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ABSTRACT 

The modern r ee f complex of San Andres I s l a n d , 

Colombia, can be d iv ided i n t o f ive major d e p o s i t i o n a l 

environments on the b a s i s of sediment type and b i o t a . 

These a r e : fore r ee f , r ee f , back r e e f p l a t f o r m , lagoon, 

and s h o r e . The dominant r e e f - b u i l d i n g organisms are 

Millipora oomptanata (hydrozoan) , Palythoa mammillosa 

(alcyonarian) , and l ime-secre t ing a lgae. Windward, or 

reef, environments are character ized by abundant 

zoantharian co ra l s , and leeward environments are domi

nated by alcyonarian co ra l s . 

Ancient reef complexes on San Andres Is land can be 

divided into deposi t ional environments s imi la r to those 

of the modern complex. Both b io ta and sediment types of 

the Holocene reef complex are co r r e l a t i ve with reef 

complexes of Pleis tocene and Miocene ages. Reefs and 

rocks of Pliocene age were not found on San Andres Is land. 

Orientat ion of ancient r e e f s , non-carbonate residue 

from l imestones, ancient spur and groove o r i e n t a t i o n s , 

pos i t ion of beachrock depos i t s , and modern reef growth 

indica te t ha t p reva i l ing winds have shi f ted from west to 

eas t since Miocene t ime. 

X-ray analyses of modern and ancient carbonate 

sediments ind ica te t ha t a l l samples older than Middle 

Pleis tocene have s t a b i l i z e d to low Mg c a l c i t e and 



dolomite. Modern subtidal sediments from the San Andres 

area average 70 percent aragonite and 30 percent high Mg 

calcite with a maximum of 20 mole percent MgCO,. High 

concentrations of MgCO^ were found only in sediments 

from reef and shore ("turtle grass") environments and 

are attributed to the alga Goniolithon. 

The paragenesis of limestones from the study area 

can be summarized in three steps: 

1) Initial cementation may occur by precipita

tion of aragonite in the subaerial and intertidal 

environments or submarine lithification by "algal 

binding." 

2) Secondary voids may form by the removal of 

aragonite in the subaerial environment, or aragonite may 

stabilize to low Mg calcite. 

3) Calcite or dolomite may form by direct pre

cipitation, replacement, inversion, or recrystallization. 

/•.,'. 



INTRODUCTION 

Purpose and Scope 

The goals of this investigation are threefold: 

1) To describe the modern reef complex of San 

Andres Island and compare bottom communities to sedimentary 

facies. 

2) To determine the geologic history as related 

to the lithologies and fossils represented on the island. 

3) To compare equivalent present and ancient 

environments in the area, giving a precise interpretation 

of paleoenvironments and diagenetic changes with time. 

San Andres offers an ideal opportunity to compare a 

living reef with its fossil counterparts. Being relatively 

isolated, the study area has not been affected by a great 

influx of detrital material from other sources. The 

island has gradually increased in size as coral growth and 

sediments have accumulated. Therefore, it is possible to 

trace the geologic history of the island in detail. 

Location and Description 

San Andres, a Colombian possession, is a small 

coralline island, located 136 kilometers east of the 

Caribbean coast of Nicaragua (Figure 1). The island, 

along with several well-developed coralline banks, is 

situated at the eastern edge of the Nicaraguan Rise. 

Within a few kilometers of the study area, water depths 
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exceed 1800 meters (Figure 2), thereby isolating the island 

from nearby land bodies. 

San Andres is approocimately 3 kilometers wide and 13 

kilometers long and has a maximum elevation of 103 meters. 

The irregular topography appears to be correlative with 

the paleotopography of the ancient reef complexes which 

form the island. Differential erosion and solution 

features in limestones account for modifications in 

topography. 

The island receives approximately 180 centimeters of 

rain annually and has a mean temperature of 27°C. Prevail

ing winds are from the east and northeast. 

Previous Work 

Little scientific work has been reported from the 

San Andres area. Most accounts are from scientific 

cruises that have passed through the area and deal 

primarily with biological aspects of the region (Coventry, 

1944; Fowler, 1944; von Ripper, 1949; and Milliman, 1969). 

Geologic investigations in the area are sparse and 

basically unreliable. For example, Mitchell (1955) 

reported a suite of igneous rocks from San Andres, and 

Schuchert (1935) described the island as being basaltic 

in nature. Neither investigator had visited San Andres. 

In addition to these papers, a generalized geologic map 

of the island has been published (Quintero and Burgl, 

1960). These authors designate the uplifted, middle 
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portion of the island as being of Upper Miocene age, and 

the island periphery as Pleistocene in age. There is no 

mention of Pliocene rocks. 

Hans Burgl (1961) reported on the general strati

graphy and rock types of San Andres Island, and included 

faunal lists for different parts of the island. Burgl's 

report has been helpful, but contains little geologic 

detail. The stratigraphy reported by Burgl has been over

simplified . 

The most recent geologic data found in the 

literature is a report by Milliman and Supko (1968) and 

deals with magnetic surveys in the area. The authors 

state that by analogy with the surrounding area, mainly 

La Providencia, San Andres must be of volcanic origin and 

have a deep-seated, volcanic basement. They state also 

that field data do not support this conclusion. For 

example, deep-water dredging (500 to 1500 meters), on the 

flanks of San Andres Island, revealed only carbonate 

material and no volcanic rocks. According to Milliman 

and Supko, " . . . the slopes of San Andres are very steep 

. . . " exceeding 25°. The authors point out that volcanic 

slopes rarely exceed 20°. In addition, the magnetic survey 

by Milliman and Supko revealed no large magnetic anomalies 

which might be attributed to an accumulation of volcanic 

rocks. 

Additional articles have been published on the San 



Andres area, but most are not directly related to the 

present investigation. 

Methods of Study 

Both organisms and sediments were sampled from 

the modern, marine environments. Sediment samples were 

taken with a plastic core tube, dried, and packaged in 

individual plastic sample bags. Traverses (Figure 3) 

were made through areas of particular interest and 

samples were taken at selected sites. A representative 

collection of the typical invertebrates, found in the 

reef complex, was.assembled and collections have been 

deposited in both the Geosciences and Zoology Departments 

of -Texas Tech University and in the Texas Tech University 

Museum. A representative collection of the alcyonarian 

corals, from the San Andres area, has been deposited in 

the Zoology Department of tKe University of Minnesota. 

All specimens are either dried or preserved in alcohol. 

Bottom community maps and notes were made with the 

aid of a boat and sea sled. Locations were obtained 

from aerial photographs and by standard triangulation 

methods. In few places, water depths in the back reef 

area exceed 15 meters, therefore, only a snorkel and 

mask were used while diving for most samples. 

Sediment samples were analyzed on the basis of the 

following: 

1) Grain-Size Distribution--Values are not 
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statistically reliable. Percentages are, however, useful 

for distinguishing types of sediments in general terms. 

The accuracy is within 5 to 7 percent. 

2) Constituent Grains--Five hundred grains were 

identified from each sample. One hundred grains were 

counted from each sieve fraction of 2.00, 0.50, 0.25, 

0.149, and 0.05 millimeters. Results have been expressed 

as percents. A statistical method (van der Plas and Tobi, 

1965) for the reliability of point counts was applied to 

samples in an attempt to determine accuracy of grain 

percentages. Three separate counts (200, 500, and 500 

grains) were made and the percentages compared. Most of 

the variations were within acceptable statistical limits. 

3) Non-Carbonate Residue--Sediment samples were 

treated with hydrochloric acid and the residues examined 

by standard microscopie methods. 

Rock samples were collected from various locations 

on the island. Each hand specimen was cut into a block 

sample and polished. Thin sections were also made of 

each specimen. 

The study blocks were etched with hydrochloric acid 

and stained with Alizarin Red-S to test for the presence 

of calcite. The specimens were then examined micro

scopically. 

Thin sections were also stained with Alizarin Red-S 

and petrographic analyses were completed in order to 
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determine grain and cement types, porosity, and general 

mineralogy. 

Rock samples were dissolved in hydrochloric acid 

and the non-carbonate residue retrieved. Rock residues 

and sediment residues were compared. 

4) X-ray Analyses--Both sediment and rock samples 

were analyzed by standard X-ray diffraction methods. 

The analyses were made with a Norelco X-ray Diffractome-

ter, using Cu K-alpha radiation, and a spanning speed of 

1° per minute. Each sample was analyzed between 25° and 

32° 20. Relative percents of aragonite, high Mg calcite, 

low Mg calcite, and dolomite were determined on the basis 

of peak intensities. The peak intensity method has been 

compared to other methods of X-ray analysis, and found 

to be accurate to within a few percent (Royse, Wadell, 

and Petersen, 1971). The mole percent of MgCO,, incor

porated in high Mg calcite, was determined by the degree 
o 

of shift of the principal calcite peak (3.03 A) , as 

described by Chave (1952). 



CLASS li; I CAT I ON AND ClIARACTIiR I ,ST I CS 
Ol-' Tin; MODJikN HNVIKONMIiNTS 

CiCMC r.i 1 Dcsc V i pi ions 

hi tlic San Andres area, depositional environments ol" 

the windward (eastern) side of the island arc distinctly 

different from those of the leeward (western) side 

(Figure 4 ) . 

The leeward side of the island is cliaracterized 

by high, vertical, limestone cliffs that are modified by 

numerous wave-cut terraces, caves, and notches. There 

is no protective reef accumulation on this side of the 

island and the bottom community is dominated by exten

sive "gardens" of alcyonarian corals. The bottom slopes 

at approximately 5° seaward and is characterized by a 

medium to fine-grained, carbonate sand. Water depth below 

the shore line averages 2 meters and drops abruptly to 

approximately 15 meters within 50 meters of the shore. 

Native divers from the island stated that a second 

set of cliffs was present at a depth of approximately 50 

meters, almost 1 kilometer from shore. This report has 

been documented by aerial photographs. 

The windward side of the island is characterized 

by a well-developed reef complex. Environments include 

the near shore area, a deep lagoon, shallow platforms, 

a well-defined reef, and the fore reef area. The bottom 

community is dominated by zoantharian corals, and bottom 

12 
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sediments range from fine-grained, carbonate sands to 

bouldery, coralline rubble. 

Leeward Environments 

A distinct faunal zonation can be described from 

the leewatd area (Figure 5). For convenience, the follow

ing descriptive terminology has been applied: 

Zone I Near Shore Area. 

Zone II....Upper Platform Area. 

Zone III...Cliff and Cave Area. 

Zone IV....Lower Platform Area. 

Zone I (Figure 6), or the near shore area, in most 

places consists of a small cliff or ledge and the present 

surf zone. Water depths range from 0 (spray zone) to 2 

meters. This environment is subjected to pounding surf 

or quiet water depending on the season. Zone I is 

dominated by encrusting, carbonate-secreting alga, of the 

genus Lithothamnion. This alga accounts for the build-up 

of considerable carbonate material along the shore line, 

just below sea level, and small ledges, as much as one 

meter thick, have been accreted to the cliff face. In 

addition to algae, encrusting alcyonarian corals and 

pelecypods contribute to the accumulation of carbonate 

material in this zone. 

In addition to wave action, destruction of the 

carbonate ledges occurs through the action of burrowing 

organisms such as polychaete worms, burrowing sponges. 



15 

03 
t—I 

CD 

< 
a 
03 

CO 

m 
o 

0 

nil 
U 
03 

;s 
0 
0 

0 

• ( - ) 

m 
o 

o 
• H 
-P 
03 
p; 
o 
N 

bO 
O 

rH 
o 
u 
w 

0 
u 
bO 

• H 



16 



Figure 6. 

Ecology and typical biota of Zone I. 

1. Small submarine cliff at the present shore line. 

Note abundant echinoids of the genus Diadema (photo 

courtesy of Dr. Frank Barnwell). 

2. Wave-cut notch at present sea level, on the leeward 

side of San Andres Island. 

3. Euoidaris tributoidee. 

4. Strongytoaentrotus sp. 

5. Diadema antittarum. 

6. Palythoa sp. 

7. Isohnoahiton sp. 

8. Lithothamnion encrustation on a broken bottle. 
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and echinoids of the genus Strongytoaentrotus. 

A distinct wave-cut notch, corresponding to present 

sea level, can be observed along the leeward side of the 

island. Zone I is characterized also by other organisms 

including chitons, gastropods, echinoids, encrusting 

sponges, and small colonies of encrusting brain coral. 

Zone II, or upper platform, is a narrow shelf 

ranging from 3 to 7 meters below sea level. The width 

ranges from several meters to about one half kilometer. 

The bottom is gently sloping seaward and characterized 

by a hard, limestone substrate, with little or no sediment 

cover. The faunal assemblage in this zone is dominated 

by alcyonarian corals and large sponges. Extensive 

gardens of alcyonarian corals have developed on the firm 

substrate (Figures 7 and 8). Thirty-eight species of 

soft coral have been identified from this environment. 

In addition to soft corals, large vase sponges are common 

and reach heights of almost 2 meters with diameters of at 

least 75 centimeters. Upon death and decay the soft 

corals and sponges contribute large quantities of 

calcareous and siliceous spicules to the sediment of the 

surrounding area. The soft coral gardens provide 

protection for numerous molluscs {Cyphoma and Pteria) and 

echinoderms. Many large basket-starfish {Aetrophyton) 

were collected from the branches of the sea whip 

Pseudopterogorgia. This zone is also characterized by 
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Figure 7. 

Typical biota of Zone II 

1. and 4. Gorgonia ventalina. 

.2. and- 5. Pseudopterogorgia aaeroea. 

3. and 6. Euniaea laxispiaa. 

7. and 10. Pseudoplexaura sp. 

8. and 11. Euniaea sp. 

9. and 12. Ptexaurella diahotoma. 
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Figure 8. 

Ecology and typical biota of Zone II. 

1. Ptarogovgia anaopa. 

2. Pseudopterogorgia sp. 

3. Pseudopterogorgia amerioana. 

4. and 5. Euniaea mammosa. 

