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INTRODUCTION 

by 

Richard H. Randall 

Project Description 

Pursuant to the certification of NPDES Permit No. GU0000027, 
the Environmental Protection Agency (EPA) requires the gathering of 
data by the Guam Power Authority (GPA) to further assess the impact 
of condenser discharge cooling-water from the Tanguisson Power 
Plant into adjacent nearshore marine waters (Figs. 1 and 2). In 
relation to the above EPA permit requirements Stephen G. Nelson and 
Richard H. Randall of the University of Guam Marine Laboratory 
jointly submitted a proposal to GPA to further assess impacts from 
their power plant condenser cooling effluent upon the adjacent 
marine environment. A proposal, titled "Proposed Chemical and 
Biological Monitoring of Cooling-Water Effluent from the Tanguisson 
and Cabras Power Plants and Determination of the Reef Area Impact 
by the Discharge at Tanguisson Point, Guam", was submitted in 
November 1988, and a memorandum of understanding and agreement was 
signed on June 23, 1989. The scope of work objectives of the 
proposal were divided between the investigators with S.G. Nelson 
being responsible for those pertaining to temperature monitoring , 
determination of characteristics of the effluent, and fish and sea 
urchin bioassays at both the Cabras Island and Tanguisson Point 
power plants, and R.H. Randall being responsible for a reassessment 
of the community structure of reef building corals within the reef 
area affected by effluent discharge, and a first-time assessment of 
the structural integrity of the reef framework deposits within the 
area affected by effluent discharge at the Tanguisson Point power 
plant. This report addresses results of the study that were under 
the responsibility and supervision of R.H. Randall. 

The study was divided into three parts consisting of: 1) a 
reassessment of the effects of thermal effluent discharge at the 
Tanguisson Power Plant in relat ion to the community structure of 
reef-building corals, 2) an assessment of bioerosion of the reef 
framework deposits within the area affected by power plant thermal 
effluent, and 3) an reassessment of marine benthic algae within the 
area affected by power plant thermal effluent. 

Scope of Work and Objectives 

Part I. Reassessment of the Coral Community 

1 Determine the areal extent of the coastal fringing reef 
near Tanguisson Point that is affected by thermal power 
plant effluent discharge in relation to its effect on the 
community structure of reef-building corals. 
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2 . Compare results of the community structure analysis with 
the results of a similar study that was conducted in 1974 
(Jones et al., 1976). In 1974, the affected reef area 
consisted of a core zone of 10,300 square meters where 
>90 percent of the reef-building corals were killed, and 
a combined core and peripheral zone of 20,000 square 
meters where to 1 to 90 percent of the corals were 
killed. 

3. From the results of the study determine whether the size 
of the core and peripheral zones (as defined above) have 
changed from 1974 to 1989, a period of 15 years of 
elapsed time. 

Part II. Assessment of Bioerosion 

1. Determine the amount of bioerosion (borings) within 
framework reef samples that have been systematically 
collected in the reef area affected by thermal power 
plant effluent. 

2. Collect reef framework samples for bioerosion analysis 
along a transect that bisects the entire thermally 
affected area in the vicinity of the power plant effluent 
outfall (across the reef flat platform, reef margin, and 
upper reef front slope to a depth of approximately 6 
meters) . 

3. Compare results of the bioerosion analysis from the 
thermal effluent affected reef area with a similar 
bioerosion analysis of samples collected from a nearby 
control reef area (across the reef flat platform, reef 
margin, and upper reef front slope to a depth of 
approximately 6 meters) . 

Part III. Marine Benthic Algae Reassessment 

1. Determine the community structure of marine benthic algae 
along a transect that bisects the reef flat platform and 
reef margin zones of the thermally affected reef area, 
and compare the results with a similar transect in a 
nearby control reef. 

Previous Work and Background Information 

During a five-year period between 1969 and 1974, Jones et al., 
(1976) studied the biological impact brought about by changes on a 
tropical reef from power plant thermal effluent discharge into the 
marine environment at Tanguisson Point. In this study R.H. Randall 
determined the community structure of reef-building corals before, 
during and after two oil-fired electric generating plants went into 
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operation at Tanguisson Point. During the same study R.T. Tsuda 
determined the community structure of marine benthic algae on the 
reef flat p l atform and reef margin zones before and after the power 
plants because operational . In summary this study concluded that 
effluent from the Tanguisson Power Plant is responsible for the 
death of corals along the reef margin and upper reef front slope 
zones that are impinged upon by thermal effluent discharged from 
the shoreline. Laboratory data indicate that an elevation in the 
temperature of sea water that is circulated through the power plant 
condensers and then discharged into marine reef habitats is 
primarily, but not necessarily the only causal factor responsible. 

In a study of the effects of thermal effluent on the coral 
reef community at Tanguisson, Nuedecker (1976) concluded that: 1) 
the thermal effluent has a negative effect on the coral community, 
2) the amount of coral coverage on the reef front slope at depths 
of 3 and 6 meters along the seaward margin of the thermally 
impacted area does not significantly differ from control areas, 
indicating that the inf luence of thermal effluent is concentrated 
along the shallower reef margin and upper reef front slope zones, 
3) coral recruitment is less in the thermally impacted area than in 
control areas, 4) the amount of production in terms of biomass 
accumulation on plexiglass plates is significantly less in the 
thermally impacted area than in control areas, and 5) there is no 
doubt that thermal effluent is responsible for the death of reef
building corals in the thermally impacted area, but the area of 
coral-kill is not enlarging significantly. 

In another study concerned with the development and 
environmental quality of coral reef communities near the Tanguisson 
Power Plant, Nuedecker (1977) concluded that: 1) recruitment 
studies indicate that few corals will settle in the thermally 
impacted area, and if they do, their chance of survival to 
reproductive maturity is quite small, and 2) growth-transplant 
studies demonstrated a negative correlation between and growth rate 
and increased temperature. 

Personnel 

A. Richard A. Randall - University of Guam Marine Laboratory 
Faculty (Principal Investigator) 

1) Responsibilities - Overall coordination for the study, 
reassessment of the thermally impacted coral community, 
and writing of the draft and final reports. . 

B. Roy T. Tsuda - University of Guam, Emeritus 

1) Responsibilities - Reassessment of the marine benthic 
algal community within the thermally impacted area. 

c. Raymond G. Bowman - University of Maryland, Dept. of Geology, 
Graduate Student 
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1) Responsibilities - An assessment of bioerosion of the 
ree f framework deposits within the thermally-affected 
area . Partial funding is being provided by this proj ec t 
to R .G. Bowman to conduct a digenetic study of modern a~ : 
Holocene reef limes tones at Tanguisson Point area for h: , 
M. S. thesis at the University of Maryland. Pre l iminary 
results of this thesis research, in relation to 
bioerosion of reef framework deposits within the 
thermally -impacted area, is incorporated into this fina~ 
report. Since most of the overall proposed thesis 
research is o f fundamental interest to our understandin~ 
of the reef ecosystem at Tanguisson Point. Mr . Bownman 
comp leted thesis will be incorporated into the final 
report as an appendix. 

LITERATURE CITED 

Jones, R.S., R.H. Randall, and M.J. wilder. 1976. Biological 
impact c aused by changes on a tropica l reef. U.S. 
Environmen tal Protection Agency, Ecological Progress Series , 
EPA-60013 - 76-02 7, Narragansett, Rhode Island, 209 p. 

Nuedecker, S . 1976. Effects of thermal effluent on the coral 
reef community at Tanguisson. Univ. of Guam Mar. Lab. Tech. 
Rept. No. 30, 55 p. 

Nuedecker, S. 1977 . 
reef communit ies near 
Mar. Lab . Tech. Rept. 

Development and environment quality of cc~ o 
the Tanguisson Power Plant. Univ. of Gua~ 
No . 41, 68 p. 
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A REASSESSMENT OF REEF-BUILDING CORALS 
AND AN ASSESSMENT OF FRAMEWORK 

BIOEROSION IN THE REEF AREA AFFECTED 
BY THERMAL EFFLUENT 

by 

Richard H. Randall 
and 

Raymond G. Bowman 

Introduction 

The earlier work of Jones et al. (1976) showed that a 
significant coral-kill occurred in the reef margin and upper reef 
front slope zones that were affected by thermal effluent discharge 
from two electric power generating plants at Tanguisson Point. 
Several questions remaining at the conclusion of this earlier work 
include: 1) will the origina l area of significant coral damage 
enlarge, remain about the same, or contract with passage of more 
time, and 2) since reef-building corals are major carbonate 
contributors to reefs, will their death in the effluent-affected 
area result in a significant net loss of framework deposits by 
increased rates of bioerosion? In this section the extent of the 
reef area affected by thermal effluent from power generating plants 
near Tanguisson Point is reassessed and compared to a similar study 
conducted between 1971 and 1974 (Jones et al., 1976). In addition 
a first - time assessment of bioerosion in-framework reef deposits 
within the thermal effluent-affected area is given. 

