volcanism and in the erupted material. 

The 1300 feet of spilitic lapilli tuffs record a period of 

exclusively pyroclastic volcanism. Again the debris was 

probably erupted from a subaerial cone and was accumulated 

on the sea floor below wave base. The last recorded 

depositional event in the area was the extrusion of the 

albitic, quartz-rich pillow lavas of the Cayo Norte Formation. 

The extrusive volcanic activity was followed by the 

emplacement of diorite and spilite intrusives and the 

folding and faulting of the area in Late Cretaceous or early 

Tertiary time. 

Meyerhoff (1926) described three cycles of uplift 

an erosion in the Puerto Rico - Virgin Islands area in early 

Tertiary time. The first cycle produced an erosion surface 

which has been completely removed from Culebra by subsequent 
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erosion. The first cycle was interrupted by an uplift of 

about 750 feet and the second cycle was started. Erosion 

during the second cycle produced a surface which is probably 

represented on Culebra by the summit of Cerro Balcon at an 

elevation of 500 feet. Further uplift initiated a third 

cycle which produced the submarine platform from which 

Culebra and the Virgin Islands rise as monadnocks. This 

surface now has an average depth of about 150 feet below 

sea level. Movements after the development of the submarine 

platform include several minor uplifts and subsidences, 

culminating in the recent slight submergence which produced 

the drowned shoreline features in the area. 
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COMPARISON OP THE CULEBRA ANDESITES WITH OTHER 

BASALTS AND ANDESITES AND THE PROBLEM 

OP THE ORIGEN OP OROGENIC ANDESITES 

No chemical analyses of rocks were performed in this 

study and so any comparison of Culebran rocks with rocks 

from other areas must be made on a mineralogical basis. 

Kuno (1959) considers hypersthene to be the normal ground- 

mass pyroxene in orogenie andesites. He reports that 

rocks of the hypersthenic rock series form the greater part 

of the Quaternary volcanoes of Japan and also appear to 

occur commonly in the Cascade Range of the Pacific Northwest 

and in the Andes. Primary tholeiite basalts such as occur 

in eastern Japan, the Columbia Plateau, and the Hawaiian 

Islands are characterized by pigeonite as the groundmass 

pyroxene. Augite with a Ca content of about kO percent is 

the groundmass pyroxene in the Culebran andesites. Pseudo- 

morphs after hypersthene (?) occur in minor amounts as 

phenocrysts but never in the groundmass and pigeonite is 

absent. The mineralogy of the Culebra Andesites thus 

appears to be different from both tholeiite basalt and the 

hypersthenic orogenie andesites of Japan and the Cascade 

Range. 

However, a review of reports on other orogenie areas 

indicates that the mineralogy of the Culebra Andesites is 

not unusual. Basalts and andesites from the Lesser Antilles 

Island Arc (Christman, 1953) are characterized by augite 
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as the dominant pyroxene and are apparently quite similar 

to the Culebra Andesites. Augite is the only pyroxene in 

most of the rocks described by Christman but orthopyroxene 

occurs along with augite in a few rocks. No pigeonite or 

subcalcic augite was reported. Many lavas from the 

Aleutian Island (U.S.G.S. Bull., v. 1028, a series of 

reports on individual islands) also contain augite as the 

only pyroxene but hypersthene commonly occurs together with 

augite. No pigeonite was reported in any of the Aleutian 

rocks. It would seem, therefore, that on a mineralogical 

basis the basalts and andesites of non-continental orogenic 

areas such as the Aleutian and Lesser Antilles Island Arcs 

are distinct from both tholeiite basalt and continental 

orogenic andesites0 

The problem of the origen of orogenic andesites has 

been recognized by many writers and has received considerable 

discussion (Tilley (1950), Waters (1955), and Kuno (1959)). 