6. and 7. Euniaea tourneforti (courtesy of Dr. Frank 

Barnwell). 
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small colonies of zoantharian corals. 

Zone III, or the "cliff and cave" zone, is charac

terized by a dominant zoantharian coral growth (Figures 

9 and 10). Most of the organisms are restricted to, or 

very near to, submarine cliffs (Figure 5), The cliffs 

form a stable substrate for coral growth, afford protec

tion for the colonies, and probably aid in the entrapment 

of nutrients. Generally, tops of major cliffs are 

approximately 5 meters below sea level. Faces of cliffs 

are near vertical with many cave openings and small 

ledges. Bases of these cliffs are characterized by a 

distinct break in slope at a depth of approximately 20 

meters. 

Colonies of zoantharian corals are very common 

throughout this zone. Many are attached beneath ledges, 

in caves, and to the vertical faces of the cliffs. The 

greatest accumulation of coralline material appears to 

be at the base of the cliffs. Here, large, massive 

colonies (in excess of one meter in diameter) of 

faviidaean corals are common. 

The caves in this zone support a community of rather 

rare organisms unique to the environment. There are 

unusual colonies of Antipathes ("Black Coral"), delicate 

bryozoan, Stytaster (colonial hydrozoan), and many types 

of sponges (Figure 10). Most of the caves appear to be 

ancient karst features which developed during low sea 
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Figure 9. 

Ecology and typical biota of Zone III. 

1. and 4. ' Muss a angulosa. 

2. and 5. Montastrea aavernosa. 

3. and 6. 'Isophyllia sinuosa. 

7. and 8. ' Meandrina meandrites. 

9. and 10. Dendrogyra aytindrus. 

11. Large colony of D. aytindrus approximately 1 meter 

in height (photo courtesy of Dr. Frank Barnwell). 



25 

^m 
xr 



26 



Figure 10. 

Ecology and typical biota of Zone III (continued). 

1. and 4. Cotpophyttia sp. 

2. and 5. Diptoria strigoea. 

3. and 6. Stytaster sp. (cave fauna). 

7. and 10. Antipathes sp. (cave fauna). 

8. and 11. Isophyttastrea rigida. 

9. Porifera (cave fauna). 

12. Eusmitia faetigiata. 
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level stands during Pleistocene time. Many of the 

submarine caves were found to have fresh water mixing with 

sea water, indicating subterranean connections with the 

main island. Large fractures, the result of slumping, can 

also be traced through the area. 

Zone IV, the lower platform, is the deepest environ

ment investigated. It is characterized by fine-grained, 

carbonate sediments containing 2 to 5 percent, by weight, 

non-carbonate material. Non-carbonate grains consist of 

hematite, magnetite, marcasite, zircon, volcanic glass, 

siliceous sponge spicules, and radiolarians. The faunal 

assemblage is dominated by burrowing organisms such as 

worms and crustaceans with scattered patches of alcyonarian 

corals. Zone IV appears to be terminated seaward by a 

second set of submarine cliffs, which have been observed 

only on aerial photographs. 

Windward Environments 

The windward (east and northeast) side of .San Andres 

is characterized by the development of a reef complex 

with 5 distinct ecologic zones (Figure 11): 

1) Shore (the beach and near shore area). 

2) Back Reef Lagoon (with barren sand and patch 

reefs). 

3) Back Reef Platform (with sand and coralline 

rubble). 

4) Reef. 
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5) Fore Reef. 

The shore zone can be divided into two basic environ

ments: 1) the beach/surf zone, and 2) the near shore 

area. The sediments of the beach area are medium to 

coarse-grained and composed of carbonate shell fragments. 

Non-carbonate residue of beach samples from Traverse "E" 

(Figure 3) is less than 1 percent, by weight, and consists 

of siliceous sponge spicules and organic contamination. 

In several areas (i.e. Johnny Cay and parts of the beach 

south of the town of San Luis) the beach sands have been 

cemented to form beachrock (Figure 12). The beachrock 

deposits are typically one meter thick and 5 to 8 meters 

wide. Most of the deposits dip seaward at 3° to 5°, the 

same as the associated beach material. Constituent 

grains consist of any material that is part of the beach 

sediment. Generally, the bulk of the beachrock (95 

percent) is made up of coarse-grained carbonate sand. 

Coralline fragments, Foraminifera, echinoid, pelecypod, 

and gastropod fragments, and unidentifiable grains are 

the most common grain types (Figure 12). In addition to 

sand particles, large fragments of the gastropod Strombus 

gigas are abundant. Cementation is accomplished by the 

precipitation of aragonite around individual grains 

(Figure 12). This can be observed in thin sections from 

most of the beachrock samples. A similar method of 

beachrock formation has been described by Ginsburg (1953), 
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Figure 12. 

Modern beachrock deposits. 

1. Aerial photograph of Johnny Cay. Note crescent shape 

deposits of beachrock on the windward side. Arrow indi

cates direction of prevailing winds. 

2. Beachrock deposit along the beach, south of San Luis. 

3. Polished block of beachrock material (sample 

29-F/R-61). Note apparent stratification and primary 

porosity. Arrow indicates up direction (actual size). 

4. Photomicrograph of sample 29-F/R-61. Arrow indicates 

location of photomicrograph 5. 

5. Aragonite cement of sample 29-F/R-61. 
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Friedman (1968), and Gavish and Friedman (1969). Statifi-

cation in many of the samples (Figure 12) is caused by 

differential cementation. Pores become filled with 

aragonite and as the depth of burial (and age) increases, 

calcite becomes dominant. The first few centimeters of 

the beachrock, although well cemented by aragonite, are 

very porous. Beachrock areas are characterized by 

numerous organisms which do not inhabit the normal beach 

sands. Apparently the firm substrate yields more protec

tion. The dominant organisms are gastropods (Nerita sp. , 

Livonia piaa, and Thais patula), the burrowing echinoid 

Strongytoaentrotus, and burrowing polychaete worms. 

Unconsolidated sediment samples, collected near the 

beachrock deposits, show the same general parameters as 

rock counterparts. Sieve analyses of the sands indicate 

90 percent of the sand material is coarse-grained (greater 

than 0.50 millimeters in diameter). Typically, the beach/ 

surf zone is sparsely inhabited and can be characterized 

by fragments of large gastropod and pelecypod shells, 

coralline debris, and limestone pebbles eroded from the 

island area. 

The second environment of the shore zone is the near 

shore, or "turtle grass" area, which is immediately sea

ward of the surf zone. In this zone, water depth is less 

than 4 meters. The bottom community and the sediment 

materials in this area are extremely diverse (Figure 13). 
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Figure 13. 

Ecology and typical biota of the near shore 
("turtle grass") zone. 

1. General configuration of the bottom in "turtle grass" 

areas. A Trigger Fish is in the fore ground (photo 

courtesy of Dr. Frank Barnwell). 

2. Close-up of bottom material (courtesy of Union Oil 

Company of California). 

3. Goniotithon sp. 

4. Porites porites. 

5. Lyteahinus varigatus. 

6. Maniaina areotata. 

7. Poritea astreoidea. 



35 



36 

Most of the bottom material is covered by Thatassia 

testudinum ("turtle grass") and algae \Gpnictithon and 

Amphiroa) which act as effective sediment binders. This 

situation has been reported by several investigators 

(Ginsburg', 1956; Scoffin, 1970; and Till, 1970). In 

addition to algae, the zone also has a large population 

of small zoantharian corals. Corals of particular 

importance as zone indicators are: Diptoria olivosa, 

Maniaina areotata, Porites poritea, Porites asteroides, 

and Sideraotroa radians. Another zone indicator in the 

"turtle grass" area is the echinoid Lyteahinus varigatus, 

This urchin is never found outside the "turtle grass" 

area or at depths greater than 4 meters below sea level 

(Figure 13). 

In addition to "turtle grass," in the near shore 

zone, there are areas that consist of coralline rubble 

material. The bottom material appears to be derived from 

dead Pleistocene reefs, and is particularly evident along 

the northeastern shore line of the island. This bottom 

association will be discussed in another section of this 

manuscript. 

The back reef lagoon zone (Figure 14) is a complex 

area made up of two principal environments, a barren sand 

bottom and patch reefs. The periphery of the lagoonal 

area is characterized by a distinct break in slope at a 

depth of approximately 5 meters. At this point the 

file:///Gpnictithon
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Figure 14. 

The back reef lagoon zone. 

1. Aerial photograph of the northern San Andres area. 

Arrow indicates patch reef. 

2. Aerial photograph of individual patch reefs. 

3. Underwater photograph of a patch reef built by 

Aavopora patmata. 

4. Underwater photograph of patch reef built by 

Montastrea annularis. 

5. Individual specimen of Aoropora patmata. 

6. Individual specimen of Montastrea annutaria. 
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bottom has a slope of 15° to 20°. At a depth of 

approximately 15 meters, the bottom becomes flat and 

featureless. The lagoonal area is almost completely 
I 

enclosed by shallow platforms. On the shallow periphery 

of the lagoonal area there is very little sediment cover 

and eroded limestones, with fossil corals, are commonly 

exposed. The water depths at the lagoonal periphery 

correspond to depths at the tops of the submarine cliffs 

on the leeward side of the island (approximately 5 meters). 

Based on the apparent terracing, it is probable that the 

bathymetry of the lagoon was modified during a low sea 

level stand during Pleistocene time. The bottom of the 

lagoon is flat and the biota is characterized by small, 

scattered patches of Hatimeda, Foraminifera, the gastropod 

Strombus gigas, scaphopods, burrowing worms, and crusta

ceans, the pelecypod Pinna sp., and irregular echinoids. 

Coralline growth is seemingly absent. 

The sediment in this environment is characterized by 

sample number S.A.70-68-H, taken from the mid-lagoon area 

at a depth of about 12 meters. The sediment is poorly 

sorted, with an abundance of fine material. Almost 60 

percent of the sand is less than 0.149 millimeters in 

diameter. A particular characteristic of this sediment 

is an abundance of orbitoid Foraminifera, approximately 

35 percent of the grains. Non-carbonate residues consist 

of radiolarian remains and sponge spicules. Based on 
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X-ray ana ly s i s , the sample is composed of 67 percent 

aragonite and 33 percent high Mg c a l c i t e , with 16.1 mole 

percent MgCO- in the c a l c i t e f rac t ion . 

Scat tered throughout the lagoon i s the second 

p r inc ipa l environment of the zone, the small patch reefs 

(Figure 14). Most of the patch reefs are round to oval , 

dome-shaped, and 10 to 30 meters across . Water depth 

over the top of the patch reefs ranges from less than 1 

meter to nearly 10 meters. 

Typical ly , the patch reef community i s dominated by 

one of this three following organisms: alcyonarian co ra l s , 

Montastrea annularis, or Aaropora patmata. Montastrea 

annularis appears to dominate the deeper patch reefs 

(deeper than 7 to 10 meters) whereas A. patmata prefers 

shallower environments. Alcyonarian corals are present in 

both s i t u a t i o n s , but apparently prefer intermediate depths 

of 3 to 7 meters. Minor organisms occurring in the patch 

reef environment a r e : encrusting a lgae , Millipora s p . , 

numerous small zoantharian co ra l s , gastropods, sponges, 

and crus taceans . 

The back reef plat forms, surrounding the lagoonal 

area;, are probably Pleis tocene t e r r a c e s . Sediment cover 

i s t yp i ca l l y 3 to 5 centimeters thick and in a few places 

exceeds 25 cent imeters . The platforms, cut by wave 

action on p re - ex i s t i ng l imestones, are t yp ica l ly f l a t and 

featureless . Water depth is normally less than 2 meters. 
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The leewai"d side of the platforms is commonly marked by 

a distinct break in slope and a back reef lagoon. The 

windward side is also characterized by a slope change 

and the development of a fringing reef. 

Tliroo distinct environments occur within this zone: 

barren sand, rubble deposits, and small patch reefs. 

The barren sand areas of the platform arc typically 

thin deposits of rippled, carbonate sand. Bottom 

communities are restricted to gastropods (Strombus gigas, 

Oliva sp., and Vasum sp.), the irregular echinoid 

Clypeaater subdepressus, communities of the regular 

echinoid Diadema antittarum, and burrowing crustaceans. 

Sample S.A.70-6-A is typical of the sediment from 

this environment. It is poorly sorted, with approximately 

85 percent of the sample being coarser than 0.25 milli

meters. Constituent grains consist primarily of 

Foraminifera (27 percent), algae (20 percent), and coral 

fragments (15 percent). 

The rubble deposits (Figure 15), on the back reef 

platform, are very significant as environmental indicators 

in the San Andres area. Many rubble deposits have been 

reported as fore reef accumulations associated with reefs 

(Ginsburg, 1964). However, Kornicker and Boyd (1962) 

reported rubble deposits from the back reef lagoon area 

of the Alacran reef in Mexico. Apparently the location of 

the rubble zone is a function of both reef configuration 
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Figure IS. 

The back reef rubble zone of the modern reef. 

1. Aerial photograph showing the well developed back 

reef rubble (R) and sand (S) deposits. 

2. and 3. Typical coralline rubble. 

4. Clypeaster aubdepreasua, a common echinoid on the 

sand bottom. 

5. Diadema antittarum, communities of this echinoid are 

common on both sand and rubble bottoms. 

6. A common echinoid on the sand bottom. 
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and wave direction. The rubble consists of large frag

ments of eroded coralline debris (Figure 15). Specimens 

average about 10 centimeters long and 3 to 5 centimeters 

wide. Fragments of Aaropora aerviaornis, A. patmata, 
I • 

Porites porites, and Millipora sp. have been identified. 

Of these organisms, A. patmata and P. porites are the 

dominant constituents. These corals grow primarily in 

the back reef environment rather than the main reef zone. 

The fauna of the rubble deposits is commonly restricted 

to crustaceans, polychaete worms, and tlic gastroi)od 

Strombus gigas. Living coral is absent. Most of the 

rubble material is coated by encrusting algae which Is a 

cementing agent in many locations. The finer sediment 

from the rubble environment is typified by sample S.A.70-

72-11. Only 4 percent of the material is less than 0.25 

millimeters in diameter. The remaining 96 percent is 

coarse-grained sand with 35 percent greater than 2.00 

millimeters. The lime-secreting algae, Goniotithon and 

Lithothamnion, make up almost 15 percent of the consti

tuent grains and Hatimeda contributes about 20 percent. 