Reassessment of Reef-Building Corals 
in Reef Areas by Thermal Effluent 

Between 1971 and 1974, the extent of the effluent-affected 
peripheral cora l area increased from 3,776 m', including a core area 
o f 2,080 m' with a >90 percent coral kill, to 20,000 m' , with an 
included core area of 10,300 m' (Jones et al., 1976). Assessment of 
coral-kill areas during initial plant start-up phases and early 
years of thermal discharge was a rather straightforward process, in 
that nearly all stressed corals reacted by expulsion of pigments, 
or bleaching, and for most eventual death and colonization of 
corallum surfaces by a succession of algae. Rapid transect 
assessment was accomplished by laying out a series of plastics 
surveyor's tapes across the affected area normal to the long plume 
axis and conducting a line-intercept ratio of bleached and recently 
killed corals with normally pigmented ones. A core coral-kill 
region was defined as having more than 90 percent bleached and 
recently killed corals, and a peripheral coral-kill area as one 
with 1 to 90 percent of the corals affected by the thermal effluent 
(Fig. 3). 



A reconnaissance trip to the thermal plume area during May 
1989, revealed a distinct core area with no living cora l s, whic h 
graded gradually, but almost imperceptibl y, into unaffected coral 
communities in all directions, except toward the adjacent reef flat 
platform. No pale-colored, bleached, or recently killed corals 
gave any clue as to where the "normal unaffected" coral community 
started or ended. Some parameter other than color-stressed corals 
would have to be used to define the outer limits of the 
peripherally affected z one. At firs t it was thought that color
stressed corals might appear later in the wet season when ambient 
seawater temperatures would rise a slight amount, but throughout 
the field study period of 1989 none were observed. 

To establish community structural parameters of "normal or 
average" coral density, percentage of substrate coverage, and 
colony size distribution, a control area must be established for 
comparison with the thermally-affected experimental area. Such a 
control area ideally should have, as near as possible, similar 
habitat characteristics as the experimental area, except for 
elevated temperatures, and they should also be as near to each 
other as possible. Although establishing similarity between 
control and experimental areas is difficult enough when neither has 
been disturbed, more uncertainty is inherent when one area, as in 
this case, has been disturbed and its exact previous nature is not 
known. Even so, such a control area will establish a baseline, or 
reference, upon which this study, as well as possible future 
comparisons can be made. With the above uncertainties in 
consideration, departures of community parameters in the 
experimental area from those in the contro l area can be used to 
estimate the size and nature of the thermally-affected zone. 

Methods 

A preliminary reconnaissance of fringing reefs within the 
thermally-impacted area, as well as north and s outh of it, was made 
on 12 June, 1989 to determine the best placement locations for 
transects to sample the community structural parameters of corals 
within the impacted area, as well as a nearby control area. June 
12 was a rather calm day, with relatively little surf activity, 
which allowed rather thorough observations of both the reef margin 
and upper reef front slope zones to be made. A thermally elevated 
layer of surface water about a meter in thickness was present in 
both the reef margin and upper reef front slope zones adjacent to 
the power plant outfall (Fig. 4). A nearshore current moving in a 
southerly direction created an elongate surface plume of warm water 
that attenuated both in temperature and width toward the south as 
shown in Figure 3. Normal surface sea water temperatures, as well 
as what appeared to be nonimpacted coral communities were present 
at Transect E south of the plume, and again about midway between 
the power plant intake channel and Transect A as shown in Figure 3. 
The thermally impacted boundary at the north end of the plume area 
was quite sharp and conspicuous, because this is where the thermal 
outfall effluent first impinges upon the reef margin and upper reef 
front slope coral communities. 
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Based upon the above qualitative assessment of the thermally 
impacted reef zones, five transects were established in the thermal 
effluent area as shown in Figure 3. Transect A bisects the most 
impacted area at the north end of the thermal plume, Transect E 
lies just outside or possibly just inside the impacted area at the 
south end of the thermal plume, and Transects B-D are equally 
spaced between A and E. A sixth control transect was established 
about 450 meters north of Transect A in an area that originally was 
quite similar to the thermally-impacted area in respect to the 
community structure of corals and reef physiography (Fig. 3). All 
six transects extend from the shoreline and cross the reef flat 
platform, reef margin, and upper reef front slope to a depth of 
about six meters. Since the reef flat platform zone at both the 
control and thermally-impacted transect areas are mostly intertidal 
during low spring tides, corals were found to be absent or 
restricted to a few small holes (data from Jones et al., 1976 for 
the impacted area). Because corals were never present on these 
intertidal reef flat platforms zones , they were not used in 
calculating the areas of core and peripheral coral-killed areas in 
this or the earlier studies. 

Coral communities were analyzed along transects by using the 
plotless pointed-centered or point-quarter technique of Cottam et 
al. (195 3 ). Six transect areas (A through E) and a control were 
established within the study area by placing a plastic surveyor's 
tape along the bottom on the reef flat platform, reef margin, and 
upper reef front slope locations as shown in Figure 3. Replicate 
transects were established from the shoreline to the upper reef 
front slope at each of the six transect areas, one within a five
meter-wide corridor on the right side (when facing seaward) of the 
transect line and another one within a similar- sized corrider on 
the left side of transect line. Transect sampling points were 
established by throwing a geology hammer from the surface at five
meter intervals along the transect line into each of the replicate 
transect corridors. Actual throws into each replicate corridor 
were made by tossing the hammer over one's shoulder while facing 
left for the right-handed corridor and facing right for the left
hand corridor. Such a method provides more randomness of sample 
point establishment within the corridors. Where the thrown hammer 
came to a rest, a sample point was established at the intersection 
of the hammer handle and head. Four quadrants were then formed 
around the point by establishing one axis along the hammer handle 
and another at right angles to it along the hammer head. The coral 
nearest the sample point in each quadrant was located and its 
specific name, size (diameter or maximum length and width), and the 
distance from the center of the corallum to the sample point wer~ 
recorded. From these point-quarter data the following calculations 
were used to estimate community structure parameters: 

1 . Total density of all species "'_-r;;;=-;;;=,-=*un",i"tiar;r",e;;.a..",.==.,.,-_ 
(mean POlot-to-colony d~stance' · 

2. Relative density ~ individuals of a species 
t ota i lndlvlduals ot all speCles 

3. Density =: re lative densitt of a species x total densi ty of all 
16 species 
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4. Total percentage coverage: tota l density of x average coverage 
al l species value for al l species 

5. Percent coverage ~ density of a species x average cove rage va l ue 
f or the species 

Colony size distribution data (x = arithmetic mean , s = 
standard deviation , and w = size range) were also calculated from 
the point-quarter data. The diameters of irregularly shaped 
coral colonies were estimated by taking the square root of the 
product of colony length and width. 

To assess the amount of framework bioerosion, sections of 
reef rock were chisled out from in situ reef deposits along 
Transect A, where thermal impact is greatest, and along the 
control transect (Fig. 3). Sampled sections included in situ 
living and dead coral colonies, crustose algal deposit~ and 
loose cobbles and boulders. Field data accompanying each 
collected speciment included: 1) the reef zone and distance from 
shore (collection po i nt within 5-meter interval), 2) water depth 
corrected to mean low water, 3) the name (taxa) of principal 
contributors to the sample (generally identifiable to the genus 
l evel, or in many sections to a specific level), and 4) the 
microhabitat of the sample (buttress ridge top, upper channel 
wall, etc.). To control the amount of variance between 
transects , that may be introduced because of bioeroding organisms 
being somewhat selective as to the kinds (taxa) of framework 
deposits they bore, samples were first collected from Transect A 
and their principal contributions identified, then samples with 
the same taxonomic contributors were collected from similar 
microhabitats and depths from the control transect. Fifty reef 
deposit samples were collected from Transect A and 43 similar 
samples were collected from the control transect. Each sample 
was cut in half with a diamond-bladed rock saw, and then one-half 
of each was sent to R.G. Bowman at the University of Maryland 
Geology Department for bioerosion analysis, and the remaining 
half was retained at the Univer sity of Guam Marine Laboratory . 

Results and Discussion 

Reassessment of the Coral-kill Area 

A summary of point-quarter coral density and surface 
coverage data is presented in Table 1, and a summary of coral 
colony size distribution data is presented in Table 2. An ANOVA 
paired comparison test revealed that no significant differences 
between replicate transects were found at any transect in regard 
to coral density and surface coverage, but significant 
differences were found between paired transect stations in regard 
to the same community structural parameters (Table 3). Since 
significant differ ences were not found between replicate 
transects in regard to coral density and surface coverage the 
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data were combined (Table 1). The same parameter of coral 
surface coverage was used to determine the present thermally
affected coral - kill area as was used for estimating the 1974 
area. Percentage of coral coverage is plotted at 5-meter station 
intervals for 'Transects A through E in Figures 5 through 9, and 
for the control transect in Figure 10. In Figure 11 all six 
transects are plotted on the same graph for direct comparison. 
Since corals were mostly absent on the intertidal reef flat 
platform, all the graph plots of transect station values of 
percent surface coverage in Figures 5 through 11 start at the 
inner part of the reef margin zone. 