The problem is essentially this: Are orogenic andesites 

generated within the mantle as a distinct primary magma or 

are they the products of assimilation of sialic material 

by some sort of primary basic magma? Orogenic andesites 

are chemically distinct from tholeiites, having a notably 

higher AI2O3 content, and they cannot be derived from 

tholeiite magma by simple fractional crystallization 

(Tilley, 1950). Kuno (1959) and Waters (1955) have reported 
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that flows of tholeiite basalt are commonly associated 

with orogenic andesites and that transitions between 

tholeiite and andesite can be observed. This observation 

together with the occurrence of features indicating 

contamination, such as partially resorbed quartz and sodic 

plagioclase xenoerysts, lead Kuno and Waters to conclude 

that hypersthenic orogenic andesites are the products of 

assimilation of sialic material by a primary tholeiite 

magma. The assimilation of shaley material and water from 

geosynclinal sediments accounts for the high AlgO^ content 

and the explosive eruptive habit of orogenic andesites. 

This explanation for the genesis of orogenic andesites 

appears possible in continental areas, but it does not seem 

applicable to non-continental orogenic areas such as the 

Lesser Antilles and Aleutian Island Arcs which have little 

if any sialic material available for assimilation. It is 

suggested here that the primary magmas generated within the 

mantle in orogenic areas may be different from non-orogenic 

tholeiites, having a higher AlgO^ content. 

In a recent paper, Kuno (i960) recognized a third 

primary basic magma in the Japanese islands which he called 

high-alumina basalt. Kuno found a complete gradation from 

tholeiite basalt through high-alumina basalt to alkali- 

olivine basalt. However, high-alumina basalt is not 

truly chemically intermediate since it has a higher AlgO^ 
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content than either tholeiite or alkali olivine basalt# 

Mineralogically, high-alumina basalt is characterized by 

augite, olivine, and orthopyroxene as the mafic silicates 

in the phenocryst assemblage and by augite as the only 

pyroxene in the groundmass* Thus the high-alumina basalt 

of Japan is mineralogically similar to the Culebra Andesites 

and to the lavas of the Lesser Antilles and Aleutian Island 

Arcs. 

In Japan high-alumina basalt occurs in a zone which 

runs approximately down the center of the Japanese Islands 

and which separates a province of tholeiite basalt on the 

Pacific side of the islands from a province of alkali-olivine 

basalt on the Japan Sea side# Prom the general correspondence 

of the tholeiite provinces in Japan with the areas of shallower 

earthquakes and the alkali province with that of deeper 

earthquakes, Kuno (1959) suggested that the tholeiite magma 

is produced by partial melting of the mantle peridotite at 

the earthquake foci shallower than 200 km. while the alkali 

olivine basalt magma Is produced by partial melting at the 

deeper earthquake foci. He then concluded (i960) that high- 

alumina basalt is produced at depths of around 200 km. 

because of the intermediate geographical position of the 

high-alumina basalt zone. Kuno considers the hypersthenic 

orogenic andesites of Japan to be formed by the assimilation 

of sialic material by any of the three primary basic magmas. 
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Turning to other areas, Kuno found high alumina basalt 

to be the most abundant type in the Circum-Pacific orogenic 

belt, including the Aleutian Island Arc and the Cascade 

Range, No high-alumina basalt was found in non-orogenic 

oceanic areas such as the Hawaiian Islands, although both 

tholeiite and alkali olivine basalt are present. Only rare 

occurrences of high-alumina basalt were found in non-orogenic 

continental areas, Kuno observed that high-alumina basalt 

is very common in orogenic regions but did not explicitly 

relate its formation to orogenic processes. 

It is suggested here that high-alumina basalt is not 

simply formed at a certain depth within the mantle but is 

rather produced by partial fusion of mantle material under 

physical and chemical conditions which are peculiar to 

active orogenic areas. The absence of high-alumina basalt 

in the Hawaiian Islands, where both tholeiite and alkali 

olivine basalt are present, is evidence for this hypothesis. 

One would expect high-alumina basalt to be present also 

if it is simply produced at depths intermediate between 

those of the tholeiite and alkali olivine basalt magma 

production. 