Non-carbonate residue samples consist primarily of 

sponge spicules and radiolarian remains. 

Scattered 'throughout the back reef platform zone 

are small, isolated patch reefs (Figure 16). These reefs 

are commonly less than 20 meters across and no more than 

2 meters high. Three organisms (Figure 16) dominate the 
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Figure 16. 

Patch reefs of the back reef platform zone. 

1. Oblique aerial photograph of the immediate back reef 

platform with small patch reefs. The island is Johnny 

Cay (photo courtesy of Mr, § Mrs. M. J. Kocurko). 

2. Underwater photograph of a patch reef constructed 

by Diptoria strigosa and Aoropora patmata (photo courtesy 

of Union Oil Company of California). 

3. Underwater photograph of Porites patch reef. 

4. Aaropora patmata. 

5. Diptoria atrigoaa. 

6. Poritea poritea. 
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patch reefs in this zone, Aaropora patmata^ Porites 

porites^ and Diptoria strigosa. These corals are the 

principle frame builders of these small reefs. Numerous 

minor zoantharian corals exist here also, but are 

unimportant as framework material. In addition to corals, 

the following organisms can be found within the patch 

reef frame: Diadema antittarum and Cidaris tributoidee 

(echinoids), sea Anemone, gastropods {^Astraea sp. and 

Conus sp.), Millipora sp., crustaceans, and sponges. 

The main reef tract lies along the windward margin 

of the platform zone. For the present consideration, 

the fringing reef in the San Andres area (Figure 11) 

has been subdivided into a northern reef and a southern 

reef. The total reef tract is about 15 kilometers long 

and aligned in a north-south direction. The northern 

reef is approximately 6 kilometers from shore, whereas 

the southern reef is less than 300 meters from shore. 

Water depth across the top of the reef is normally less 

than 30 centimeters, and corals are commonly exposed 

during neap tides. The immediate back reef water depth 

is less than 2 meters, whereas the immediate fore reef 

water depth ranges from 5 to 10 meters. 

Two distinct morphological differences exist within 

the reef tract. The north end of the northern reef is 

characterized by no "drop-off" on the seaward side. The 

sea bottom is lithified coralline material approximately 
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5 meters thick, in which subsurface passageways have 

developed. Extensive coral growth has formed a canopy 

(false bottom), sloping at 10° to 15° seaward, throughout 

this area; The false bottom supports only a sparse 

community of minor corals and algae. At the crest of 

the main reef (in the surf zone) is a well-developed 

community of Millipora aomplanata, Palythoa mammillosa, 

and the alga Lithothamnion. The northern section of the 

reef tract probably represents the oldest part of the 

modern reef, and growth has been minimized. This may be 

the result of a shift in prevailing winds from the north

west to tlie northeast. Additional evidence for this shift 

in wind direction will be discussed in another section of 

this manuscript. 

The southern section of the northern reef and the 

southern reef are, at present, growing rapidly. Large 

pinnacles of Millipora and lime-secreting algae form the 

frame of the main reef (Figure 17). Small biologic 

niches are filled by numerous zoantharian corals, 

gastropods, and alcyonarian corals. Isolated patches of 

Aoropora patmata and Montastrea annutaria are also 

present. These, however, are commonly seaward patches 

of coral rather than part of the main reef tract. 

The pinnacles of Millipora are as much as 10 meters 

high and 3 meters in diameter, rising to within a few 

centimeters of sea level. They are separated by narrow. 
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Figure 17. 

The main reef zone. 

1. Underwater photograph of the main reef tract (cross 

sectional view). The fore reef zone is to the right. 

2. and 4. Millipora aomplanata. 

3. Palythoa mammittoaa. 

S. A diagramatic map of reef channels. 
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vertical-walled channels which are less than one meter 

wide (Figure 17). These channels form an intricate maze 

within the reef tract and probably correspond to the 

caves (passageways) of the northern section of the reef. 

The channels are characterized by extremely strong, surg

ing currents which are related to wave action. Ripple 

marks are very common in most of the channels. Most 

ripples have an amplitude of 10 centimeters, a wavelength 

of 45 centimeters, and were formed perpendicular to the 

current direction. The bottoms of the channels are 

commonly filled with a well-sorted, coarse-grained 

carbonate sand. Sample S.A.70-9-A typifies this sediment. 

There are no fine materials; 99 percent of the grains are 

greater than 0.50 millimeters in diameter. The dominant 

constituent grains are coralline fragments (25 percent). 

Almost 45 percent of the grains are unidentifiable. No 

non-carbonate residue was recovered. 

Coralline growth is restricted to the upper portion 

of the channel walls. The lower one meter is marked by 

clean, eroded, coralline limestone. The channels have no 

apparent orientation. They form meander-like passage-

ways through the reef tract, and open into small "court

yard-like" areas. The "courtyards" are about 10 meters 

deep. The bottoms are flat and veneered with sand. They 

are commonly enclosed by vertical walls of Millipora and 

algae. : 
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The primary frame builder of the San Andres reef 

is Millipora aomplanata (Figure 17). However, the reef 

tract is characterized by numerous zoantharian and 

alcyonarian corals. Twenty five species of coral have 

been identified from this zone. Almost all of the species 

of coral :̂ ound on the windward side of the island can be 

found within the reef zone. 

The fore reef zone (Figure 18), in the San Andres 

area, is characterized by a hard, coralline limestone 

bottom, covered by numerous small zoantharian and 

alcyonarian corals. This zone extends seaward of the 

reef tract for a distance of approximately 10 kilometers 

and probably represents an eroded terrace of Pleistocene 

age. The bottom slopes seaward at 2° to 5°, and is 

somewhat irregular, being modified by long, linear 

channels which can be traced seaward from the reef zone. 

The channels are generally less than a meter wide at the 

bottom, with sides that slope at 30° to 40°. The water 

depth in the channels is 10 to 15 meters, and becomes 

progressively deeper in the seaward direction. These 

channels can be observed both from the air and underwater 

and are probably remnants of old spur and groove 

structures similar in design to those described by Shinn 

(1963) in Florida. 

Carbonate sediment sample S.A.70-75-H, from the 

bottom of one of the channels, is characteristically 
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Figure 18. 

The fore reef zone. 

1. Aerial photograph of the fore reef zone. The 

arrow indicates the orientation of the spur and 

groove structures and the seaward direction. 

2. Underwater photograph of a fore reef groove. 

Seaward is toward the top of the photograph. 
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coarse-grained with 90 percent of the grains having a 

diameter greater than 0.50 millimeters. No non-carbonate 

residue was recovered from the sample. Fragments of 

coral (10 percent), echinoids (10 percent), and Hatimeda 

(12 percent) are the principal constituent grains. Forty 

percent of the grains were unidentifiable. 

The main water currents through this zone at the 

time of sampling were paraLlcl to the roof tract. Nono 

corresponded to tlic direction of tlic channels. 

Duo to lack of adeciuatc equipment and heavy seas, 

no oi)scrvati ons were made in tlic fore reef zone further 

than 5 to 6 kilometers seaward of the main reef. Native 

divers report that the bottom continues to slope gradually 

seaward and, at approximately 10 kilometers from the reef, 

the bottom changes to soft, barren sand. At this point 

there is a slight change in slope and the water depth 

gradually increases from 20 meters to several thousand 

meters. 

Summary of the Modern Environments 

The modern environments can be summarized best by a 

comparison of biota and sediment characteristics. The 

purpose of this summary is to consolidate the data 

presented so far, and to determine particular zone para

meters. 

The leeward side of the island can be characterized 
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by: 

1) Well-developed cliffs, caves, and wave-cut 

notches, 

2) Lithothamnion accumulation in the surf zone. 

3) Accumulation of massive corals at the bases of 
i 

large submarine cliffs. 

4) Extensive alcyonarian gardens. 

The leeward side of the island consists of a series of 

cliffs and terraces eroded by fluctuating sea levels 

during Pleistocene time. The modern environment is a 

thin veneer, superimposed on an old erosional surface. 

Figure 19 gives the parameters of sample S.A.71-84-L 

which typifies the sediment of Zone IV. 

The reef complex environments, of the windward side 

of the island, are diagrammatically shown in Figure 20, 

a composite cross section. This cross section is designed 

to show all of the ecologic zones of the reef complex and 

does not represent a particular traverse. In order to 

show changes in sediment texture in the reef complex, 

samples from traverse "A" are shown in Figure 21. By 

comparing samples of the same traverse, it is possible 

to show relative changes in percentages of constituent 

grains (Figures 22 and 23). By comparisons of this type, 

several interesting changes can be observed in the 

contents of the samples. The following parameters have 

been determined: 
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S.A. 70 - I -A 
PORITES Patch Reef 

S.A. 70-2-A 

Turtle Grass Zone 

S.A. 70-3-A 

Lagoon Sand 

S.A.70-7-A 
Rubble Zone 

S.A.70-8-A 
Rubble Zone 

S.A.70-9-A 
Fore Reef Channel 

Figure 21. Sediments and environments of sample traverse "A" 
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1) Large percentages of Foraminifera are present 

in the back reef ecologic zones, and decrease in abundance 

as one approaches and passes the main reef. 

2) ^he abundance of algae, of the Goniolithon and 

Lithothamnion type, gradually increases toward the reef. 

3) As might be expected, coral fragments increase 

in abundance toward the reef, as do echinoid fragments, 

and gastropod remains. 

4) The percentage of pelecypod fragments is higher 

toward, the shore and decreases toward the reef. 

5) Alcyonarian spicules generally decrease toward 

the reef,'but they are abundant on the leeward side of 

patch reefs. 

Although Millipora aomplanata is the primary frame 

builder of the reef in the San Andres area, it should be 

pointed out that this situation id not common. When 

comparisons are made with other areas, Millipora is 

typically found to be an organism of secondary importance. 

For example, Ginsburg (1953) reported Aoropora patmata 

to be thejmajor frame builder of the Florida reefs. He 

did, however, note that Millipora formed a major fore 

reef zone. Several investigators have reported that 

many reefs along the coast of British Honduras are built 

primarily by Montaatrea annutaria. Kornicker and Boyd 

(1962) reported Millipora and Aaropora patmata as primary 

frame builders of the Alacran reef in Mexico. Although 
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the same types of organisms are present in most reefs, 

their ecologic position is different from area to area. 

The following are suggested factors that may account for 

faunal zonation: 

1) . Configuration of the reef tract. 

2) The amount of detritus in the water. 

3) The strength of prevailing winds and currents. 

4) The frequency of destructive storms. 

5) Salinity of the water in the immediate fore 

reef and reef zones. 

6) Water depth in the fore reef zone. 

7) Temperature range of the water in the general 

area. 

8) The type of substrate available for attachment 

of coralline colonies. 

•?. \> 
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CLASSIFICATION AND CHARACTERISTICS OF THE ANCIENT REEF 
ENVIRONMENTS OF SAN ANDRES ISLAND 

General Geology 

As noted in the Introduction of this report, 

Milliman and Supko (1968) conducted a magnetic survey in 

the San Andres Island area, but results of the survey were 

inconclusive. The authors were, however, confident that 

San Andres has a volcanic basement. They estimated the 

depth of basement material to be in excess of 800 meters. 

Studies of the surrounding area indicate a history 

of volcanic activity. Reference is made primarily to 

volcanic structures of Tertiary age on the mainland of 

Central America (McBirney and Williams, 1965) and to 

the volcanic rocks, also of Tertiary age, on La 

Providencia (Pagnacco and Radelli, 1962). The San 

Andres area is tectonically active, and earthquakes were 

reported between 1950 and 1964 by Sykes and Ewing (1965). 

In addition, evidence for uplift of the island block has 

been reported by Milliman and Supko (1968). Based on 

the geologic history of the surrounding area, it seems 

probable that San Andres does have a deep-seated, volcanic 

basement which formed during Tertiary time. 

No subsurface data are available from San Andres, 

and the reader should bear in mind that surface geology 

has been used to interpret subsurface conditions. State

ments concerning subsurface features are, therefore, 

64 
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conj ectural. 

The subaerial portion of San Andres is made up of 

a complicated maze of different reef complexes. The 

stratigraphic sequence of the island is, therefore, the 

major problem in interpreting the paleoenvironments. On 

the basis of surface exposures, the island has been 

divided into three main stratigraphic regions: 

1) The central, upland portion of the island 

Miocene. 

2) The low-lying periphery of the island 

Pleistocene. 

3) The modern reef environment 

Recent or Holocene. 

These subdivisions are in agreement with those of other 

investigators (Burgl, 1961; Quintero and Burgl, 1960; and 

Diezeman and Delgado, 1956). Age determinations of the 

stratigraphic units on San Andres are based on molluscs 

and Foraminifera identified by Burgl (1961). Other 

features of considerable aid in stratigraphic correlation 

on the island are several paleotopographic surfaces. 

Other than minor modifications, the original configura

tion and topography (or bathymetry) of the ancient reef 

complexes have been preserved. The greatest difficulty 

in deciphering the stratigraphic history of the island 

arises from constant changes in environmental conditions 

coupled with the overlapping and intermingling of 
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depositional environments from Miocene time to the 

present. 

The non-carbonate residue from surface rocks may be 

a useful Indicator for changes in depositional conditions. 

Rocks of tlio early Miocene ago contain almost no non-

carbonate residue. Residual material consists primarily 

of organic debris and traces of probable secondary chert. 

In comparison, rocks of late Miocene age have a relatively 

high non-carbonate residue content. The non-carbonate 

material consists of: organic debris, chert, euhedral 

zircon crystals, quartz, volcanic glass, plagioclase, 

hornblende, and clay. This mineral assemblage is indica

tive of volcanic activity during late Miocene time. All 

of the residual materials are fine-grained (less than 30 

microns in diameter) and probably were transported as wind-

borne ash. A source for this material could have been 

volcanoes on the mainland of Central America (Nicaragua) 

or La Providencia. Prevailing winds from the west or 

north could easily transport such material. 