If an assumption is made that the original surface coral 
coverage at the thermally-affected transect areas (A-E) was 
similar to that presently estimated at the control transect, then 
10 percent of the control coral coverage values would be 
equivalent to a 90 percent reduction in the thermally-affected 
transects. The core coral -kill zone at each thermally-affected 
transect was then calculated as the interval in meters between 
the inner reef margin zone (a-meters on Figures 5-9) and the 
station where the coral surface coverage value first reaches 10 
percent of the surface coverage value of the control transect. 
By using the replicate combined coral coverage values from Table 
1, the core coral-kill intervals were interpolated graphically on 
the coral coverage plots in Figures 5-9 (Transects A-E). The 
peripheral coral-kill zone at each thermally-affected transect 
was calculated as the interval in meters between the seaward edge 
of the core coral-kill zone and where the coral surface coverage 
value intercepts, or equals, that of the control transect. At 
this intercept, or equality, point it is assumed that there is no 
longer any thermal impact sufficient enough to affect coral 
surface coverage values. By using the replicate combined coral 
coverage values from Table 1, the peripheral coral-kill intervals 
were interpolated graphically on the coral coverage plots in 
Figures 5-9 (Transects A-E). The core and peripheral coral-kill 
intervals determined from this present study are compared to the 
1974 intervals in Table 4. 

When core and peripheral coral-kill areas are circumscribed 
by lines the overall shape of both are somewhat triangular as 
shown in Figure 3. The thermally-affected areas are widest 
opposite from the outfall at Transect A, where warm effluent 
water first impinges upon the coral communities in the reef 
margin and upper reef front slope zones, and then attenuates 
southward to about 50 meters past Transect E where no further 
thermal effects could be detected. The slight contraction of the 
peripheral coral-kill area at Transect C, during both the present 
and 1974 studies, is caused by the steepening of the reef front 
slope along this section of the fringing reef which effectively 
narrows the zone of the stratified warm water impingement upon 
the reef surface. 
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Areas of the core and peripheral coral-kill zones were 
estimated by using a gridded overlay (1 square per m2 ) over a 
two-dimensional scaled drawing of the thermally-affected reef 
surface, similar to the method used in the 1974 study. Using the 
gridded-square method the present area of the overall combined 
core and peripheral coral-kill zones is 16,400 m2 , with a central 
core coral-kill area of 7,300 m2 (Table 4). Maximum dimensions 
of the present overall thermally-affected area is about 45 x 500 
meters with central core of about 40 x 200 meters. By comparing 
the present thermally-affected coral-kill areas with those of 
1974 (combined core-peripheral coral-kill area of 20 , 000 m2 and a 
central core coral-kill area of 10,300 m2

), it appears that there 
has been reduction in area of the combined core-peripheral coral
kill zone by 3,600 m2 , and a corresponding reduction in area of 
the central core area by 3,000 m2 (Table 4). This reduction in 
area of the thermally-affected coral-kill zones is somewhat 
surprising, because it appeared that during the earlier study 
period (1971-1974) there was a slow enlargement of the affected 
region. Nuedecker (1976), though, concluded from a somewhat 
later study of the effect of thermal effluent on coral reef 
communities at Tanguisson Point, that the area of the coral-kill 
zone was not significantly enlarging. 

When the power plants first became operational, elevation in 
ambient sea water temperature was sudden, of considerable 
magnitude, and permanent where the effluent made contact with 
shallow-water coral communities living adjacent to the outfall. 
Such a sudden environmental change provided little opportunity 
for acclimatization and adjustment for corals, which already live 
fairly close to their upper thermal tolerance level in normal 
ambient sea water. Early changes in coral communities within 
thermally-affected areas at Tanuisson are well documented by 
Jones et al., 1976, and Nuedecker, 1976 and 1977. Long-term 
change~ such as the 18 percent reduction in area of the 
thermally-affected coral-kill zone over a period of 15 years 
reported in this study, have been much less documented. Some 
factors that migh be considered in this particular cpange in the 
thermally-affected reef area include: 1) changes in the 
community structure of corals may occur quite slowly and produce 
observable differences only through the passage of many years , 2) 
the coral community may have some kind of resilient rebound 
effect that only becomes noticeable or operational 3 to 5 years 
after the initial habitat change , 3) possibly there has been a 
gradual turnover in coral species composition from a community 
that was not very tolerant to a community composed of more 
tolerant species, 4) refugia corals, that include cryptic parts 
of colonies that survived in holes and crevices, slowly became 
acclimated to elevated temperatures, and thus grew larger and 
increased coral coverage without a significant increase in 
recruitment , and 5) possibly larger established corals are not 
very tolerant to sudden temperature increases, but a newly 
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settled planula in such a habitat may develop such a tolerance 
and recolonize parts of the thermally-affected area. 

Assessment of Bioerosion 

The following is a summary of a preliminary study of 
bioerosion at the Tanguisson Point effluent area compared to a 
control site. Samples of reef rock were first prepared by 
slabbing with a diamond blade rock saw. Surface area of the 
slabs was analyzed for percentage of bioerosion using a point 
count grid. The grid was made of clear plastic and contained 500 
points, X Y coordinates generated from a random number tables 
(Sokal and Rohlf, 1987). The grid was superimposed over a 
television monitor attached to an image analyzer. The sample was 
then projected onto the screen. The image analyzer was used to 
measure surface area (mm') of the samples. Camera focal length 
was adjusted to bring surface areas of all samples t6 within 95% 
of the surface area of a standard (the largest sample). This 
allowed approximately t he same number of points (175-200) to fall 
on each sample for point counting . 

A statistical analysis was done on 13 Transect A samples 
(effluent effect) and compared to 13 samples from a control area 
just north of Tanguisson (Fig. 3). Sample statistics for each 
group and a t -test were generated using SYSTAT software. These 
statistics, as well as an analysis of variance (ANOVA) were also 
calculated by hand. Table 5 lists data used. Table 6 summarizes 
the statistics performed. 

Table 5. Data for preliminary bioerosion study. In the 
Treatment column a = Transect A and c = control transect. 

Sample No. Erosion Treatment 

RHR 1257-15A .1429 a 
1249B-llA .0106 c 
1249-1A .0523 c 
1247-9A+B .0734 a 
1247-14A .1251 a 
1247-16A .1271 a 
1247-13A .1381 a 
1246-1A .0230 c 
1247-11A .1667 a 
1247-2A .1518 a 
1248-10 .0894 a 
1246-2A .1453 c 
1247-SA .0703 a 
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1258-1A .0765 
1246-12A .0169 
1246-9A .0203 
1246-9A .0549 
1249-5A .0162 
1246-11A .0113 
1247-4.A .0947 
1246-5A .0447 
1249-3A .0109 
1246-6A .1000 
1246-8A .0000 
1248-1A .0225 
1246-3A .0209 

Table 6. Statistical summary. 

Results for Control (c) 
Total observations: 13 

minimum 
maximum 
mean 
standard dev. 

T-statistic = 

Erosion 
0.000 
0.145 
0 . 036 
0.042 

3.991 

a 
c 
c 
a 
c 
c 
a 
c 
c 
c 
c 
a 
c 

Results for Affected (a) 
Total observations: 13 

minimum 
maximum 
mean 
standard dev. 

Probability = 

Erosion 
0.023 
0.167 
0.103 
0.043 

.001 

Bartlett test for homogeneity of group variances: 

Chi-square = .007 DF = 1 Probability = .932 

ANOVA TABLE 

Source of Variation Degree of Freedom SS MS F 

Among groups 
Within groups 

TOTAL 

1 
24 

25 

Probability of equal variances < .01 

.0286 

.0018 

.0716 

.0286 15.930 

The t-test and ANOVA indicate that these groups are 
significantly different at a = .01. Sample statistics indicate 
that the mean for the control group is 3.6 ± 4.2% bioerosion, 
while that for the affected area is 10.3 ± 4.3%. Values of means 
overlap because of the standard deviations, but I believe that 
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this is an artifact due to sample size. An increase in the 
number of samples used for this analysis is planned. 

A complete survey of bioeroder types and relative abundances 
has not been completed, but the affected samples have been 
extens i vely bored by polychaetes and sipuncul ids. Abundances of 
these groups appear to be higher than those in the control 
samples. A more thorough study of macro-bioeroders, as well as a 
study of micro-bioeroders is given in Appendix A. 
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Table l. Summary of the point - quarter coral density and coral 
surface coverage data from Transect s A through E and a 
control transect. 