In conclusion, then, it is suggested that the primary 

basaltic magmas generated within the mantle in active 

orogenic areas have a high AlgOg content and correspond 

to the high-alumina basalt described by Kuno, Orogenic 



andesites with high AlgOg are either derived from high- 

alumina basalt by fractional crystallization or may simply 

represent a slightly lower melting fraction of the ultra- 

mafic mantle. Contamination may, however, be an important 

factor in the genesis of many orogenic andesites since 

sialic material which is downfolded and partially mobilized 

during orogenesis could be easily assimilated by rising 

magmas. Assimilation of water and other materials from 

geosynclinal sediments undoubtedly causes variations in 

orogenic andesites and may be the cause of the abundant 

hypersthene in continental andesites as compared to non¬ 

continental andesites. 
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APPENDIX. THIN SECTION DESCRIPTIONS 

Culebra Andesites 

29• This is an unusually fresh specimen of porphyritic 

augite andesite which was taken from a massive flow just 

above the Playa Sardinas Breccia Member on the southern 

tip of Culebra. 

Texture: The rock has a porphyritic texture, pheno- 

crysts 20$, groundmass 80$. Phenocrysts are euhedral 

plagioclase and augite. 

Phenocrysts: 

Plagioclase; 17$; An63 - An65 with patchy cores to 

An80. Occurs as euhedral laths from 1 to 7 mm. long which 

commonly form intergrown clusters. Inclusions of magnetite 

and groundmass material are concentrated in the cores. 

Augite; 2$; 2Vz * 47°, Ny = 1.700, Ca39 Fe25 Mg37. 

As euhedra from .1 to 1 mm. 

Pseudomorphs after olivine; 1$; Pseudomorphs up to 

1 mm. are composed of granular quartz, calcite, and chlorite. 

A few have a definite olivine shape. 

Groundmass: The groundmass is largely glass with 

abundant tiny (.1 mm.) skeletal plagioclase and augite 

microlites. About 4$ magnetite is present as small equant 

crystals and dendrites. 
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48. An unusually fresh sample from a well exposed 

series of pillowed and massive andesites on northeastern 

Culebrita (see figs. 12, 13). 

Texture: Porphyritic, with phenocrysts of labradorite 

and augite in a glassy groundmass containing microlites of 

plagioelase, augite, and magnetite. 

Phenocrysts: 

Plagioelase; 20$; An60 - An65 with patchy cores to 

An80. Occurs as practically unaltered euhedral laths from 

1 to 6 mm. in length which are commonly intergrown in 

clusters. Inclusions of groundmass material, magnetite, 

and augite are very abundant, generally being concentrated 

in the cores of the larger phenocrysts. 

Augite: 4$; 2Vz varies from 43° to 50°, average 48°. 

Ny « 1.698, Ca39 Fe23 Mg38. Augite occurs as subhedral 

crystals up to 1 mm. in size which commonly occur in clusters. 

The augite is unaltered and rarely contains inclusions. 

Pseudomorphs after olivine and possibly orthopyroxene: 

1$; composed of granular quartz, chlorite and calcite and 

represent euhedra up to 1 mm. in size. Some have an olivine 

shape. 

Groundmass: The groundmass is glassy with abundant 

plagioelase and augite microlites. The plagioelase is 

skeletal, exhibiting numerous hollow box-like cross sections. 

Magnetite occurs as dendrites and small equant crystals. 



-67- 

The groundmass is almost opaque due to abundant finely 

divided magnetite and has a fibrous texture probably due to 

devitrification. 

36. This sample is from the severely altered pillow 

lavas on northwest Cayo de Luis Pena. In outcrop the flows 

are characterized by abundant calcite amygdules arranged in 

concentric bands parallel to the pillow surfaces. In thin 

section the rock consists entirely of fine grained chlorite, 

epidote, quartz, and prehnite in the groundmass and calcite, 

quartz, and prehnite in the amygdules. No feldspar is 

present. 

39. Specimen from the breccia on Cayo del Agua, a 

small island just west of Cayo de Luis Pena. This breccia 

is apparently a different unit from those on Luis Pena and 

Culebra and occurs lower in the section. In hand specimen 

it is a dense, well indurated rock composed of gray or 

reddish fragments of porphyritic andesite. 