Rocks of Pleistocene age contain relatively small 

amounts of non-carbonate residue. The material consists 

of euhedral zircon crystals, volcanic glass, chert, and 

organic debris. Most of these grains probably were 

reworked from older rocks. Modern sediments also contain 

reworked, euhedral zircon crystals. Relative abundance 

of non-carbonate residue is therefore useful in strati-
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graphic correlations. 

Paleoehviroriments During Miocene Time 

On the basis of molluscs and Foraminifera, Burgl 

(1961) established the age of the rocks from the central 

"backbone" of San Andres Island to be of Miocene age. 

After detailed field work in the area, it has been 

possible to subdivide strata of Miocene age on the basis 

of depositional environments. This subdivision can be 

substantiated by lithic characteristics, topography, 

non-carbonate residues, and faunal distribution. Sub

divisions of Miocene time, used in this presentation, are 

referred to as "early Miocene" and "late Miocene." No 

rocks older than early Miocene are exposed on San Andres 

Island, but it is probable that older rocks occur In the 

subsurface. On the basis of available data, reef deposits 

first accumulated during early Miocene time. During this 

time, four main environments existed In the San Andres 

area: 1) reef, 2) back reef zone, 3) fore reef flanking 

deposits, and 4) deep water deposits (greater than 30 

meters). Based on the fossil distribution in these 

deposits, the reef was apparently aligned in a north-south 

direction (Figure 24). Therefore, wind directions during 

this time must have been from either east or west, because 

reefs normally form perpendicular to prevailing wind and 

current directions. In general, the fauna of early 
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time was very much like the modern assemblage in the San 

Andres area, although, the faunal zonation was somewhat 

different. Apparently, Millipora aomplanata and lime-

secreting algae were the primary builders of the reef 

during Miocene time. At present, these fossil reefs form 

a "Y" shaped ridge from Mission Hill southward to San 

Luis, a distance of approximately 5 kilometers. Near the 

mid-point of this ridge is a branch that trends in a 

southwestern direction toward Fort Morgan. Even though 

the reef was poorly defined during early Miocene time, 

there is evidence for the development of a shallow back 

reef zone between the two branches of the main reef. This 

back reef zone is well-characterized by rock samples 

2-4/R-22, 2-4/R-23, and l-l/R-8, collected northeast of 

Big Pond. The samples are micritic, skeletal limestones 

which contain about 50 percent micrite, 30 to 40 percent 

skeletal grains, and 10 to 20 percent mosaic calcite. 

They are of low porosity with mosaic calcite filling the 

pore spaces and fractures (Figure 25). The faunal 

assemblage of the back reef zone is characterized by 

Porites, Goniolithon, Foraminifera, pelecypods, and 

gastropods (Figure 25). A comparison of this fauna with 

a modern counterpart indicates a probable correlation 

with the "turtle grass" environment. The two principal 

factors to be considered in this comparison are: 1) the 

overall assemblage, and 2) the delicate nature of the 
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Figure 25. 

Back reef samples of early Miocene age. 

1. Sample 2-4/R-23. Note Goniolithon (G) surrounded 

by micritic matrix. 

2. Sample l-l/R-8. Note abundant Foraminifera (F). 

3. Sample 2-4/R-22. Note Porites porites (P). 
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algal colonies of Goniotithon. This algal type is found 

in the "turtle grass" environment of the modem reef 

complex, where wave energy is low and the water is 

shallow. 

Another important early Miocene environment was one 

of "deep water" deposition (greater than 30 meters) which 

surrounded the fossil reef complex. This environment is 

typified by samples 4/R-73, 5/R-74, 6/R-75, C-L/R-66, 

3-1/R-25, 3-1/R-26, 3-2/R-27, and 3-2/R-28 (Figure 26). 

These rocks are dense, micritic limestones and dolomites, 

and contain abundant fragments or remnants of a pelecypod 

fauna. This environment is typified by sample 6/R-75, 

taken from a pelecypod deathbed of probable early Miocene 

ago. Many samples from this environment also contain 

numerous Foraminifera and algae. However, Foraminifera 

appear to be restricted to the eastern deposits of early 

Miocene ago. Samples 3-1/R-25, 3-1/R-26, 3-2/R-27, 

3-2/R-28, 3-2a/R-3i, and 3-2b/R-32 arc typical of the 

forami nI feral assoclat i on. 

With reference to the modern environments, foramini-

feral populations are present only in protected areas such 

as the back reef environments and the leeward side of the 

island. Few, or none, are found in areas presently 

exposed to constant currents (i.e. the fore reef area or 

the north and south ends of the island). 

Based on the foraminiferal distribution in the rocks 
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Figure 26. 

Deep-water samples of early Miocene age. 

1. Exposure of early Miocene deep-water deposits on 

South Hill. 

2. A sample of an early Miocene pelecypod deathbed. The 

sample was collected from the area shown in photograph 1. 

3. Sample S.A.-71/R-75, a polished block showing 

pelecypod fragments (see photograph 2). 

4. North Cliff, an exposure of early Miocene limestone 

which was deposited in a deep-water environment. 

5. A polished sample from North Cliff showing abundant 

lime-secreting algae and Foraminifera. 

./-
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of Miocene age, it appears that the eastern portion of 

the reef complex was the leeward side. Accordingly, the 

prevailing winds of early Miocene time were probably 

from the west. This is supported by the orientation of 

the reef complex, and deposition of volcanic material 

derived from the west or north during late Miocene time. 

Throughout Miocene time, uplift produced an island 

complex with extensive reef growth on its flanks. This 

episode in the history of San Andres is based on the 

presence of late Miocene age reef deposits on the flanks 

of limestones which accumulated during earlier Miocene 

time and an unconformity which separates the two deposits. 

This stratigraphic relation (Figure 27) is well exposed 

in a road cut west of San Luis. The unconformity is 

evidenced by an irregular contact and a well-developed, 

red paleosol. The soil deposit is thin (less than 50 

centimeters) and between two marine limestones. The units 

dip seaward at an angle of 20° to 25°. The soil is over

lain by a thin cover (2 to 5 centimeters) of white, low 

Mg calcite powder. This material is of clay size and 

contains no fossils and no non-carbonate residue. The 

origin of this material is not known, but it seems to be. 

secondary and possibly a result of leaching. 

As in early Miocene time, the reef complex that 

formed during late Miocene time was aligned in a north-

south direction, and prevailing winds were from either 
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east or west. Almost all of the limestones of late 

Miocene time contain significant quantities of volcanic 

detritus. The source of this detritus was probably the 

mainland of Central America or La Providencia. These 

evidences also indicate that prevailing winds during late 

Miocene time were probably from the west. 

During late Miocene time, an extensive reef complex 

was built in the San Andres area (Figure 28). On the 

basis of fauna, lithology, and topography, the deposits of 

late Miocene age can be divided into the following 

depositional environments: 

1) Fore reef flanks. 

2) Reef zone. 

3) Back reef platform. 

4) Back reef lagoon with patch reefs. 

5) Shore zone. 

The reef zone, back reef platform, and the shore 

zone deposits are very similar to deposits of early 

Miocene age and to those of the modern reef complex. 

Paleontologic evidence indicates that reefs of late 

Miocene age were constructed by Millipora and lime-

secreting algae with a varied assortment of secondary 

coral types. The back reef platform environment, although 

not a true platform, is characterized by numerous, massive 

coral heads, .The types most frequently found are: 

Diptoria atrigoaa, Montaatrea annutaria, M, oavernoaa, 
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and Aaropora patmata. The coral heads seldom exceed 50 

centimeters in diameter and are found in growth positions. 

In addition to the coral growth, back reef, rubble 

deposits are commonly found. These deposits seem to 

correspond directly with modern, rubble accumulations. 

During late Miocene time, the back reef environment 

probably was very narrow. In most locations, the reef 
'I'. 

developed within 300 meters of the estimated shore line. 

This situation can be directly related to the modern, 

"southern" reef along the eastern coast of San Andres 

Island. Based on field evidence, reefs apparently 

developed during late Miocene time on a limestone bottom 

that sloped seaward at 20° to 25°. A diagrammatic cross 

section (Figure 29) shows the probable growth relations 

and zonation of the reef complex. 

The shore zone, of late Miocene age, is not repre

sented by any particular type of deposit, but it can be 

approximated on the basis of lithologic and faunal distri

butions of the back reef, platform deposits. 

The fore reef, flank deposits dip seaward at 20° to 

25° and are well exposed in many road cuts and quarries. 

These deposits can be divided into two basic types, those 

found on the western flank of the island area and those 

found on the eastern flank. 

Limestones from the western flank are generally 

fine-grained and are characterized by fossil corals of 



80 

% 

/ 

> 

• \ 

- - V -i 

t 

y-

5 
u 

/ 

v • ' • 

1 

1-
(0 
UJ 
» 

? 

I < 

A 
» \ 

, 1 
^ 1 

/^ 
1 
1 

^ ™ ' " ' 

FL
A

N
K

 
R

E
E

F
 

FO
R

E
 

U. Ul 
U I Z 
UJ o 
Q : N 

z 
o 
o •> 

K
 R

E
E

F 
LA

G
 

th
 P

at
ch

 R
ee

f 

< • m 

S
H

O
R

E
 

ZO
N

E
 

o 
z 
< 

IS
L 

6 
•p 

u 
o 

• H 

o 
•p 

• H 
IH 

o 
•H 
•P 

rt 

o 
N 

U-l 
(U 
0) 

0 
I/) 
o 

•ci< 
o 
^1 

a 
xi 
H 

CM 

o 
u 
3 

•H 
U4 

/ 
• : / " » 



81 

Montastrea annularis, Diptoria sp,, Aaropora sp., 

and numerous large pelecypods and gastropods. It should 

be noted that western flank deposits, of late Miocene 

age, are poorly developed. These deposits are typified 

by samples 18/R-87a through 87k and 38/R-107a through 

107g. The lack of development of deposits on the western 

side of the island could be attributed to the absence of 

a suitable substrate for sediment accumulation. The 

western side of the island is characterized by large, 

vertical cliffs of early Miocene limestones. These cliffs 

are not a suitable environment for reef growth or exten

sive sediment accumulation. 

On the eastern side of the island are well-developed, 

flank deposits which extend almost the entire length of the 

island. These deposits are characterized by pelecypods, 

algae, reef rubble, Foraminifera, and numerous small, 

massive coral heads (Figure 30). The distribution of 

Foraminifera and the presence of reef rubble material on 

the eastern side of the late Miocene reefs indicate that 

prevailing winds were from the west. As noted before, 

rubble and Foraminifera appear to accumulate on the leeward 

side of barriers. Typical flank deposits are shown in 

Figure 30 with corresponding samples. 

During late Miocene time, an extensive lagoon 

developed in the central portion of the San Andres area 

(Figure 31). The lagoon was surrounded by small islands 
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Figure 30. 

Flank deposits of late Miocene age. 

1. Late Miocene flank deposits exposed in a quarry, 

northern San Andres Island. Beds dip to the northwest 

(left) at approximately 10°. 

2. Flank deposits. Arrow indicates secondary porosity 

developed along the bedding plane. 

3. and 4. Typical secondary porosity in flank deposits. 

Voids formed by the removal of aragonitic material (i.e. 

gastropods and zoantharian corals). 
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Figure 31. 

Lagoonal distribution of Andrewina during late Miocene time. 

1. Lower valve of Andrewina in outcrop. 

2. Andrewina (dorsal view). 

3. Andrewina (lateral view). 

4. Paleoecologic map of the late Miocene lagoon. Note 

distribution of Andrewina beds along the western side. 



85 



86 

and fringing r ee f s . Major c i r cu la t ion channels exis ted 

between the reefs and i s l ands . Present outcrop pa t t e rns 

and topography of the area are apparently expressions of 

the o r ig ina l bathymetry. The lagoon i s character ized by 

well-developed patch r e e f s , f ine-grained l imestones, and 

a well-developed pelecypod fauna. 

The patch reefs are mound shaped. They average 

approximately 30 meters high and are usual ly less than 

50 meters in diameter. Fossi l communities, dominated 

by Porites, Montastrea, and algae covered the tops of 

most of the r e e f s . The s ize of the patch reefs and the 

faunal assemblage i s almost iden t i ca l to the modern 

patch reefs in the study area . However, i t should be 

rioted tha t Aaropora patmata was not found in the fo s s i l 

patch r e e f s . This might ind ica te tha t the tops of the 

patch r e e f s , during Miocene t ime, were r e l a t i v e l y deep 

(7 to 10 meters ) . 

The lagoon (Figure 31) apparently supported an 

extensive pelecypod fauna which can be t raced throughout 

the area . Burgl (1961) iden t i f i ed the following specimens 

from the i n t e r i o r of the i s l and : 

Peoten (Ptagioatenium) aff. ventriaoaa 

Miocene or Recent. 

Doainia aaetabutum Miocene, 

Luoina ftoridana ? or Recent. 

Vemeriaardia cf. dominioa, .Uiocene (?) . 
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Chione spenoerii .Miocene. 

Turritetla gilbertharrisi...Miocene. 

The species listed by Burgl are generally the most common 

fossils, of Miocene age, in the area. Burgl's faunal 

list, however, fails to include a pelecypod of particular 

interest found in the Miocene-aged lagoon. As yet, this 

particular pelecypod has not boon described in tlic litera

ture. As a result, the name Andrewina (l-'iguro 3 1) will bo 

used in describing the occurrance and distribution of the 

organism. / 

Andrewina Is a rather large, spherically-shaped, 

thick-shelled pelecypod that commonly measures 10 to 15 

centimeters in diameter. Because of its size and shape, 

it is easily recognized in the field. The distribution of 

this pelecypod is restricted and somewhat perplexing. 