Replicate (North) Repl icate (South) Replicate Com b ined 

Transect Zone cora l Coral Coral coral Coral Coral 
on Sta. in meters Density Coverage Density Coverage Density Coverage 
from shore (m 2 ) 1%1 Im1

) 1%1 (m1 ) 1'1 

Transect A 

Reef flat 
0-80 no corals no corals 

Reef marg in 
8 5 no corals no corals 
90 
95 

100 
105 

Reef front slope 
110 0 .1 6 0 . 05 0 . 41 0 . 15 0 .24 0.11 
115 0 . 21 0.14 1.38 0.91 0.4) 0.22 
120 3.00 0 . 91 0.64 0 .46 1. 20 0 .61 
125 11. 11 3.61 2.61 2 . 48 4.75 ). 11 
130 6 . 66 67 . 54 3 ,4 3 63.3 5 4.64 66.52 
135 1 2 . 67 72 . 29 17 .36 69 . 24 14.79 71.39 
140 9 . 18 60 . 58 13.42 44.68 1 1 . 02 54 . 7 1 
14 5 29 .17 57 . 31 19 . 39 67.47 17.00 65.50 

Transect B 

Reef flat 
0-75 no corals no cora l s 

Reef margin 
85 no coral s no corals 
90 
95 

100 
105 

Reef front slope 
105 0 . 51 0 .14 0 . 33 1. 29 0.41 0 . 84 
110 0 .4 0 0 . 55 1. 91 0.80 0.76 0 . 71 
115 9 . 05 14 . 39 8. 40 13. 10 8 . 71 13.72 
120 5.11 13.71 8.40 14 . 88 6.45 14.37 
125 7 . 61 42.62 6.49 40 . 77 7.01 41.69 
130 18.90 62.06 ]8.87 64.64 25.96 63 . 07 
135 26 . ]0 33 .18 10.24 ]7 .]4 15 . 53 34. 12 
140 8.91 22.87 4.08 9.41 5.81 14 . 14 

Transect C 

Reef flat 
0·80 no cora ls no corals 

Reef margin 
85 0 . 48 0 . 07 0 . 19 O. 83 0 . 29 0 . 22 
90 0 .43 0 .44 1. 79 4 .84 0 . 77 1. 24 
95 4. 04 1. 43 13. 47 4 . 75 6 .7 5 2 . 38 

100 2 . 78 21. 92 8.16 ) . 27 4.4 3 18 . 36 
105 5 . 54 7.97 10.08 22 . 52 7.30 13 . 29 
110 20 . 66 23.11 28.4 4 85. 00 24.08 49 . 11 8 
11 5 26.30 78.30 7 . 11 65 .80 12.31 74. 56 
12 0 ]].61 58.82 7 .82 59.38 14.24 58 .61 
125 16. 18 27.50 16.66 84 . 80 16. 13 55 .18 
llO 27 . 70 69 . 47 40 .06 30.44 33 .03 53.97 
ll5 5.53 6).28 39.06 68 . 18 11. 65 67 .4 8 
140 ]7.87 48.0 2 32 .65 33 . 21 35 . 12 40 . 14 
145 45.96 45.78 25 . 64 21. 44. 33 . 6 1 ]0 .7 8 

Transect 0 

Reef flat 
0-20 no corals no corals 

25 0 .33 0 .1-4 0 . 23 O. 11 0.28 0. 12 
)0 0 . 22 0 .12 0 . 20 O. 12 0 . 21 0. 12 
)5 0 .28 0.63 2 . 39 1. 61 0.62 0.75 
4 0 0 . 00 0 . 00 1. 18 O. )7 0.)4 0 .11 

" 0 . 00 0 . 00 0.57 0 4 0 0 . 27 0.19 
50 0 . 00 0.00 0 . 27 O. 15 0 . 21 0 .11 



Table 1. Continued . 

Replicate (North) Repl icate [South) Replicat e 

Transect Zon e Coral Coral Coral Coral Cora l 
on Sta. in me t ers Density Coverage Density Coverage Density 
from shore (m' ) 1%' 1m'} I%) Iml) 

55 65 no cora l s no corals 
70 0 .00 0 .00 0.19 o. 15 0.17 
75 o. IS 0 . 27 0.53 o. 23 0 . 28 

Re ef margin 
80 0.47 o. 41 0 . 37 0 . 35 0 . 24 
85 0 . 25 0 . 12 1 . 53 3 . 08 0 . 77 
90 0 . 87 0.56 0 . 92 o . 62 0.90 
95 1. 01 4 . 67 2 . 12 1. 5 9 1. 41 

100 7.32 15.03 0 . 85 7.60 2 . 33 

Reef front slope 

10 5 5. 47 24.37 3 . 13 30.09 4 . 06 
110 11 .00 35.59 4 . 25 39.74 7 . 56 
11 5 11 .89 69.71 29.22 67.94 17 . 73 
120 16 . 00 7.82 15.68 6.29 15 . 84 
125 9 . 32 12 . 94 15 . 08 7.89 11 . 69 
130 28 . 44 42 . 43 20 . 20 4 1. 21 23 . 79 
135 27 . 71 34 . 10 18.90 31.70 22.68 
140 17. 00 56 . 44 28.44 58.20 21. 63 

rransect E 

Reef flat 
0 - 90 no corals no corals 

Reef margin 
95 0.32 0.15 0 . 24 0 . 10 0.27 

100 0 . 00 0 . 00 0.00 0.00 0 . 00 
105 0.00 0 . 00 0. 18 0. 10 0. 17 
110 2.95 3.49 2.46 6 . 72 2.69 
115 3.88 77.48 10.58 9 . 75 6 . 02 

Ree f front slope 
120 6 . 1 7 29 . 41 1 6.66 33.4 1 9.54 
125 13.72 39.62 17.73 34.78 15.53 
130 13.14 51. 26 13.46 57.30 13.02 
135 11. 89 46.72 15.68 44. 10 13.59 
140 2 4 .60 53.89 13 . 47 59.96 20.43 
145 24 . 39 40 . 76 17 . 36 23 . 56 20 . 4 3 
150 30 . 86 30 . 74 15.08 64.59 20 .90 
155 12 . 53 10 . 78 14.51 24.32 13.4 7 

Control Transect 

Reef flat 
0 - 60 no corals no corals 

65 0 . 00 0 . 00 o. 16 0 . 09 0. 16 
70 0 . 00 0 . 00 0.17 0.02 0. 17 
75 0 . 20 0 . 21 0.23 0.62 0.2 2 
80 0.57 0.14 5 . 22 0.90 1. 29 
85 0 . 60 0.42 0.67 1. 18 0.63 
90 0 . 66 0.17 0.28 0.35 0.44 

Ree f margin 
95 2 . 24 1.17 o. 70 0.67 1. 15 

100 3.53 6 . 30 5 .05 6 . 09 4. 25 
105 15 . 38 13.26 12 . 10 15 . 99 13.59 
110 18 . 63 19 . 16 23 .80 23 . 64 20 . 2 0 
115 17 . 36 28.55 22. 11 23.64 20.2C 

Reef f ront slope 
120 6.75 35 . 31 8 . 52 27 . 85 7 . 5 
125 23.80 51. 02 22 .68 34.99 23. 2 
130 6.10 66 . 20 14 . 86 67.94 11. 6 
135 25.00 63.71 10.93 47.88 15 .8 
140 27.73 73 . 24 18.53 44 . 79 25. 6 
145 21. 13 53.29 22.68 86.33 21. 8 
150 15.08 7 . 73 7.02 15 . 85 9. 9 
155 11. 49 28.18 22 . 15 47.75 15. 5 
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Table 2. 

Transect A 
n 
x 
s 
w 

Transect B 

n 
x 
s 
w 

Transect C 

n 
x 
s 
w 

Transect D 

n 
x 
s 
w 

Transect E 

n 
x 
s 
w 

Summary of coral colony size (diameter in cm) 
distribution for the cor e and periphery coral - kill areas 
of the thermally affected parts of the reef margin and 
upper reef front slope zones, and for the region that 
lies seaward (outs ide ) o f the thermally affected reef 
areas. 

Core Zone Peripheral Zone Unaffected Zone 

18 8 32 
6.8 8.3 24.3 
4.8 4.0 17.6 

1-16.9 2.4-14.7 4.5-81.7 

17 16 72 
15.9 13.4 16.5 
12.1 8.1 12 .0 

3.0 - 53.9 3.0-32 . 0 3.0-54.1 

11 16 72 
10.7 10.7 14.8 
10.9 13.6 12.8 

1.0-36.5 2 . 8 -5 0.9 3.0-69.0 

27 24 48 
12.6 21.7 12.6 
7.3 15.3 8.1 

5.5-25.5 3.0-53.2 4.5-50.0 

no corals no corals 81 
15.0 
11.1 

3.5 - 78.9 

Control Transect (no coral - kill zone, reef margin and upper reef 
front slope zones combined) 

n 104 
x 15.6 
s 10.1 
w 3.5-59.5 
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Transects A B C 
df ms F. df ms F. df ms F. 