Fragments: Up to 5 cm. in size, subangular to sub¬ 

rounded. Most fragments contain phenocrysts of plagioelase 

and augite and some are amygduloidal. The groundmass is fine 

grained plagioelase, augite, and magnetite with abundant 

secondary chlorite. The plagioelase is about An70 with 

cores to An80. 2Vz on augite varies from 42° to 53°• 

Average is about 50°; Ny ® 1.700, Ca40 Fe24 Mg36. 
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Breccia fragments tend to be rather well altered. 

Secondary minerals include chlorite in the groundmass, 

pseudomorphs after olivine, and amygdulesj sericite and 

albite replacing plagioclase; and calcite in amygdules. 

Matrix: The matrix is composed of rock and mineral 

fragments with calcite, prehnite, and quartz: as cement. 

12-a. Sample of a porphyritic andesite fragment from 

the Playa Sardinas Breccia Member on western Culebra. The 

specimen is from a coarse section of the breccia containing 

many fragments larger than a foot in diameter. 

Phenoerysts: 

Plagioclase: 40$; as euhedra up to 2 mm. in size. 

Twinned and slightly zoned. Extensively altered to sericite 

and albite. Composition was not determined but is probably 

An60 - An80. 

Hornblende; brown, pleochloric. Occurs as 

rounded phenoerysts up to 3 mm. in length. The crystals 

are slightly altered and are rimmed by magnetite. 

Pseudomorphs after olivine or orthopyroxene; 4$; to 

2 mm., mainly composed of calcite with some chlorite. 

Augite: 1$; as subhedra up to 1 mm. in size. 

Grouhdmass: The groundmass is well altered and con¬ 

tains magnetite as small equant crystals. 

12-b. Porphyritic breccia fragment from the Playa 

Sardinas Breccia Member on western Culebra. 
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Phenoerysts: 

Plagioclase; 40$; as euhedra to 3 mm. Twinned and 

well altered to sericite and probably albite. An70 to 

An80. 

Groundmass: The groundmass is composed of small 

plagioclase laths, abundant magnetite, and altered augite 

(2Vz = 46°), Chlorite and epidote are secondary minerals. 

Cerro Balcon Formation 

2-a. A specimen of spilitic lapilli tuff from the 

north shore of Culebra. The rock is a poorly sorted 

aggregate of angular to subrounded rock or mineral frag¬ 

ments up to 1 cm. in size. 

Fragments: The rock fragments are varied in appearance. 

Some are very fine grained and others have albite pheno- 

crysts up to 1 mm. in size. Some fragments have abundant 

small amygdules of chlorite. The fragments commonly 

contain phenocrysts of albite (AnO - An8) and augite 

(2Vz = 52°, Ny a 1.697* Ca42 Fe21 Mg37). Abundant chlorite 

is present in the groundmass. 

Matrix: The matrix is composed of small rock and mineral 

fragments with calcite, quartz, and prehnite as cement. 

2-b. Specimen from a large bomb (over a foot in 

diameter) in the spilitic lapilli tuffs. 

Texture: The rock is porphyritic with albite pheno- 



-70- 

crysts up to 1 mm. in size and few small augite pheno¬ 

crysts. Amygdules ranging from .5 to 5 mm. in size compose 

about 25$ of the rock. The larger amygdules are irregular 

in shape and are filled with granular quartz. The smaller 

ones contain chlorite. 

Phenocrysts: 

Albite: 10$; An3 - AnlO. Up to 1 mm. in size. 

Simple twins are common. 

Augite; 2$. 

Groundmass: The groundmass contains abundant very 

small plagioclase laths, magnetite, and unidentified material. 

Cayo Norte Formation 

*1-3 • A specimen from the amygdular outer portion of a 

large pillow on Cayo Norte. 

Texture: The rock is fine grained and contains 

abundant quartz amygdules up to 1 cm. in diameter. A few 

small albite phenocrysts up to 1 mm. in length are present. 