First, Andrewina is found only in the lagoonal environ

ment, and second, it is found only on the western side of 

the lagoon (Figure 31). Sediments associated with this 

pelecypod are typically fine-grained and contain numerous 

Foraminifera, indicating deposition in areas of low 

energy. However, based on the sturdy construction of the 

pelecypod shell, a high-energy environment might be 

expected. The reason for large accumulations of Andrewina 

on the western side of the lagoon is unknown. Apparently 

the shells were not transported before deposition as both 

valves are normally found together. It is therefore 
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assumed that living conditions in the western part of the 

lagoon were more favorable for the development of the 

Andrewind community. This is the' only evidence that 

indicates any major differences in lagoonal environments 

from the east to the west. 

Limestones from the ancient lagoonal area are 

typified by samples 2-3/R-16, 2-3/R-17, 2-3/R-18, 

2-3/R-20, and Q-l/R-38. These samples are micritic, 

skeletal limestones with as much as 90 percent micrite. 

The fossil fauna consists of molluscs, Foraminifera, and 

minor ciuaiititios of sponge spicules. The overall texture 

and fossil content indicates deposition in an environment 

of soft, very fine-grained, carbonate sand and low energy. 

A similar environment can be found on the barren sand 

bottom of the modern lagoon. 

Paleoenvironments During Pliocene Time 

Based on the reports of Milliman and Supko (1968), 

Burgl (1961), Quintero and Burgl (1960), and Diezeman 

and Delgado (1956), rocks of Pliocene age are not exposed 

on San Andres Island. 

A lowering of sea level, or maximum uplift of the 

area, probably occurred during Pliocene time. This would 

conform to the tectonic trend set during Miocene time, 

/As a result of continued uplift, the island/reef complex 

(of Miocene age) was subjected to subaerial weathering. 
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Although no evidence has been found, it is probable that 

reefs developed on the flanks of the island mass during 

Pliocene time, and are possibly present in the subsurface 

of the area (Figure 32). At the surface. Pliocene time 

is represented by an unconformity. Subaerial weathering 

appears to have formed a red soil cover on the exposed 

surface. Subsequent erosion, probably during Pleistocene 

time, removed most of this soil material. However, 

remnants of the phosphatic soil can be found throughout 

the area. A very good example can be seen on top of 

North Cliff, a prominent, 50 meter high cliff made of 

Miocene-age limestones. The soil has been preserved in 

solution cavities in the upper portion of this limestone 

(Figure 33). The deposits have been eroded (post-

Pliocene) and only lithified remnants of the soil cover 

remain. Based on X-ray fluorescence analyses, the 

samples were found to consist primarily of calcium 

phosphate. Combining petrographic. X-ray diffraction, 

and X-ray fluorescence data, most of the samples were 

found to be part of a diagenetic sequence. Apparently 

the sequence begins with a weathered, red, calcium 

carbonate soil. With continued exposure to the marine 

environment (in the surf zone) the calcium carbonate is 

replaced by phosphates. Samples were found which range 

from almost 100 percent low Mg calcite to 100 percent 

calcium phosphate. It was also noted that as the calcite 
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Figure 33. 

Lithified soil deposits at North Cliff. 

1. Diagrammatic cross section of the North Cliff 

area showing lithified soil deposits. 

2. Surface exposure at North Cliff. Arrows indicate 

lithified soils. Note Pleistocene solution cavity. 

3. A photomicrograph of the lithified soil from 

North Cliff. The sample is silicified. 

4. A photomicrograph of an individual oolite from 

soil sample 3-1/R-30. 
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was removed, trace elements, such as titanium, iron, and 

potassium, increased. The only conceivable sources for 

these elements are sea water and organic debris. These 

soils can be found forming along the present western 

shore line of the island, and as fossil soils between 

rocks of probable Miocene and Pleistocene age. 

Additional evidence for the presence of an 

unconformity between these rocks are: 

1) Deposits of Miocene age typically dip at 20° to 

25°, whereas units of Pleistocene age dip at 5° to 10°. 

2) Surface streams disappear at the Miocene/Pleisto

cene contact and become part of the groundwater system 

in the area. 

3) No fossils of Pliocene age have been reported 

from the island area. 

Paleoenvironments During Pleistocene Time 

Pleistocene time can be divided into four major 

periods of glaciation, and corresponding periods of 

interglaciation: 

A) Recent 

1) Wisconsin. ,, 

B) Sangamon 

2) Illinoian ,.,,,,,. 

C) Yarmouth 

3) Kansan,..,.,...,..,,,... 
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D) Aftonian 

4) Nebraskan 

Because of glacial activity, there were considerable 

fluctuations of sea level on a world-wide basis. 

The environmental history of the San Andres area, 

during Pleistocene time, is extremely complex. Changes 

in sea level are indicated by the presence of wave-cut 

terraces,> cliffs, and notches throughout the area. It 

is beyond the scope and purpose of this report to try to 

determine the exact ages and stratigraphic correlations 

of deposits of Pleistocene age. No attempt has been 

made to correlate Pleistocene age units from San Andres 

with any standard sections of other areas. 

"The Pleistocene" history of the San Andres area 

will be described on the basis of observed strandlines 

and "phases" of sea-level fluctuation. 

Milliman and Supko (1968) reported a -400 meter 

platform (Phase 1) on the basis of a bathymetric survey 

(Figure 2). According to these authors: "This -400 

meter level is pronounded throughout the entire area and 

may represent the remnants of wave-cut volcanoes." 

The Phase 2 strandline is a set of wave-cut cliffs, 

at a depth of approximately -50 meters, on the west side 

of the island. These cliffs have been verified by aerial 
I 

photographs (Figure 34), 

Phase 3 is represented by a well-defined, wave-cut 
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cliff at a depth of -5 meters. This cliff is charac

terized by minor wave-cut notches and ledges which are 

commonly less than 50 centimeters wide. Corresponding to 

the -5 meter cliff top, on the west side of the island, 

is the back reef platform on the east side of the island. 

Figure 35 shows the proposed land distribution during 

Phase 3 of Pleistocene time. 

Phase 4 is represented by a poorly-defined terrace 

at an elevation of 20 to 25 meters above sea level. 

Evidence for the Phase 4 sea-level fluctuation is rare 

and can be found primarily in the following areas: 

North Cliff, May's Cliff, South Hill, and The Cove. This 

terrace has probably been eroded and nearly obliterated 

by subsequent higher stands of sea level (i.e. Phase 5). 

There is another very well-developed terrace and 

cliff combination between 45 and 55 meters above sea 

level. This strandline will be referred to as Phase 5. 

The erosional effects of the Phase 5 sea level are 

diagnostic, and a 50 meter terrace can be traced through

out the island area. During this interval of Pleistocene 

time, the Miocene lagoon area was extensively eroded. 

Cliffs were cut around its margins and the tops of the 

patch reefs were truncated. Figure 36 shows the proposed 

shore line during the period of Phase 5. 

During Phase 6, of Pleistocene time, extensive 

deposits were developed around the periphery of San 
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Figure 35. The proposed shoreline during Phase 3 of 

Pleistocene time. 
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Figure 36. The proposed shoreline during Phase 5 of 

Pleistocene time. 
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Andres Island. Sea level, of that time, is represented 

by a terrace at 10 to 15 meters above present sea level. 

It appears that during Phase 6, there was extensive reef 

development along the west coast of the island. The 

position of the main reef corresponds to the present 

shore line. Figure 37 shows the distribution of environ

ments during Phase 6 of Pleistocene time. 

Based on paleontologic evidence, the main frame 

builders of the Phase 6 reef y^ere Millipora aomplanata 

and Aoropora patmata. The distribution of the fossils 

in these deposits indicates that prevailing winds were 

probably from the west or northwest. The following 

evidence is offered in support of this statement: 

1) A fringing reef developed on the west side of 

the island, 

2) Extensive rubble deposits can be found on the 

eastern (or island) side of the fossil reef. 

3) Typical back reef platform deposits can also 

be found on the eastern side of the fossil reef. 

4) Remnants of spur and groove structure are common 

on the western side of the reef. These structures are 

oriented in a west to northwest direction. 

In the fossil back reef environment (Phase 6), fossils 

similar to the modern back reef fauna can be found. For 

example, a typical faunal assemblage of the modern back 

reef is Aoropora patmata and Diptoria atrigoaa on a 
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rubble bottom (refer to Figure 16). This same assemblage 

can be found in the fossil, back reef zone of Phase 6 

(Figure 38). In addition, extensive fossil, reef-rubble 

deposits were apparently developed during this same time 

period (Figure 38). The back reef platform is charac

terized by numerous, isolated, zoantharian corals such as: 

Montastrea annularis^ M. aavernosa^ Diploris strigosa^ 

Porites porites, and Aaropora patmhta. Strombus gigas, 

a large gastropod, is also a common fossil in this area. 

The shore zone, along the 10 meter terrace, is 

marked by two, diagnostic deposits: 1) beachrock and 2) 

wave-cut notches with well-developed, algal ledges. 

The best example of the Phase 6 beachrock deposits 

can be found at the north end of the island in a quarry 

near the airport. This deposit (Figure 39) consists of 

large pebbles and cobbles of limestone and dolomite, 

(derived from erosion of Miocene age rocks), and a 

coarse-grained sand consisting of shell and rock 

fragments (sample 18/R-87br) cemented by low Mg calcite. 

The beachrock deposit is about one meter thick and 8 to 

10 meters wide. The unit strikes in a northeast direc

tion and dips to the northwest at 5° to 10°. 

In observing the distribution of beachrock in the 

modern environment of San Andres, deposits are found only 

on the windward side of barriers, in a high-energy 

environment and relatively close to a major reef. 
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Figure 38. 

Fossil deposits of the Phase 6 back reef environment. 

1. A back reeĵ  platform, patch reef. Note the presence of 

fossil colonies of Diptoria strigosa and Aaropora patmata. 

Refer to Figure 16 for the correlative modern environment, 

2. A close-up photograph of fossil rubble deposits. 

3. Fossil rubble deposits of Pleistocene age. 
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Acropora paimata 

Diploria strigosa 
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Figure 39. 

Phase 6 beachrock deposits of Pleistocene age. 

1. Beachrock deposits cropping out in a quarry near the 

airport. 

2. Polished block of beachrock sample S.A.-71/R-87br. 

3. Photomicrograph of S.A.-71/R-87br. Note micritized 

grains (M) and low Mg calcite cement (C). One scale 

unit = 0.042 mm. 

4. Photomicrograph of calcite cement (C). One scale 

unit » 0.011 mm. 

•J. : : • • [ . . 
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Examples are: 1) the east side of Johnny Cay (Figure 12), 

2) the east side of Rose Cay, and 3) along the eastern 

beach of the main island, south of San Luis (Figure 11). 

These orientations indicate that the position of beach

rock deposits may be determined by the direction of pre

vailing winds. If this assumption is correct, then the 

position of Phase 6 beachrock deposits indicates that 

prevailing winds, during that time, were from the north

west rather than directly from the west. This wind 

direction is also supported by the general shape of the 

Phase 6 reef (Figure 37), which is well developed at the 

''north end of the island. 

The second important, shore-zone deposit along the 

Phase 6 strandline is best exposed at May's Cliff 

(Figure 40). Sedimentary units, of Pleistocene age, have 

been deposited at the base of the cliff. Corresponding 

to the 10 meter terrace is a well-developed, wave-cut 

notch. I^ addition, there is a coralline/algal ledge 

approximately 3 meters wide (Figure 40). The origin of 

this deposit appears to be complex. The following 

sequence of events probably accounts for its presence: 

1) Massive coral heads (Figure 40) developed at 

the base of the cliff during high, sea-level stands (i.e. 

Phases 4 and 5). The fauna and growth relationships 

correlate very well with Zone III of the modern leeward 

environments. 



107 



/ 
/ 

Figure 40. 

Phase 6 shore zone deposits at May's Cliff. 

1. May's Cliff, showing position of Miocene (M) and 

Pleistocene (P) deposits. 

2. The Phase 6 wave-cut notch and corresponding ledge. 

3. Block of Lithothamnion limestone from the Phase 6 

ledge. 

4. Cross section of the eroded ledge showing large coral 

colonies (C) covered by tho alga Lithothamnion (A). 
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2) During the period of Phases 5 and 6, sea level 

was lowered. 

.3) The 10 meter terrace developed. During Phase 6, 

a wave-cut notch was formed, and the massive corals were 

eroded. As in the modern environment, colonies of 

encrusting Lithothamnion alga developed in the surf zone. 

This algal growth (Figure 40) protected the coralline 

substrate from subsequent erosion, and a distinct ledge 

was formed. 

Lower sea levels have since eroded many of the Phase 

6 deposits. Phase 7 is represented by a terrace 2 meters 

above sea level. This terrace truncates the Phase 6 

reef deposits along the present shore line and forms a 

distinct platform. 

Phase 8 is represented by the present sea level and 

shore line. '' 

Prevailing winds probably began to shift from the 

west to the northwest during Pleistocene time, and 

subsequent migration in an eastward direction may be 

supported by the modern reef configuration. There are 

extensive submarine reef "remnants" at the north end of 

San Andres Island that are locally referred to as "The 

Blowing Rocks." These coralline, limestone deposits do 

not appear to correlate with any of the reef deposits 
// 

thus far discussed. At present, these giant pinnacles 

of coralline limestone support a very restricted coral 
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fauna, and show no signs of true reef growth. Most of 

the pinnacles are 10 to 15 meters high and 10 to 20 meters 

wide. Thfese pinnacles probably represent the "parent" 

reef of the modern reefs developed on the east side of 

San Andreis. If this assumption is correct, then the 

prevailing winds probably shifted from northwest to north, 

giving rise to reef development in the area of "The 

Blowing Rocks" during Pleistocene time. 

As wks pointed out earlier in this report, the 

modern reisfs appear to be older and less active toward 

their northern end. This situation might, therefore, 

support the migration of the prevailing wind direction 

from the riorth to the northeast and east. 