Substrate coverage 

Replicates, north vs. south 1 1.7700 0.2931n8 0 .2600 0.0428 ns 1 5.0100 0 . 0286 ns 
Between stat ions 12 1191.6192 197.3141 xxx . 00 1 12 670.1958 110.1988 xxx .001 12 730.8700 4.1757 xx . 01 
Error 12 6.0392 12 6.0817 12 17 5.0300 

Density 

Replicates, north vs. south 1 1.4100 0 . 1521 ns 1 0 .1400 0.0048 ns 1 0.6400 0 . 0052 ns 
Between stations 12 115.0308 12.4089 xxx .001 12 141.2654 4.8812 xx .01 12 313.6017 2 . 5509 x .05 
Error 12 9.2700 12 28.9408 12 122.9358 

Transects D E Control 

substrate Coverase 

Replicates, north vs. south 1 1.5900 0.0930 ns 1 6.6900 0.0629 1 0.1400 0.0029 ns 
Between stations 12 611.8025 35.7815 xxx .001 12 668.7967 6.2868 xx .01 12 520.2108 10.8359 xxx .01 
Error 12 17.0983 12 106.3808 12 48.0083 

Density 

Repl icates , north vs. south 1 1. 3 500 0 . 0302 ns 1 1 . 8900 0.0746 ns 1 0.3700 0.0146 ns 
Between stations 12 186.4242 4.1654 xx .01 12 130 . 7560 5.1636 xx .01 12 107.3 400 4.2321 xx .01 
Error 12 44.8550 12 2S.3242 12 25.3633 
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Table 4. 

Transect 

A 
B 
C 
D 
E 

Affected 
Area 

A comparison of core and peripheral coral-kill distance 
intervals at Transects A-E detemined during the present 
and 1974 studies. Distances are in meters. 

Present study 1974 study 
Core Core and Core Core and 

Peripheral Peripheral 
Combined Combined 

40 44 40 63 
33 45 40 57 

0 22 20 24 
0 35 3 36 
0 18 0 20 

7,300 m2 1 6 ,400 m2 10,300 m2 20,000 m2 
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REASSESSMENT OF THE MARINE BENTHIC ALGAE 

by 
Roy T. Tsuda 

Methods 

Field Collection 

Pieces of limestone substrata, ranging in diameter from 10 
to 35 cm, were collected intact or chiseled along the thermal 
effluent transect (Transect A) on 21 November 1989 by R.H. 
Randall and R.T. Tsuda, and along in the control transect 
(Transect B), just north of NCS Beach, on 6 November 1989 by R.H. 
Randall. The pieces of substrata were labeled and brought to the 
Laboratory where the substrata were preserved with 10% 
formaldehyde in separate plastic bags. 

Laboratory Examination and Quantification 

Prior to examination with a dissecting microscope, the 
larger pieces of substrata were broken into smaller pieces with a 
hammer and chisel. Since the majority of algae represented the 
smaller filamentous-like species or immature thalli of larger 
macroalage, verification of species identification were done with 
the use of a compound microscope either at 100x or 450x. 

A rather rough estimate of percent cover of the various 
species was mainly done with the naked eye after all species 
present at a station were compiled. The percent cover is 
basically an estimate and does provide a general idea of which 
algae were dominant in terms of percent cover. 

Results 

The following pages provide a species listing and a rough 
quantitative estimate of the percent cover of the dominant algae 
found at the respective stations along the Thermal Effluent 
Transect A (13 stations) and along the Control Transect (7 
stations). Table 1 provides a comparison of the different algae 
species along the two transects. The Control Transect B had 
exactly double the number of species than at the Thermal Effluent 
Transect A - 40 algal species compared to 20 algal ' species, 
respectively . 

Cyanophyta 
Chlorophyta 
Phaeophyta 
Rhodophyta 

TOTAL 

Thermal Outfall 
Transect A 

7 spp. 
7 
3 
3 

20 spp. 

Control 
Transect 

3 spp. 
13 

5 
19 
40 spp. 



Tables 2 and 3 provide a summarized account of the presence 
of algal species along the two transects. 

Brief Discussion 

Based on the assumption that both transects were inhabited 
by similar algae prior to the construction of the thermal 
outfall, it is obvious that the thermal outfall did affect the 
diversity of algae (especially, the greens, browns and reds) . 
There was, however, a much more diverse blue-green algal flora 
along the Thermal Effluent Transect A. In fact, the three blue
greens - Microcoleus lyngbyaceus, Schizothrix tenerrima and 
Calothrix crustacea - were the dominant species within 40 m of 
the thermal outfall source. In comparison, species of red 
algae - Gracilaria salicornia, Gelidiella acerosa, Hypnea pannosa 
and Rhodymenia divaricata - were dominant, with Cladophoropsis 
sundanensis and Ralfsia pangoensis, within 50 m from shore along 
the Control Transect . 

Schizothrix tenerrima is of particular interest because of 
its abundance in the thermal channel. This species is rare 
around Guam and could easily be mistaken for Schizothrix 
mexicana. The conspicuous characteristic of S. tenerrima is that 
the terminal cell is attenuated (pointed), after growth or cell 
division ceases. Trichomes of ~. tenerrima possess rounded 
terminal cells while it is still growing. The only other species 
of Schizothrix which possess terminal cells which are attenuated, 
but shorter attenuation, is ~. monticulosa (Bory) Drouet reported 
from freshwater hot springs only. 

Whether the thermal effluent affects the algal community at 
the reef margin is not known. During low spring tides during 
period of calm seas, one would expect the subtidal algae, i.e., 
those inhabiting crevises to be most affected. The dominant 
algal community is different at each transect. Gelidiella 
tenuissima, Microcoleus lyngbyaceus and Cladophoropsis 
sundanensis were the dominant component on the subtidal reef 
margin along the Thermal Effluent Transect A. Rhodymenia 
divaricata, Jania capillacea, Amphiroa fragilissima and Dictyota 
bartayresii were the dominant algal flora on the subtidal reef 
margin along the Control Transect . 

The dominant algal flora also differed on the intertidal 
reef margin, where one would not expect any effect of thermal 
waters during low spring tides. Gelidiella tenuissima, 
Cladophora albida and Boodlea composita were the dominant algae 
the Thermal Effluent Transect A, while Porolithon spp. Hypnea 
pannosa, Rhodymenia divericata and Polysiphonia tenuis were 
dominant along the Control Transect. 
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THERIIAL EFFLUENT TRANSECT A 
November 21, 1989 

Station 1 - Intertidal knob, reef margin (80-90 m from concrete oatfall source). 

Gelidiella tenuissima (ca. 40% cover) 
Cladophora alb ida (ca. 40% cover) 

Fine filaments about 10 mm long and less than 32 u in diameter. 
Boodlea composita (,ca •. 20% cover) 

Remaining algae comprise less than 1% cover. 
Microcoleus lyngbyaceus 
Schizothrix calcicola 
Acetabularia moebii 
Padina sp. (only vaughaniella form) 
Sphacelaria sp. (no attached propagulum) 
Rhodymenia divaricata 

Station 2 - Subtidal beachrock, reef margin (80-90 m from concrete outfall source) . 

Gelidiella tenuissima (ca. 55% cover) 
Microcoleus lyngbyaceus (ca. 30% cover) epiphytiC on Gelidiella tenuissima. 
Cladophoropsis sundanensis (ca. 10% cover) 
Porolithon spp. (ca. 5% cover) deep red in. color 

Remaining algae comprise less than 1% cover. 
Schizothrix mexicana (dark green filaments interspersed among other algae) 
Schizothrix calcicola 
Calothrix crustacea 
Acetabularia moebii 
Boodlea composita 
Cladophora alb ida 
Enteromorpha clathrata 
Feldmannia cf. indica 
Sphacelaria sp. (no attached propagulum) 

Station 3 . - Subtidal shelf where reef margin grades into reef flat (75-80 m 
concrete outfall source). 

A. Upper side of shelf 

Gelidiella tenuissima (ca. 60% cover) 
Microcoleus lyngbyaceus (ca. 30% cover) 
Boodlea composita (ca. 10% cover) 

Remaining algae comprise less than 1% cover. 
Cladophora a lbida 
Cladophoropsis sundanensis 
Enteromorpha clathrata 
Pad ina sp. (vaughaniella form) 
Porolithon spp. (purple in color) 
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Station 3. Continued. 

B. Lower side of shelf 

Porolithon spp. (ca. 50% cover) reddish-purple in color 
Boodlea compos ita (ca. 50% cover) 

Remaining algae comprise less than 1% cover. 
Microcoleus lyngbyaceus 
Schizothrix mexicana (dark green filaments) 
Acetabularia moebii (1 specimen) 
Boergesenia forbesii 
Enteromorpha clathrata 
Gelidiella tenuissima 

Station 4 - Chiseled reef ledge, intertidal reef flat, between Mar: ~ 

limestone shelf and inner part of the reef margin (55-65 m fr c= 
concrete outfall source). SAME AS Station 5. 