Quartz: 40$; granular aggregate in groundmass and in 

amygdules. 

Plagioclase: 20$; albite, An3, occurring as euhedral 

laths up to 1 mm. in length and as slender microlites in 

the groundmass• 

Chlorite: 15$; as fine grained aggregate in the 

groundmass and in amygdules. 
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C1lnopyroxene; 5$: as subhedral crystals to .5 mm. 

and as microlltes in the groundmass. 

Magnetite: 4$; as small equant crystals. 

Unidentified groundmass material; 15$• 

Igneous Intrusives 

24. Specimen from the diorite pluton exposed on 

Monte Resaca, Culebra. Composition by point counting, 500 

points on 1 mm. centers. 

Texture: The rock has an equigranular granitic texture 

with no noticeable allignment of plagioclase crystals. The 

rock is badly altered. 

Minerals: 

Plagioclase; 73«3$: Subhedral grains from 1 to 4 mm. 

in size. Polysynthetic twinning and zoning are prominant. 

Compositions in the cores range from An55 to An65 grading 

to An37 in the outer zones. Patchy areas in the cores 

appear similar to those described from the andesite flows 

and probably have a more calcic composition. The plagio¬ 

clase is well altered to sericite. 

Hornblende: 12.2$: green, as anhedra up to 1 mm. in 

size; altered to chlorite. 

Quartz; 6.0$: anhedral, interstitial, to .5 mm. 

Rarely occurs as a vermicular intergrowth with plagioclase. 

Augite; 4.4$: subhedral to 1 mm. Well altered and 

rimmed by hornblende. 
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Magnetite; 3.3$; Occurs as subhedral crystals up to 

.5 mm, in size. 

Apatite; <1$. 

25. Specimen from the thirty foot thick diorite dike 

on northern Culebra. Composition by point counting, 500 

points on 1 mm, centers. 

Texture: Porphyritic, phenocrysts 50$, groundmass 

50$. Phenocrysts of plagioclase, augite, and pseudomorphs 

after olivine occur in a holocrystalline groundmass of 

plagioclase, augite, and magnetite. There is no apparent 

fluidal allignment. The rock is unaltered. 

Minerals: 

Plagioclase; 72$; Phenocrysts (An65 - An70) to 5 mm. 

are commonly intergrown in clusters with sutured grain 

contacts. Polysynthetic twinning is ubiquitous and zoning 

is slight or absent except for patchy, more calcic areas in 

the cores of some phenocrysts, Groundmass plagioclase 

occurs as zoned, twinned laths up to .5 mm. in length. 

Augite; 22$; 2Vz of groundmass augite ranges from 

43° bo 31°• One phenocryst was zoned outward from 44° to 

31°. Average 2Vz = 42°, Ny = 1.698, corresponding to Ca36 

Fe26 Mg38. Occurs as euhedral phenocrysts to 4 mm. and as 

anhedral groundmass crystals to 3 mm. 

Magnetite; 2$; occurs as euhedral to subhedral crystals 

up to .25 mm. in size. 
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Pseud omorphs after olivine; as euhedra up to 2 mm. 

in size. Composed of chlorite and quartz. 

Chlorite and quartz; 2$; occur as fine grained 

constituents of the groundmass. 

49# Specimen from a small spilite intrusive(?) on 

Culebrita. In the field this is a fine grained gray rock 

which weathers spheroidially. 

Texture: The rock has a porphyritie, intersertal 

texture with the chloritic groundmass filling the interstices 

between the albite laths. 

Phenocrysts: 

Albite: 40$; Occurs as laths up to 1 mm. in size. 

Simple twinning is abundant. Some albite crystals are bent 

and exhibit undulant extinction. 

Augite; 10$; 2Vz = 48°, up to 1 mm. in size. The 

augite is subhedral and sometimes ophitically encloses 

albite. 

Groundmass: The groundmass is largely fine grained 

chlorite with lesser amounts of albite microlites and 

magnetite. Quartz, prehnite, calcite, and chlorite occur 

as cavity fillings. 
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