CLASSIFICATION AND CHARACTERISTICS OF THE DIAGENETIC 
ENVIRONMENTS OF SAN ANDRES ISLAND 

General Geochemistry 

Diagenesis, as defined by Chilingar, Bissel, and 

Wolf (196,6), " . . .includes all physicochemical, 

biochemical and physical processes modifying sediments 

between deposition and lithification at low temperatures 

and pressures characteristic of surface and near-surface 

environments." This definition can be restated as: 

" . . .diagenesis in its broad sense includes mineralogi-

cal, textural, fabric, and geochemical changes at low 

temperatures and pressures," (Gavish and Friedman, 1969). 

Before diagenetic processes can be adequately 

discussed, it is necessary to establish an understanding 

of general carbonate geochemistry and, in particular, 

the geochemical system in which precipitation of aragonite, 

calcite, and dolomite occur. In this system, aragonite 

is the least stable, and dolomite is the most stable 

member at. standard temperatures and pressures. The 

calcite phase may be divided into two groups, the low 

Mg calcites (less than 10 mole percent MgCO_) and the 
7 
high Mg calcites (greater than 10 mole percent MgCO^). 

According;to Friedman (1964), Cloud (1962), Land (1967), 

and Gavish and Friedman (1969), under normal marine 

conditions high Mg calcite is unstable and readily loses 

magnesium ions to form more-stable low Mg calcite. There 
I 
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is some disagreement among many authors as to the order 

of mineral stability, but for simplicity the following 

sequence of stability will be used: 

. 1. Aragonite (least stable). 

,2. High Mg calcite. 

: 3. Low Mg calcite. 

, 4. Dolomite (most stable). 

According to Cloud (1962), with reference to marine 

carbonate deposition, the saturation of CaCO, in solution 

may be increased by the following,factors: 

1. Increased temperature. 

; 2. Increased concentrations. 

, 3. Increased alkalinity at a fixed pH. 

i 4. Increased pH. i 

1 5. Accelerated photosynthesis. 

. 6. Decreased pressure. 

These factors, in addition to causing high saturations, 

also favor initial precipitation of aragonite (the more-

soluble, unstable polymorph) (Cloud, 1962). This 

sequence of precipitation from a given solution is well 

explained by Cloud: "Equilibration of a solution that 

is supersaturated with respect to polymorphs of the same 

substance, tends to take place by the smallest possible, 

successive energy losses, or through successively lower 

energy phases. Aragonite is the expected precipitate 

from solutions that compute to be:supersaturated for both 
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calcite and aragonite; only calcite should form between 

the saturation levels for the two mineral specimens." 

(Cloud, 1962). 

Stabilization of aragonite tô  calcite can be 

affected by external agents. For example, the rate of 

stabilization is not constant and depends on the chemical 

environment. According to Cloud (1962) and Matthews 

(1968) , ai-agonite which remains in, contact with fluids of 

similar chemistry to those from which the mineral precipi

tated will not stabilize to calcite. Aragonite may 

therefore be preserved as an unaltered mineral (Folk, 

1959). The aragonite may subsequently be subjected to 

environments which are not of a "normal" marine type. 

Aragonite may be exposed in the subaerial environment at 

which time stabilization to calcite may occur (Friedman, 

1964; Matthews, 1968). If unstable, aragonite Is placed 

in a frosh-wator environment (or fluid low in Ca and 

CO5), then dissolution is the probable result. Inter

action of aragonite with solutions high in Mg may result 

in dolomitization by the following reactions: 

CaCO^ + Mg""* + CO3 = CaMg(C03)2 (Lippman, 1968), 

or 

2CaC03 + Mg'"'' = CaMg(C03)2 + Ca*"̂  (Friedman and 

Sanders, 1967). Free-energy calculations confirm that 

dolomite formation is favored in both reactions. Because 

aragonite is an unstable, higher-energy polymorph, it can 
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contribute more energy to the reaction than calcite. 

Based on available energy, aragonite is therefore a 

more favorable site for dolomitiza;tion than is stable 
' / • • . • 

calcite (Cloud, 1962). 

As mentioned earlier, high Mg calcite is unstable 

and under "normal" conditions tends to stabilize to low 

Mg calcite. According to Land (1967) and Friedman (1964), 

this stabilization occurs by the removal of Mg from the 

lattice structure of the calcite (molecular leaching). 

Magnesium will be removed from the calcite structure only 

if surrounding fluids are deficient in magnesium ions. 

If the fluids have a high Mg content, dolomite forma

tion should be favored rather than calcite formation 

(Fairbridge, 1967). If low Mg calcite (or aragonite) is 

subjected to a fluid high in Mg and Ca , the predicted 

result is dolomite formation (Lippman, 1968; Friedman 

and Sanders, 1967; E-An Zen, 1953; and Berner, 1966.) 

However, if the solution is high in Mg but low in 

Ca , aragonite and calcite may be unstable in the system 

and become leached. 

Chemical behavior of carbonate polymorphs may be 

explained by approaching the problem from the standpoint, 

of equilibrium. In a fluid system with a high Mg and 

Ca"*"* cone e,nt rat ion, the high Mg calcite is closer to 

equilibrium than the low Mg calcite or aragonite and 

therefore more stable. However, in a low Mg system the 
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opposite is true. It should ,be nqted at this point that 

Mg /Ca ratios are meaningless unless values of the 

solubility products are considered. According to Cloud 

(1962), the solubility product designates the ionic 

concentration above which precipitation of a given 

mineral will occur. Therefore, a solution may have a 

high Mg to Ca ratio but still be saturated or super

saturated with calcite. 

Generally, marine carbonate sediments are deposited 

as aragonite or high Mg calcite with minor amounts of low 

Mg calcite. The trend of stabilization is therefore 

toward low Mg calcite and dolomite (Folk, 1959; Cloud, 

1962; Frifedman, 1964; and Gavish and Friedman, 1969). A 

mineral may stabilize in a number of ways. In order to 

alleviate confusion, terminology has been limited to 

four basic typos of stabilization. 

1) Inversion, as used in this report, refers to a 

change from an unstable crystal lattice structure to one 

of more stability, without a change in overall composi

tion or general morphology. Many authors suggest that 

inversion is an important stabilization process (Folk, 

1959; Land, 1964; and Friedman, 1967). Using the pro

posed definition, inversion would apply only to neomorphic 

calcite after aragonite. 

2) Recrystallization, as defined by Folk, 1959; and 

Fairbridgp (1967), is a process in which overall crystal 
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to crystal texture changes without change in general 

composition. Crystal size may increase (aggrading 

recrystallization) or it may decrease (degrading recrys

tallization) (Folk, 1959). If degraded crystals become 

small enough (less than 4 microns), then a more useful 

term is "micritization." As a result of aggrading recrys

tallization, a micritic matrix may recrystallize to form 

a mosaic texture. Generally, recrystallization processes 

tend to destroy fossils and grain boundaries. However, 
'i » 

remnants of the structures can usually be observed in 

thin section. 

3) Replacement, as used hero, can occur by two basic 

methods: Ionic substitution or dissolution/precipitation. 

Ionic substitution (or ion removal) may be exemplified 

by the stabilization of high Mg calcite. In this case, 

magnesium ions are removed or leached from the calcite 

lattice and replaced by calcium ions, thereby forming 

stable, Ipw Mg calcite. This same process may also be 

employed in formation of dolomite as indicated by the 

. following.equation: 

2CaC03 + Mg"̂ "" = CaMg(C03)2 + Ca*"". 

The second process of replacement is dissolution/pre

cipitation. This is defined as: Penecontemporaneous 

removal ot one mineral and growth or precipitation of 

another in its place. Both types ,of replacement may 
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have several possible results: 1) Original crystal 

morphology may be reserved, with a change in chemical 

composition. For example, calcitic fossils can be 

replaced by dolomite, with preservation of the fossil 

structure. There is essentially no change in texture 

("paramorphic dolomite" after Friedman, 1964). 2) Both 

original composition and crystal morphology may change 

("neomorphic replacement" after Folk, 1959). 3) Crystal 

morphology may change but the composition may remain the 

same. The second and third results are characterized 

by destruction of fossil structures. In comparing recrys

tallization with replacement, it is helpful to visualize 

the first pi'ocess as a closed system, with no appreciable 

loss or gain of materials, simply a rearrangement of 

molecules. On the other hand, replacement processes 

require the addition of materials from outside the system, 

The following equations demonstrate the differences: 

Recrystallization, 

Crystal A + Energy • Crystal B 
CaCO, CaCO 3 

Replacement, 

Crystal A + CaCO^ = Crystal B 
CaCOj 'solution ""'"""s 

or 

;/ 
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CaCOj + MgCOj = CaMg (003)2 

solid solution solid 

and 

++ 
2CaC03 "• ^S = CaMg(C03)2 "̂  ^^ ' 

4) Primary precipitation is probably one of the 

most important processes of stabilization and diagenesis. 

Primary precipitation refers to the independent growth of 

a mineral crystal from a nucleus. This crystal growth 

is a function of the parent solution, which may precipi

tate aragonite, high or low Mg calcite, or dolomite. 

Normally, the least stable minerals are of an early 

diagenetic origin and eventually stabilize. The low Mg 

calcite and dolomite, however, may be either early or 

late diagenetic forms. These two minerals are dominant 

pore fillings. 

Porosity 

Porosity, in carbonate rocks, may be of two types: 

primary or secondary. Primary porosity, or primary 

voids, are generally inter or intragranular spaces and 

form at the time of sediment deposition or during diagene

sis. The degree of primary porosity is inversely propor

tional to compaction and the micrite to grain ratio. 

Therefore, a low mud content will be assumed for most 

examples used in the general discussion of porosity. 
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Examples of primary voids are: 

1) Voids between adjacent grains (intergranular). 

2) The internal cavities of invertebrate shells 

(intragranular). 

3) Internal voids in the branches of lime-secreting 

algae (i.e. Hatimeda). 

4) Air bubbles entrapped in sediment. 

5) Animal burrows. 

The development of secondary jporosity is complex and 

occurs in several forms. Secondary voids may be divided 

into three major types: intercrystalline spaces, 

fractures^ and dissolution cavities. 

Dissolution is probably the most important cause of 

limestone'porosity and may occur by two principal 

mechanisms. During diagenesis sediments may be subjected 

to fluids which are unsaturated with aragonite or calcite 

(i.e. frefeh water in the subaerial environment). The 

result of this interaction is dissolution of the unstable 

aragonite and probable molecular leaching of high Mg 

calcite. Matthews (1968) describes this mechanism based 

on his investigations of the island of Barbados. He 

states that if unsaturated solutions rapidly pass through 

an unstable sediment, aragonite will be dissolved. If 

the solutions are slow moving, dissolution/precipitation 

of calcite after aragonite may occur. Matthews suggests 

that micritic matrix will tend to stabilize to low Mg 

/ 
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calcite quickly, resulting in larger, aragonitic grains 

surrounded by a stable, low Mg calcite matrix. Subse

quent dissolution of the aragonite will result in the 

formation!of secondary porosity. 

If groundwater solutions have an acidic pH, then 

wholesale limestone dissolution may occur. Large-scale 

dissolution can be observed in areas of karst development, 

and both stable and unstable minerals are removed. The 

process is generally a late diagenetic phenomenon. 

Fracturing is only of local importance and has little 

bearing on the problem of general porosity. Fractures may 

result frim major faulting, weathering, or compaction. 

Intetcrystalline porosity, according to Murray 

(1960), is very important in formation of petroleum 

reservoirs. Intercrystalline porosity is of particular 

importance in areas of dolomitization. When calcite 

sediments are dolomitized, disregarding compaction, there 

is approximately a 13 percent loss in rock volume (Weyl, 

1960). This change in volume is attributed to the 

smaller, ionic radius of Mg as compared to Ca 

According^to Murray (1960), sucrosic dolomite is the most 

importantitexture controlling oil and gas accumulation. . 

Intercrystalline porosity occurs when euhedral or subhedral 

crystals are only slightly welded at points of contact 

(Murray, 1960). 

The filling of pores by mineral material is one of 
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the major controlling factors of porosity. Crystal growth 

within the pore is directly related to the chemistry of 

the pore fluid occupying the void, and changes in pore-

fluid chemistry alter the crystallization process. 

Mineral precipitation in a void can be of two types: 

continuous precipitation and discontinuous precipitation. 

Assuming an initial fluid, supersaturated with aragonite 

and calcite (or a Ca system), it Is easy to derive a 

crystallization sequence for filling the pore space. If 

the pore and solution remain uninfluenced throughout the 

crystallization process by chemical conditions outside the 

system, tl̂ en a continuous precipitation sequence will 

result, ^s discussed earlier, under "normal" mineral-

forming conditions in sea water, aragonite will precipi

tate from the solution first, followed by calcite (Cloud, 

1962) . Wl̂ en the ionic concentration of the solution drops 

below the solubility product of aragonite then only 

calcite wî ll precipitate. Crystal' size may also be 

related to the saturation level of the solution. When a 

solution is supersaturated it can be considered as 

unstable (in disequilibrium), and the higher the super-

saturation, the greater the instability. In nature, the 

tendency is toward equilibrium. Therefore, given adequate 

chemical conditions, crystallization will occur. The 

degree of disequilibrium will exert a large "driving 

force" and the rate of crystallization will be rapid. The 
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rapid crystallization results in the formation of small 

crystals. As the solution approaches equilibrium and 

the "driving force" decreases, the rate of crystalli

zation decreases. Slow crystal growth results in forma-

tion of large crystals, A pore filled by the process of 

continuous mineral precipitation will be lined by small 

crystals ,1, and the crystal size will progressively 

increase toward the center of the void. The end result 

of this process is the complete filling of the pore 

space. 

Discontinuous precipitation is more complex and is 

controlled by changes in the pore-fluid chemistry or 

removal of the fluids. If a limestone is elevated above 

the water table, then pore fluids can be drained and 

mineral precipitation terminated. To carry this process 

a step further, the drained limestones can be subjected 

to "rinsing." For example, pores and capillaries may be 

"flushed"'with fresh water. This process would probably 

result in dissolution, leaching, and development of 

secondary'voids. Matthews (1968) suggests that rapid 

movement of unsaturated ground waters is a major cause of 

secondary porosity. Sea water may pass through a lime

stone and, depending on the chemistry of the water, 

flooding of a limestone may result in rejuvenation of 

mineral precipitation. 