A. Upper side of ledge 

Combination of the following species causes the substratum 
green in color. (ca . 90% cover) . 

Ostreobium reineckei 
Calothrix crustacea 
Schizothrix calcicola 

Gelidiella tenuissima (ca. 10% cover) in grooves/holes 

Remaining algae comprise les s than 1% cover. 
Anacystis dimidiata 
Cladophora alb ida (6 u wide, cells 2x long as wide) 
Cladophoropsis sundanensis 
Enteromorpha clathrata 

B. Lower side of ledge. 
Porolithon spp. (ca. 50% cover) deep purple in color 
Mussels (ca. 50% cover) 

Station 5 - Chiseled reef rock, intertidal reef flat, between Mari c=, 
shelf and inner part of the reef margin (60-70 m from concre t E 
sou~ce). Sfu~ AS Station 4. 

A. Upper side of reef rock. 
Bare limestone (ca. 50% cover) 
Gelidiella tenuissima (ca. 20% cover) 
Microcoleus lyngbyaceus (ca. 20% cover) 25 u wide 
Calothrix crustacea (ca . 10% cover) 

Remaining algae comprise less than 1% cover. 
Anacystis dimidiata (14 u diameter) 
Schizothrix tenerrima 
Boodlea composita (immature) 
Enteromorpha clathrata (1 mm long) 
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Station 5. Continued. 

B. Lower side of reef rock 

Porolithon spp. (deep purple crust covering about 40% of lower ledge). 

Station 6.- Chiseled intertidal Mariana limestone shelf, 3 m from seaward 
margin of reef flat platform (35-40 m from concrete outfall source). 

Limestone with no algae (ca. 80% cover; however, 40% of limestone appeared 
green in color but no algae could be recognized during observations 
through microscope) 

Calothrix crustacea (ca. 10% cover) 9.2 u in diameter 
Forming hard black crust, Ralfsia-like, in patches. 

Schizothrix tenerrima (ca. 10% cover). 
Forming dark greenish black spongy clumps. Filaments, with few 
tapered terminal cell; majority with rounded terminal cell. Except 
for the tapered terminal cell of a few filaments, the alga 
appeared much like Schizothrix mexicana. 

Remaining algae comprise less than 1% cover. 
Schizothrix calcicola 
Cladophora albida (I cm high, 41 u diameter, .8 to .9x as long as wide) 
Gelidiella tenuissima (2 rom high, 81 u diameter) 

Station 7 - Intact loose boulders, mid part of outfall discharge channel 
(15-25 m from concrete outfall source). 

Microcoleus lyngbyaceus (ca. 50% cover) 
Reddish-brown turfs, up to 4 rom high, 10.6 u diameter, with conspicuous 
hormogone packets. Filaments on side of channel up to 16 mm long where 
force of water is less. 

Schizothrix tenerrima (ca. 50% cover) 
Greenish brown to black loose of compact slimy mats, 4.6 u diameter 
filaments, length of cells 1-1.5 times diameter; cross walls usually 
not visible under high power (450X); few filaments with tapered terminal 
cell . 

Remaining algae comprise less than 1% cover. 
Calothrix crustacea (9.2 u wide, with basal heterocyst only) 
Schizothrix calcicola (I u diameter) 
Spirulina subsalsa (only one trichome seen) 
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CONTROL TRANSECT 
November 6, 1989 

Station 1 - Piece of chiseled intertidal knob, inner reef margin (95-100 m 
from shore). 

Porolithon spp. (ca. 40% cover) 
Hypnea pannosa (ca. 35% cover) 
Rhodymenia divaricata Dawson (ca. 25% cover) 
Remaining algae comprise less than 1% cover. 
Microcoleus lyngbyaceus 
Bryopsis pennata 
Feldmannia indica (with plurilocular reproductive organs) 
Dictyota bartayresii (prostrate thalli) 
Lobophora variegata 
Jania capillacea 
Polysiphonia tenuis 

Station 2 - Intact beachrock, intertidal knob, but 25 cm lower than Station 1, 
reef margin (110-115 m from shore). 

A. Upper side of beachrock 

Polysiphonia tenuis (ca. 60% cover) 
Thallus appearing as fine red turf, 3 mm high and ca. 40 u in 
diameter; tetrasporic. 

Rhodymenia divaricata (ca. 40% cover) 
Thalli immature, mostly comprised of unbranched blades ca. 4 mm high. 

Remaining algae comprise 
Microcoleus lyngbyaceus 
Schizothrix calcicola 
Feldmannia indica 
Jania capillacea 
Gelidiella acerosa 

less than 1% cover. 

B. Lower Edge and bottom of beachrock 

Porolithon spp. ~ (ca. 50% cover) primarily in center 
Hypnea pannosa (ca. 45% cover) primarily on edge 
Rhodymenia divaricata (ca. 5% cover) 

Boodlea composita (Jess than 1% coyer) 

36 



Station 3 - Intact beachrock, subtidal, inner reef margin (95-100 m from 
shore) . 

A. Upper side of beachrock 

Rhodymenia divaricata (ca. 45% cover) 
Jania cap illacea (ca. 35% cover) 
Dictyota bartayresii (ca. 10% cover) 

Remaining algal assemblage (ca. 10% cover) 

Microcoleus lyngbyaceus 
Boodlea compos ita 

Single immature filament. 
Bryopsis pennata 
Caulerpa racemosa (one thallus) 
Chlorodesmis fastigiata 
Halimeda opuntia (one thallus) 
Sargassum cristaefolium 
Amphiroa fragilissima 
Cent roc eras clavulatum 
Ceramium mazatlanense (ca. 40 u diameter) 
Gelidium pus ilIum 
Hypnea pannosa 

B. Lower Edge and bottom of beachrock 

Dictyota bartayresii (primarily on edge) 
Porolithon sPP.. (primarily in center) 

Station 4 - Chiseled beachrock, subtidal, inner reef margin (100-105 m 
from shore) . 

Amphiroa fragilissima (ca. 60% cover) fertile 
Rhodymenia divaricata (ca. 30% cover) 

Four species comprising ca. 10% cover. 

Microcoleus lyngbyaceus 
Chlorodesmis fastigiata 
Halimeda opuntia 
Dictyota bartayresii 

Remaining species comprising less than 1% cover 

Avrainvillea lacerata 
Boodlea composita 
Caulerpa antoensis 
Caulerpa racemosa (peltata form) 
Champia parvula 
Cheilosporum multifidum (4 mm high) 
Ceramium mazatlenense (ca. 120 u 

in diamete.-) 
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Galaxaura marginata 
Gelidiella tenuissima 
Hypnea panno~a 
Jania capillacea 
Peyssonelia rubra 
Polysiphonia tenuis (on rock, dark 

red carpet, 2 mm high, 46 u 
in diameter) 



Station 5 - Chiseled beachrock, intertidal reef flat platform (55-60 m 
from shore). 

Gelidiella acerosa (ca. 957. cover) up to 3.7 cm high 

Two species comprising ca. 5% cover. 

Hypnea pannosa 
€entroceras clavulatum (as turfs or epiphytic on Gelidiella acerosa) 

Remaining two species comprising less than 17. cover. 

Rhodymenia divaricata 
Porolithon spp. (on bivalve) 

Station 6 - Chiseled beach rock, subtidal depression, reef flat platform 
(55-60 m from shore). 

Gelidium pusillum (ca. 40% cover) 
Gelidiella acerosa (ca. 307. cover) 
Jania -capillacea (ca. 307. cover) 

Remaining algae comprising less than 17. cover. 

Boodlea composita (immature) 
Dictyosphaeria versluysii 
Dictyota cf. bartayresii (3 mm high, prostrate) 
Sargassum cristaefolium (immature) 
Ceramium mazatlanense 
Porolithon spp. 

Station 7_- Chiseled beach rock, intertidal, on side of block, reef flat 
platform (75-80 m from shore) 

Jania capillacea (ca. 507. cover) 
Centroceras clavulatum (ca. 457. cover) tetrasporic 
Hypnea pannosa (ca. 57. cover) 

Remaining algae comprising less than 17. cover. 

Microcoleus lyngbyaceus 
Boodlea composita (immature, 6 mm high) 
Enteromorpha clathrata (ca. 4 mm high) 
Gelidiella acerosa 
Polysiphonia tenuis ~nbranched thallus 2 mm high) 
Rhodymenia divar1cata (immature single blade, 8 mm high) 
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Station 8 - Chiseled beachrock, intertidal on platform pinnacle, outer 
intertidal/supratidal zone (40-45 m from shore). 

Calcified worm tube (ca. 80r. cover) 
Bare beachrook (ca. 15% cover) 
Porolithon spp. (ca. 5% cover) 

Fleshy algae present on side of beachrock. 

Boodlea composita (ca. 3 mm high) 
Dictyosphaeria versluysii (in minute crevise) 
Centroceras clavulatum (tetrasporic) 
Gelidiella acerosa (immature) 

NOTE: No Jania capillacea. 

Station 9 - Low tide reef flat pool between supratidal and beach (15-20 m 
from shore). 

A. Loose macroalgae 

Gracilaria salicornia (ca. 75% cover) 18 by 9 cm in diameter clump 
Cladophoropsis sundanensis (ca. 25% cover) epiphytic on Gracilaria 

salicornia. 

B. Intact beachrock (ca. 13 x 11 cm) Bottom with no algae 

Cladophoropsis sundanensis (ca. 45% cover) 
Gelidiella tenuissima (ca. 40% cover) prostrate, 3 mm high, 120 u diameter. 

Gelidiella acerosa (ca . 10% cover) 10 mm high 
Rhodymenia divaricata (ca. 5% cover) immature single blades, 4 mm high 

C. Intact beachrock (ca. 18 x 15 cm) Bottom with no algae 

Gelidiella acerosa (ca. 95% cover) 

Remaining algae comprising 5% cover. 

Chlorodesmis fastigiata (2 mm high) 
Dictyosphaeria versluysii (8 mm across) 
Lobophora variegata 
~phiroa fragilissima 
Gelidiella tenuiss ima 
Jania capillacea 
Peyssonelia cf. rubra 
Polysiphonia tenuis 
Rhodymenia divaricata 
Tolypiocladia glomerulata 
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Station 10 - Chiseled beachrock, intertidal just seaward of supratidal 
limestone remnants, 45-50 m from shore. 

Hypnea pannosa (ca. 45% cover) prostrate, adhering to beachrock 
Rhodymenia divaricata (ca. 30% cover) 
Cladophoropsis sundanensis (ca. 15% cover) fine light green mat, 

filaments 100-120 u in diameter, growing on beachrock or epiphytic 
on Rhodymenia divaricata 

Gelidiella acerosa (ca. 5% cover) with stichidia, ca. 1.5 em high 
Boodlea vanbosseae (ca. 5% cover) 

Clump, dark green, filaments (330-400 u in diameter) with thick 
walls and with distinct rhizoids adhering to coral or to other 
branches. Resembles a course Cladophoropsis or Rhizoclonium. 

Remaining species comprising less than 1% cover. 

Microcoleus lyngbyaceus (mixed with Centroceras clavulatum) 
Dictyosphaeria versluysii (immature patches, ca. 2 mm in diameter, 

with Hypnea pannosa) 
Amphiroa fragilissima (on beachrock with Rhodymenia divaricata 

and Hypnea pannosa) 
Centroceras clavulatum (epiphytic on Rhodymenia divaricata or 

occurring in 5 mm diameter patches with Hypnea pannosa) 
Champia parvula (epiphytic on Rhodymenia divaricata and on beachrock 

with Hypnea pannosa) 
Jania capillacea (epiphytic on Rhodymenia divaricata and among 

Hypnea pannosa) 
Porolithon sPp. (pink crustose) 

Station 11 - Intact beachrocks, subtidal on loose cobbles, reef flat platform 
(65-70 m from shore). 

A. Beachrock (ca. 19 x 11 em) 

Gelidium pusillum (ca. 45% cover) 2 mm high, green in color, thallus 
with fine rhizoids in medullary area 

Porolithon spp. (ca. 25% cover) 
GelidiEhlla, tenuissima (ca, -207. cOYeJ:"l 
SchizothrLx calcicola (ca. 5% cover) 
Entophysalis deusta (ca. 5% cover) 

Remaining algae comprise less than 1% cover. 

Champia parvula 
Hypnea pannosa (pink in color) 

Bottom of beachrock consists of 30% cover of 

Schizothrix calcicola 
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Station 11 (Continued) 

B. Beachrock (ca. 16 x 12 cm) 

Gelidium pusillum (ca. 45% cover) 
(ca. 45% cover) 

Porolithon spp. (ca. 5% cover) deep red in color 

Remaining four species comprise less than 5% cover. 

Entophysalis deusta 
Schizothrix calcicola 
Centroceras apiculatum (few thalli, 110 u in ~iameter, intermixed 

with Gelidium pusillum and Gelidiella tenuiss ima 

Bottom of beachrock consists of 30% cover of 

Schizothrix calcicola 

Station 12 - On intact boulder, just seaward of intertidal boulder field 
(40-45 m f r om shore). 

A. Top 

Ralfsia pangoensis (ca. 100% cover) 

B. Bottom 

Entophysalis deusta (ca. 65% cover) green in color 
Porol ithon spp. (ca. 35% cover) red in color 

Station 13 - Selected algal samples from the reef margin (inner part). 

Schizothrix calcicola 

Boergesenia forbesii 
Boodlea composita 
Bryopsis pennata 
Caulerpa racemosa 
Caulerpa sertularioides 
Dictyosphaeria versluysii 
Halimeda opuntia 

41 

Amphiroa fragilissima 
Centroceras clavulatum (epiphytic on 

Bryopsis pennata , Dictyosphaeria 
versluysii, Halimeda opuntia) 

Galaxaura marginata 
Gracilaria salicornia 
Gelidiella acerosa 
Hypnea pannosa 
Jania capillacea 
Mastophora rosea 
Rhodymenia divaricata 



· Table 1. Checklist of marine benthic algae present along Thermal Effluent 
Transect A (collection made on 21 November 1989) and along Control 
Transect f, (collection made on 6 November 1989), Tanguisson Power Plant, 
NCS Beach. 

Species 

Division CYANOPHYTA (blue-greens) 

Anacystis dimidiata (Kuetz.) Drouet & Daily 

Calothrix crustacea Schousbee & Thuret 

Entophvsalis deusta (Meneg.) Drouet & Daily 

Microcoleus lvngbvaceus (Kuetz.) Crouan 

Schizothrix calcicola (Ag.) Gomont 

Schizothrix mexicana Gomont 

Schizothrix tenerrima (Gomont) Drouet 

Spirulina subsalsa Oersted 

Division CHLOROPHYTA (greens) 

Acetabularia ~oebii Solms-Laubach 

Avrainvillea lacerata Harv. 

Boergesenia forbesii (Harv.) Feldmann 

Boodlea composita (Harv.) Brand 

Boodlea vanbosseae Reinbold 

Bryopsis pennata Larnx. 

Caulerpa antoensis Yamada 

Caulerpa racemosa (Forsk.) J. Ag. 

Caulerpa sertularioides (Gmel.) Howe 

Chlorodesmis fastigiata (C. AB.) Ducker 

Cladophora albida (Huds.) Kuetz. 

Cladophoropsis sundanensis Reinbold 

Dictyosphaeria versluysii W. v. Bosse 

Enteromorpha clathrata (Roth) J. Ag. 

Halimeda opuntia (L.) Larnx. 

Ostreobium reineckei Bornet 
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Table 1. Continued. 

Species 

Division PHAEOPHYTA (browns) 

Dictyota bartayresii Lamx. 

Feldmannia indica (Sonder) Womersley & Bailey 

Lobophora variegata (Lamx.) Womersley 

Pad ina sp. (vaughaniella form only) 

Ralfsia pangoensis Setch. 

Sargassum cris taefolium C. Ag-. 

Sphacelaria sp. (no propagulum) 

Division RHODOPHYTA (reds) 

Amphiroa fragilissima Larnx . 

Centroceras apiculatum Yamada 

Centroceras c lavulatum (C. Ag.) Montagne 

Ceramium mazatlenense Dawson 

Champia parvula (Ag.) J. Ag. 

Cheilosporum multifidum (Kuetz.) Manza 

Galaxaura marginata Lamx. 

Gelidiella acerosa (Forsk.) Feldmann & Hamel 

Gelidiella tenuissima Feldmann & Hamel 

Gelidium pusillum (Stackh.) Le Jolis 

Gracilaria salicornia (C. Ag.) Dawson 

Hypnea .pannosa J. Ag. 

Jania capillacea Harv. 

Mastophora rosea (C. Ag.) Setch. 

Peyssonelia rubra (Grev.) J. Ag. 

PoroH thon spp. 

Rhodymenia divaricata Dawson 

Tolypiocladia glomerulata (Ag.) Schmitz 

Polysiphonia tenuis Hollenberg 
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Table 2. Species diversity at each of the 7 stations. Thermal Effluent 
Transect A. 