Below the water table, pore fluids may be greatly 
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affected by overall changes in the chemical system. At 

this point, it is necessary to define the chemical 

systems on the basis of Ca and Mg . We can assume for 

the sake of simplicity that there is adequate COZ in the 

system, and that all other chemicial parameters (i.e. pH, 

PCO2, S /oo, etc.) are variable. The chemical systems 

of primary importance are those of: high Ca , high 

Mg , and low Ca and Mg . These systems favor calcite 

formation, dolomite formation, and dissolution, respec

tively. The "normal" pore fluid in a carbonate area would 

probably be in the Ca system, with continuous mineral 

precipitation. If ground water continually supplies new 

concentrations of Ca to the system, the expected result 

would be pores with non-continuous, crystal growth. This 

can be exemplified by a pore with alternating layers of 

different size crystals. As discussed earlier, if the 

limestone is subjected to a fresh-water environment (low 

Ca and Mg ), then dissolution is the expected 

response. Pore-fluid chemistry can be greatly altered 

by simple dilution. 
++ 

If ground waters carry a high Mg concentration, 

then dolomitization can be expected, as expressed by the 

following equations: 

1) 2CaC0, + Mg** = CaMg(CO-)- + Ca** (Friedman and 
3 3 z Sander s , 1967) . 

2) CaCOj + Mg** + CO3 = CaMg(C03)2 (Lippman, 1968) . 
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3) aCaCOj + MgCOjg^ - CaMg(C03)2 + CaCOj^^ (B-An Zen, 
X J O ^ J 9 

and 

^'^ ^*^°3aq * ^8^°3aq " CaMg(C03)2 or, 

5) Ca** + Mg** + 2C0. = CaMg(CO,)^ (Kramer, 1959). 
3-'2 

++ .. ++ A good source for Ca or Mg is found in early dissolu

tion of unstable aragonite and high Mg calcite. Ground

water chemistry can therefore be greatly affected by the 

dissolution process. 

It should be noted that these proposed systems may 

be terminated at any time by fluctuating of the water 

table level or changes in the general water chemistry. 

Conversely, the systems can also be rejuvenated. 

Nucleation and Crystal Foundations 

According to many authors, nucleation, or an 

adequate seeding site, must be considered if carbonate 

precipitation is to occur (Friedman, 1964; and Matthews, 

1968). Aragonite, being an unstable mineral, tends to 

precipitate "easily" from solution (Cloud, 1962). 

Apparently this mineral can nucleate on any available 

surface. This can be observed in thin sections of 

beachrock and lithified soils from the San Andres Island 

area, Micritic sediments also yield suitable nuclea

tion sites for aragonite crystallization. 
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The stable, low Mg calcite seems to be more selec

tive, and crystallization commonly occurs on foundations 

of micrite or stabilized, calcite grains. Low Mg calcite 

also occurs as a product of inversion or dissolution/ 

precipitation after aragonite. Dissolution/precipitation 

is probably the most common process. At the point of 

calcite precipitation, the solution should be unsaturated 

with aragonite. The result is aragonite dissolution 

and penecontemporaneous precipitation of calcite. 

Examples of calcite crystallization on dolomite have also 

been found at San Andres, but aragonite precipitation was 

probably the first step in the calcite seeding process. 

Dolomite precipitation poses a somewhat different 

problem. Replacement of pre-existing minerals (aragonite 

and calcite) is probably the most common process of 

dolomite formation. However, examples have been found 

where dolomite has apparently nucleated on high and low 

Mg calcite or on pre-existing dolomite crystals. Accord

ing to Berner (1966), there can be a mole-for-mole cation 

exchange between carbonate grains and aqueous solutions 

carrying Mg**. Berner suggests that this exchange takes 

place only at the grain/solution interface, and by the 

following equation: 

Mg** + Ca = Ca** + Mg 
*^ (g.rain surface) (grain surface) 
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The result of the proposed process is the formation of a 

thin-grain coating composed of high Mg calcite/ proto-

dolomite, or dolomite. This situation could easily give 

rise to a nucleation site for the subsequent precipita

tion of dolomite crystals. 

Chemical Analyses of Sediments from San Andres 

Marine sediments from the San Andres Island area 

were analyzed by X-ray diffraction methods and relative 

percentages of aragonite, high Mg calcite, and low Mg 

calcite were determined. The sediments were found to 

have an average composition of 70 percent aragonite, 30 

percent high Mg calcite, and 0 percent low Mg calcite. 

However, beach sands were found to contain as much as 

32 percent low Mg calcite, with an average of 10 percent 

low Mg calcite, 22 percent high Mg calcite, and 68 percent 

aragonite. Figure 41 represents the compositional 

distribution of these sediments. The samples indicated 

in Figure 41 may be separated into four classes: 

1) Subtidal sediments. 

2) Beach or near shore sands. 

3) Beach rock. 

4) Limestone deposits of late Pleistocene age. 

Sediments that show no evidence of subaerial exposure 

are considered to be subtidal. Generally, these samples 

consist of the top few inches of lagoonal or near-reef 
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High Mg. Calcite 

Aragonite 
* ' Subtidal Sediments 

^ Beach 8 Near Shore Sediments 

** Beachrock 

° Limestone of Pleistocene Age. 

Low Mg. Calcite 

Figure 41. Compositional distribution of sediment and 

limestone samples from San Andres Island. 
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sediments. Beach and near shore sands are subaerlally 

exposed or contaminated by detrital, low Mg calcite 

derived from older limestones. Beachrock and deposits 

of Late Pleistocene age are in some phase of early 

diagenesis and are lithified. 

those four catagorlcs may bo grouped as shown in 

Figure 41. As might be expected, the tendency is for 

conversion to low Mg calcite with respect to age. It 

should be noted that low Mg calcite was found only in 

the near shore areas where there is a good possibility 

of subaerial exposure. 

No dolomite was found in any of the sediment samples 

collected in the San Andres area. However, high Mg 

calcite may contain up to 20 mole percent MgCO- in many 

areas. Figure 42 shows the distribution of MgCOj based 

on mole percent in high Mg calcite. It is interesting to 

note that two anomalous areas exist within the reef 

complex, the "turtle grass" zone and the main reef tract. 

These high concentrations of MgCO- can probably be 

explained by the presence of Goniotithon and the echinoid 

Lyteohinua^. Schroeder and others (1969) reported high 

magnesium concentrations in the test of Lyteohinua (up to 

43.5 mole percent MgCO_). Even though this high percent 

is localized in the echinoid test, its presence indicates 

an ability to concentrate magnesium. According to 

Schmalz (1965), the red alga, Goniolithon may contain up 
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to 18 mole percent MgC03 (by X-ray analysis) and minor 

amounts of brucite (Mg(0H)2) . Weber (1965) states 

that approximately 5 percent of the algal structure is 

brucite. The presence of high magnesium concentrations 

is significant, in that it is now possible to show a 

good source for Mg in groundwater solutions. 

The Diagenetic Sequence at San Andres 

The diagenetic sequence of carbonate rocks must 

begin with deposition. In the following proposed 

system, two types of original deposition have been 

recognized: 1) grains alone, and 2) grains with a "mud" 

matrix. Based on petrographic observations of samples 

from the San Andres area, the first step in lithification 

will be referred to as "initial" cementation. This early 

diagenetic stage may occur as either subaerial or sub

marine lithification. Submarine lithification only occurs 

locally and is probably of minor importance in the over

all diagenetic sequence at San Andres. 

Initial cementation, in the subaerial environment, 

appears to occur by the following steps: 

1) Micrite envelopes form around grains 

(Figure 43). 

2) Grain boundaries touch and become welded 

(Figure 43). 

/ 3) Microcrystalline aragonite begins to 

precipitate between grains (Figure 43), 
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Figure 43. 

Initial cementation of intertidal sediments. 

- Photomicrographs -

1. Cementation by grain welding and precipitation of 

microcrystalline aragonite. 

2. Welded grains with well-developed, micritic envelopes. 

Note needle-like aragonite cement (sample R-61, one scale 

unit = .011 mm). 

3. A gastropod filled with aragonite cement. Note loss 

of needle-like structure (one scale unit = .011 mm). 

4. Beachrock sample R-61. Note the general texture (one 

scale unit • .09 mm). 
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Figure 44. 

Initial cementation by aragonite. 

1. Beachrock sample R-61. Note extensive aragonite cement 

and well-developed micritic envelopes (one scale unit » 

.042 mm). 

2. Mollusc shell with well-developed, needle-like, 

aragonite crystals (one scale unit = .011 mm). 

3. A gastropod partially filled with aragonite (one scale 

unit = .0275 mm). 

4. A foraminiferal test lined with aragonite crystals 

(one scale unit = ,011 mm). 



134 



135 

(4) Needle-like, aragonite crystals form in voids 

and may completely fill the pore spaces. The complete 

filling of a void tends to obliterate the needle-like 

structure. Aragonite precipitation in beachrock deposits 

(Figure 44) has been reported by several investigators 

(Ginsburg, 1953; Friedman, 1968; and Gavish and Friedman, 

1969). When the sediment is a combination of grain and 

micritic matrix, the formation of a micritic cement is 

not observable due to the fine-grained texture of both 

the cement and matrix material. The mechanism of cementa-

tion is probably a combination of pore-fluid chemistry 

(aragonite cementation) and solid-state reactions 

(fussion of grain boundaries). If initial cementation 

goes to completion, the probable result is grain material 

cemented by a microcrystalline cement (Figure 43). 

Primary voids may or may not be present, depending on 

the extent of cementation. 

After initial cementation, the diagenetic history of 

a sample may become complicated. Diagenesis seems to 

be controlled primarily by two factors: 1) the velocity 

of water migrating through the rock material (Matthews, 

1968), and 2) the chemistry of the pore fluid. According 

to Matthews, if the velocity of the ground water is too 

high, minerals such as aragonite will be dissolved and 

nothing will be precipitated in their place. The result 

is the formation of secondary voids by the removal of 

• : ! • / ' 

'':/ -
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unstable shell material. The chemistry of the pore fluid 

is dependent on many variables (i.e. temperature, pH, 

Eh, S /oo, etc.), but the two most important variables 

are probably general, groundwater chemistry (ionic con

centrations) and the surrounding, grain/matrix material 

of the rock. 

Ground water, migrating through rock material, affects 

the chemistry of the pore fluid by either increasing or 

decreasing concentrations of constituent ions. Ionic 

concentrations in pore fluid can also be affected by 

chemical dissolution of surrounding grain material, 

thereby contributing additional ionic constituents to 

the system. The composition of the pore fluid is 

apparently the primary, controlling factor of diagenetic 

chemistry and rates of reactions within the pore spaces. 

As discussed earlier, three situations may arise which 

greatly affect the diagenesis of the sample: 

1) Pore fluid rich in Ca 
++ + + 

2) Pore fluid low in Ca and Mg 

3) Pore fluid rich in Mg 

After initial cementation and continued subaerial 

exposure, the unstable mineral aragonite begins convert

ing to a more stable calcite. It is probable that this 

conversion fijrst occurs in the finer-grained materials, 

such as micritic matrix or aragonite particles carried 

in suspension. The rate of conversion is not known, but 
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several investigators (Folk, 1959; Land, 1967; and 

Gavish and Frie4man, 1969) have reported short, geologic 

time intervals in which the reaction takes place. This 

conversion may be a result of either inversion or chemical 

dissolution of aragonite with corresponding precipitation 

of calcite. 

The following proposed sequence has been observed 

in samples from the San Andres area and corresponds to 

the Ca rich, pore-fluid system of development. 

1) After initial cementation, a crust of 

calcite develops (Figure 45) and grows either into 

primary or secondary voids. Calcite crystals, making the» 

crust, are considered to be of moderate size, approxi

mately 25 microns in diameter. At the same stage of 

development, grain meterial may undergo micritization, 

with much of the internal structure being lost. 

' 2) The calcite crust grades into a mosaic 

CJtlcito (Piguro 45). Mosaic calcite, as used In this 

report, refers to a texture produced by interlocking, 

coarse-grained, crystalline calcite, with grains greater 

than 25 microns in diameter. The formation of mosaic 

calcite over crust calcite is probably the result of a 

change in pore-fluid saturation. Normally, the mosaic 

texture continues to develop until the pore space is 

complotoly filled (continuous mineral precipitation) 

(Figure 45). If there is a change in pore-fluid satura-
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Figure 45. 

Cementation by calcite. 

1. Calcite crust developed in a primary void (sample 

R-55, one scale unit = .011 mm). 

2. Crust-type crystals grading into a mosaic texture 

(sample R-11, one scale unit = .011 mm). 

3. A void partially filled by a mosaic texture. Note 

gradational change of crystal size toward the center of 

the void (sample R-55, one scale unit = .042 mm). 

4. A primary void in Poritea lined by a calcite crust 

and filled with mosaic calcite (sample R-22, one scale 

unit = .042 mm). 
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tion, the crystal texture may change. For example, 

Figure 45 shows a pore lined with crust and mosaic 

calcite and subsequently filled by the crust-type 

calcite. 

3) The last stage in this sequence is the 

filling of all pore spaces by crystalline calcite, 

usually of a mosaic texture. If this process is 

continued to completion, both grains and matrix will be 

converted or replaced by mosaic calcite. The resulting 

limestone is therefore coarse-grained and highly 

crystalline (Figure 46). The appearance of a mosaic 

texture resulting from the recrystallization of micritic 

material has been reported by Folk (195 9) and Friedman 

(1964). 

The second system of diagenesis is one in which the 
+ + ++ 

pore fluid is low in Ca and Mg . The migration of 

water through the study area is the prime factor in this 

stage of diagenesis. According to Matthews (1968) , if 

the velocity of migration is high enough, then unstable 

minerals (i.e. aragonite) will be removed and there will 

be insufficient time for subsequent precipitation of more-

stable minerals (i.e. calcite or dolomite). This process 

will give rise to the development of secondary voids, 

thereby increasing the porosity, and possibly the perme

ability, of the rock material. The following sequence is 

a summary of the events described above: 
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Figure 46. 

Cementation and void filling by calcite. 

1. This photomicrograph represents a saturation change 

in pore-fluid chemistry. Primary and secondary voids are 

lined with crust calcite which grades into mosaic calcite. 

The voids are eventually filled by a crust calcite. Note 

preservation of micritic envelopes (sample R-8, one scale 

unit = .042 mm). 

2. Enlargement, of photomicrograph No. 1. Note grada

tional change of crystal texture from the micritic envelope 

to crust, to mosaic, to crust (one scale unit = .011 mm). 

3. Crystalline calcite grading from crust-type crystals 

into a mosaic texture (sample R-11, one scale unit = 

.011 mm). 

4. A mosaic-textured limestone with micritic remnants 

of original grain material (sample R-24, one scale 

unit = .042 mm), i 
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Figure 47. 

Secondary porosity. 

1. Secondary porosity formed by the removal of a 

gastropod shell (uncrossed nichols, sample R-67, one 

scale unit = .068 mm). 

2. The same secondary void with crossed nichols and a 

gypsum filter. Note lining of calcite crust. 

3. A secondary void with a dolomite crust lining (sample 

R-66, one scale unit = .09 mm). 

4. A secondary void lined with a calcite crust and view

ed under crossed nichols and a gypsum filter (sample 

R-67, one scale unit = .09 mm). 
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1) Selective removal of grains, by ground water, 

forms secondary voids (Figure 47). The micritic 

envelopes around the grains are commonly preserved. 

2) Secondary voids may become lined by a 

crystalline crust of calcite or dolomite (Figure 47). 

3) This initial crust commonly grades into a 

mosaic texture. 

4) The result of this process is that most 

fossil molds are filled by a mosaic crystal structure 

(Figure 48). 

If pore fluids are rich in Mg , then it is possible 

to develop the third system of carbonate diagenesis. 

Solution rich in Mg , passing through a study area, 

will possibly give rise to the development of dolomite. 

Dolomite might form as an initial cement. However, no 

evidence has been found to support this occurrence in 

the San Andres area. Even though the presence of primary 

dolomite has been reported from other areas (Chilingar, 

1956; Wells, 1962; and Skinner, 1963), it is probable 

that aragonite and calcite cements are normal, and 

primary dolomite is the exception. In this report, 

primary dolomite is dolomite which is precipitated from . 

sea water before initial cementation of the sediment 

occurs. Unless otherwise noted, the dolomite referred 

to in this paper is post-lithification. Alteration of 

calcium carbonate to dolomite apparently occurs at some 

/ 
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Figure 48. 

Occluded secondary porosity. 

1. A secondary void formed by the removal of a pelecypod 

shell. Note the crust lining and total filling by mosaic 

calcite (sample R-24, one scale unit = .09 mm). 

2, An enlargement of photomicrograph No. 1. Note the 

crust lining and mosaic calcite (one scale unit = .011 mm). 

3. Primary and secondary voids formed in the coral 

Porites (sample R-22, one scale unit = .042 mm). 

4, An enlargement of photomicrograph No. 3. Note crust 

and mosaic calcite in both primary and secondary voids 

(one scale unit = .011 mm). 
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time after initial cementation. Ground waters carrying 

Mg migrate through the rock material, and at that time 

CaMg(C0,)2 (dolomite) may form by: 1) direct precipita

tion, or 2) replacement. The following sequence of 

dolomite diagenesis is based on petrographic observations 

of samples from San Andres Island. 

1) The rate of conversion to dolomite is 

probably a function of grain size and crystallinity. The 

micritic matrix is, therefore, the first to be replaced 

by micritic dolomite (Figure 49). 

2) Crusts of crystalline dolomite form in 

either primary or secondary voids, depending on the 

diagenetic stage of the Mg rich, solution injection. 

The dolomite may be either a primary precipitate or a 

replacement product (Figure 49). 

3) Dolomitic crusts grade into a mosaic dolo

mite which eventually fills the pore space (Figure 49). 

Crystalline dolomite also begins forming in the micritic 

matrix (Figure 50). This is probably a result of 

precipitation or recrystallization of existing, micritic 

dolomite. 

4) Dolomite commonly forms to the point of 

destroying existing grain boundaries (Figure 50) and 

a micritic texture may convert to either crust or 

mosaic-type dolomite. 

5) The ultimate stage of the diagenetic 

/• 
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Figure 49. 

Dolomite formation. 

1. Early dolomitization of micritic matrix with preserva

tion of Goniotithon in the calcite form. The sample is 

stained with Alizarin Red S (sample R-105, one scale 

unit = .09 mm). 

2. A dolomite crust formed in a secondary void (sample 

R-66, one scale unit = .042 mm). 

3. A dolomite crust formed in a secondary void (sample 

R-66, one scale unit = .011 mm). 

4. Crust-type dolomite grading into a mosaic dolomite 

(sample R-105, one scale unit = .011 mm). 

Z'{.'B/k 
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Figure 50. 

Dolomite formation and void filling. 

1. Total mosaic dolomite with intercrystalline porosity 

occluded by calcite (sample R-105, one scale unit = .042 

mm) . 

2. Grain destruction by dolomitization. Note remnant 

micritic envelope (sample R-91, one scale unit = .011 mm). 

3. Partial dolomitization of Goniotithon. Note both 

neomorphic and paramorphic dolomite (sample R-105, one 

scale unit = .011 mm). 

4. Neomorphic and paramorphic dolomite with partial 

destruction of the grain boundary (sample R-69, one scale 

unit = ,011 mm). 
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Figure 51. The proposed paragenesis of carbonate samples, 
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sequence is development of a coars,e-crystal line dolomite 

(Figure 50). 

The schematic diagram in Figure 51 summarizes the 

proposed diagenetic history of the rocks from San Andres 

Island. It should be pointed out that pore-fluid 

chemistry could change at any diagenetic stage; therefore, 

it is possible to switch from a Ca system to a Mg 

system at any time. As an example, dolomite crust, or 

mosaic, might be found lining secondary voids in a 

limestone (Figure 52), or calcite might be deposited in 

voids in a dolomite. It is therefore not unreasonable 

to assume that this proposed diagenetic sequence can be 

applied to carbonate rocks from other areas. 
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Figure 52. 

Chemical system changes. 

1. A calcite crust lining a void in dolomite (sample 

R-69, one scale unit = .011 mm). 

2. Mosaic calcite filling a void lined by a dolomite 

crust (sample R-.05, one scale unit = .0043 mm). 

3. Mosaic dolomite filling primary voids in a limestone 

(sample courtesy of Mr. Terry Gray, one scale unit = .011 

mm) . 

4. An enlargement of photomicrograph No. 3, Note both 

crust and mosaic dolomite (one scale unit = ,0043 mm). 
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SUMMARY 

San Andres Island probably formed on a deep-seated, 

volcanic cone during Tertiary time (Milliman and Supko, 

1968). Present surface exposures indicate reefs have 

been actively growing in the area since Miocene time. 

Based on paleontologic data presented by Burgl (1961), 

the limestones from the central portion of the island 

are Miocene in age. Detailed investigation of the area 

indicates these limestones can be divided into ages of 

early and late Miocene, with an unconformity represent

ing middle Miocene time (Figure 53). 

Reefs built during early Miocene time have a linear 

distribution with a north-south orientation. The 

principal builders were Millipora and lime-secreting 

algae. During late Miocene time, reefs also oriented in 

a north-south direction and formed on the flanks of early 

Miocene limestones. These reef complexes can be divided 

into 5 major facies, which correspond to facies of the 

modern reef complex: 

1) Fore reef flank. 

2) Reef. 

3) Back reef platform. 

4) Back reef lagoon with patch reefs. 

, 5) Shore area. 

Limestones, of late Miocene age, contain non-carbon

ate residue of volcanic origin. Probable source areas for 

157 
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this material are La Providencia. to the north and 

Central America (Nicaragua) to thê  west. 

Pliocene time is represented by an angular uncon

formity ai>d lithified soil remnants. No fossils of 

Pliocene age have been reported from the San Andres area. 

Limestones deposited during Pleistocene time form a 

gently dipping (approximately 5°),. peripheral platform 

around the older, central portion of the island. 

Fluctuating sea level, during stages of Pleistocene time, 

formed numerous, wave-cut terraces and cliffs. Eight 

major terraces were found in the San Andres area, and 

probably correspond to the four ma'jor glacial stages 

during Pleistocene time. Numerous reefs also developed 

during this time, and of particular interest is a major 

fossil redf which forms the present west coast line of 

the island. This reef is constructed of Millipora with 

abundant Aaropora, Diploria, and Poritea. To the west of 

/this reef are numerous remnants of spur and groove 

structure, and to the east is a typical back reef 

platform. 

Modern reefs, along the eastern side of San Andres 

Island, have formed on, a terrace of Pleistocene age. 

The dominant reef builders are Millipora aomplanata and 

Palythoa .hammilloaa. The modern reef complex has been 

divided into 4 major bottom facies (Figure 54): 

1) Reef. 
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2) Back reef coralline rubble. 

3) Unconsolidated sediments. 

4) "Turtle grass." 

These divisions are based on bottom sediment type and 

faunal distributions. 

Within the main reef area a distinct faunal zonation 

can be observed. The fore reef area is characterized by 

dominant Monteatrea annularis with Aaropora paimata as 

an organism of secondary importance. In the reef zone, 

Millipora aomplanata and Palythoa mammittoaa are the 

dominant forms. The immediate back reef area is 

characterized by Aoropora patmata and Diploria strigosa. 

Lime-secreting algae {Lithothamnion and Goniotithon) are 

particularly important as cementing agents in the main 

reef zone, and effective sediment' binders in the "turtle 

grass" areas. Other algal forms are also important as 

sediment contributors and binders (i.e. Hatimeda, Udotea, 

Peniaillus, and Rhepoaephatus. It is probable that the 

presence of Lithothamnion and Goniolithon account for the 

high MgCO- content (up to 20 mole percent) of sediment 

samples from the reef and "turtle grass" areas. 

Present prevailing winds are from the northeast and 

east. Evidences indicate that winds have shifted since 

Miocene time. Both early and late Miocene roofs are 

oriented in a north-south direction, indicating prevailing 

winds were from the west or east. A source for the 
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volcanic debris of Miocene age is to the west and north. 

Pelecypod distribution in the Miocene lagoon also 

indicates currents from the east or west. Fossil reef 

rubble, of late Miocene age is more abundant on the 

eastern side of San Andres, indicating major erosional 

currents were from the west. Miocene foraminiferal 

populations are more abundant on the eastern side of the 

island, also indicating winds were from the west. Based 

on these Aata, during Miocene time! prevailing winds were 

probably from the west or northwest. 

During early Pleistocene time a reef developed along 

the western side of the island, indicating that winds 

were probably still from the west. Reefs, during late 

Plolstocono time, dovolopod around the northern ond of 

the island. This Pleistocene reef trend was probably a 

response to shifting wind currents! from west and north

west to nOrth. Using the modern environments of San 

Andres as a guide, beachrock forms on the windward side 

of obstructions (i.e. beaches or small cays). Beachrock 

deposits of Pleistocene age can be found on the north

western and northern side of San Andres Island. Examina

tion of the northern reef tract indicates the northern 

end of the reef complex is probably older than the 

southern end. This reef growth supports the shift of the 

prevailing winds toward the east. The modern reefs in 

the area have apparently developed during late Wisconsin 
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time. Lithification of older reef material has occurred 

either by subaerial exposure or cementation by lime-

secreting algae. 

Based on petrographic study of limestones, a 

sequence of carbonate diagenesis has been determined for 

the San Andres area. Relative ages of limestone samples 

are based on stratigraphic relationships and paleontologic 

data. During early stages of diagenesis, sediments are 

initially cemented by grain welding and aragonite pre

cipitation between grains. This early type of cementa

tion is most common in the supertidal and intertidal 

zones. Subsequent calcite precipitation occurs by 

dissolution/precipitation after aragonite. After calcite 

precipitation has occurred, no evidence can be found of 

the pre-existing aragonite cement. Although inversion of 

aragonite to calcite commonly occurs in the grain 

material, dissolution/precipitation seems to be the major 

process of cementation. 

After subaerial exposure, four responses may be 

expected: 1) magnesium is removed when high Mg calcite 

stabilizes to low Mg calcite, 2) aragonite can stabilize 

to calcite, 3) aragonite may be dissolved, and 4) sedi

ments may become dolomitized. Depending on the chemical 

environment, the time required for any of these responses 

is variable. Figure 55 indicates the compositional 

changes in carbonate materials from San Andres. By mid-
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Pleistocene time, all sediment and cement material has 
i 

undergoneistabilization to either low Mg calcite or 

dolomite. / 
. / . • 

Calcite cement forms in two stages after initial 

cementation. Calcite crust replaces aragonite and 

forms a lining in voids. As the pore-fluid chemistry 

changes, the crust-type crystals grade into a coarse-

crystalline, mosaic calcite. Micritic material can also 

recrystallize to form a crust or mosaic texture. The 

end result °f this diagenetic sequence is the formation 

of a coarse-crystalline limestone, in which most grain 

/boundaries have been destroyed. 

Dolomitization, on San Andres, has occurred only at 

May's Cliff, on the western side of the island. The 

dolomite grades laterally into limestones of early 

Miocene age. The dolomite is characterized by moldic, 

secondary porosity after molluscs. The dominant fossil 

material found in the dolomite is algae (Lithothamnion 

and Goniolithon) and minor amounts of Foraminifera. The 

dolomite Is neomorphic, paramorphic, and in many samples 

a direct precipitate. Dolomite crust is commonly found 

lining voids which may be subsequently filled by mosaic-

type crys|tals. Micritic material commonly recrystallizes 

to also form a mosaic texture. The end result, as with 

limestone^, is a coarse-crystalline, mosaic dolomite, in 

which most grain boundaries have been destroyed. 
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