Species 
Stations 

1 2 3 4 5 6 

Cyanophyta (7 spp. ) 

AnacJl:stis dimidiata X X 
Calothrix crustacea X X X X 

Microcoleus lJl:ngbJl:aceus X X X X 

Schizothrix calcicola X X X X 
Schizothrix mexicana X X 
Schizothrix tenerrima X "X 
Spirulina subsalsa 

Chlorophyta ( 7 sPp.) 
Acetabularia moebii X X X 
Boergesenia forbesii X 
Boodlea cornposita X X X X 

Cladophora alb ida X X X X X 

Cladophoropsis sundanensis X X X 
Enteromorpha clathrata X X ·X X 
Ostreobi¥~ reiryckei 

Phaeophy La spp. 
X 

Feldmannia indica X 
Padina sp . (vaughanie11a form) X X 
Sphacelaria sp. X X 

Rhodophyta (3 spp. ) 
Gelidie11a tenuissima X X X X X X 

Porolithon spp. X X X X 

Rhod~enia divaricata X 

NO. OF SPECIES 9 13 11 9 8 5 
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Tab le 3. Species diversity at each of the 12 stations. Station 13, which comprises of 
c o llection of selected algae, is not considered in this table. Control 
Transect 

Species 1 2 3 
Stations 

4 5 6 7 

x X---X-X-

8 9 10 11 12 

Cyanophyta (3 spp.) 
Entophysalis deusta 
Microcoleus lyngbyac~e~u~s~--

Schizothrix calcicola _'-"x __________________ X"--____ _ 

Chlorophyta (13 spp.) 
Avrainvillea Ip_cer"ta ___ _ 

*Boergenes i a forbesii 
X __ ------------------

Boodlea compos_i ta X X 
Boodlea vanbosseae - -------------=----=--
Bryopsis pennata ---X n _ _ __ _ X 

X X __ _ X __ _ X _____________ ____ _ 
___________ __ ____ ___ .. ______ X .. _ _ _ _ __ ___ ___ _ _ 

Caulerpa a ntoensis --·X- ----··-- .------.-- ------ - -
Caulerpa r acemosa X-X---
Caulerpa se rtularioiOes-------- ----- - ---- .. . ---.. - .-.-------.. --- _ .. _- --.-

Chlorodesmis fastigiata X X 
Cladophoropsis sundanensis-

___ _____ X _______ ______ .. ____ ____ __ _______ __ 
-:::--___ X __ X __________________ _ ___ _ _ 

Dictyosphaeria ~v;eir~s~l~u~y~S~i~l~-------------
Enteromo r pha clathrata 
Halimeda opuntia 

-:.o.X_~_-.X. -X- X _ ____ _ 
_______ ___ ,x ________________ __________________ __ 

Phaeophyta (5 spp . ) 
Dictyota bartayresii 
Fe ldmannia i ndica 
Lobophora var i ega ta 
Ralfsia pangoensis 

X 
X X 
X 

X 

X x 

Sargassum cristaefolium-----------~X~-------------------------------------------------

Rhodophyta (19 spp.) 
Amphiroa fragi lissima 
Centroceras apiculatum 

X 

Centroceras c lavulatum ----------X -

X 

Ce r amium rna za tlenens e It--x -------v---=----"----------=-------------------
Champia parvula --------------~--~X~----~~--------------~~--,,------------

Cheilosporum mul tifidum X 
Galaxaura marginata X------------------------------------------
Gelidiella acerosa j(---------X--X 

- - X X_~_~X~ 
Gelidiel l a tenuissima X ~ 
Gelid i um pus i Uum --X----------~;----------"X----------X -----------
Gracilaria salicoin'i'l;-a"--------------- ----- ---~ _ X"-______ _ 
Hypnea pannosa XX---X -- -X-- - :X ' - - ___ _ ______ !C _______ ____ - - - - -
J - -11 _ _ ___ __ _ __ --v __ --___ x. -__ X- -"- -X X X X am_a cap ace a _ A u _ _ x ~~y-_=_-=-_=_X -_~_=_~~_~~_: _- ----== 

*Mastophora rosea 

X 

Peyssonelia rubra -- -------- X -- --------- ---- - ---------
Polysiphonia tenuis .. .. - -- ----X X .. --- -- - -- ----- ------ _X ------ ---, .... ---- - - --------

- - _ _ X X X 
Porolithon epp. X X X - - -- -- -- ,-- --- --- ----------------------
Rh d d 

- -- - ------X -- - - - ' -- __ X - X _ _ ----X-X __ X _____ X X 
o ymenia lvanc.ata X X X X __ .. lC _______ X __ ____ ~ ____ __ .. _____ __ 

Tolypiocladia glomerulata _____ _ .... __ ___ ________ . .1'-________ .. --------- ----
NO. OF SPECIES 10 10 --16 -]9 5 9 9 5 14 12 8 3--

* Present in collections from Station 13 only. 
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I NTRODUCTI ON 

The rringing reer jus~ sou~h or Tanguisson Poin~ on 

Guam. Mariana Islands. is ~he si~e or an oil-rired 

~hermoeleclric planl. Tanguisson No. 1. comple~ed in 

1971. wen~ in~o opera~ion a~ ~ha~ ~ime. Tanguisson No.2 

was conslruc~ed adjacenl lo No. 1 and wen~ inlo 

opera~ion in 1973. Cooling waler is ~aken in rrom ~he 

Philippine Sea by means or a 14-me~er-wide in~ake 

channel; plan~ errluen~ is lhen discharged direc~ly on~o 

~he reer rla~ (Figure 1). In 1972. mean ~empera~ure or 

inlake wa~er was 27.30 C. in conlras~ ~o a mean or 33. SoC 

ror errluen~ wa~er (Jones and Randall. 1973). 

Jones and Randall (1973) noled rrom coral kill dala 

~ha~ ~he eleva~ed ~emperalures or eLfluen~ affecled an 

approximat.e lO.OOOm
2 

area of' the modern f'ringing reef 

(Figure 1). This s~udy is par~ of a re-evalualion of lhe 

afrecled area. 

Hypolhesized ~empera~ure-dependenl scenarios ~o be 

~esled include: 

1. increased bioerosion in the af'Iecled area caused by 

increased temperature. absence of coral cover. or a 

combination lhereoI~ 

2 . increased rate 01 deposition and possible increase in 

magnesium conlent. of carbonate cements; and/or 3. 

al~era~ion of original biologically frac~iona~ed 

strontium concentration in coral skeletons. 
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Figure 1. Area of' reef' f'lat. af'lect.ed by hot. wat.er 

ef'f'luent. as of' January, 1973. Shading indicat.es area of' 

abundant. coral prior t.o plant. operat.ion Caf't.er Jones and 

Randall. 1973). 
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The principal objeclive of lhis sludy is lo documenl. 

describe and inlerprel diagenelic changes in lhe modern 

coralgal ree£ environmen~ linked ~o ~hermal and/or 

geochemical slress rrom power planl effluenl. 

Secondarily. lhis sludy is an assessmenl of a possible 

power planL-relat.ed al~eralion 01 in~erlidal Holocene 

limeslone oUlcrops localed wilhin lhe discharge p l ume. 

The speciric research tasks are to contrast. major 

taxonomic groups within bioeroder populations? 

cementalion types and st.yles? and trace element 

geochemislry or cemenls and coral skelelal malerial 

belween lhe area affecled by lhe lhermal plume and 

conlrol areas for bolh Modern and Holocene reef 

mat.erial. 

The obvious implication 01 this study is related to 

lhe queslion of increased bioerosion in lhe affecled 

area. II there is indeed an increase in bioerosion (i .e. 

breakup and removal of reef framework) in the absence of 

generation 01 new reef rramework by living corals and/or 

coralline algae. lhen deslruclion of lhe fringing reef 

at Tanguisson could translate to event.ual loss 01 a 

natUral protect ive barrier. Increased wave energy during 

major slorms would impacl direclly on lhe shoreline. 

severely jeopardizing lhe shoreline and lhe power planl 

itself. On t he other hand. increased cement.at.ion in this 

area could increase t.he integrit.y of t.his natural 

barrier~ in effect st.rengt..hening its prot-active 
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capabilit.ies. 

The model generat.ed by t.his st.udy also may have 

implicat.ions on a larger scale. Glynn (1988) has st.udied 

t.he ef'f"ect.s of' El Nii'io-Sout.hern Oscillat.ion CENSO) in 

t.he east.ern Pacif'ic and t.he Caribbean. His model 

includes t.he incidence of coral bleaching and deat.h, 

similar t.o t.hat. f'ound at. Tanguisson, due t.o elevat.ed 

surt'ace sea wat.er temperat.ures. It. is possible t.hat. 

t.rends in reef' degradat.ion seen at. Tanguisson may be 

anticipat.ed on coral reef's worldwide as a result of' ENSO 

events. 

O!' st.rict.ly geological importance, the ef'f'ect.s 

document.ed by t.his st.udy may help t.o explain certain 

diagene~ic fabrics observed in ancient limestones. 

Abrupt stratigraphic or racies-conlrolled changes in 

carbonate cement geOChemistry, as well as type and 

extent or bioerosion observed in ancient limestones, may 

be relat.ed t.o relat.ively rapid rises in surf'ace seawat.er 

t.emperat.ures . 

Gener al Geology: 

The study area is located on the west coast. of' Guam, 

Mariana Islands (13
0
28' N. Lat." 1440 45' E. Long.), 

near Tanguisson Point (Figure 2). This area is 

approxi~~tely 10 km northeast of' Agana, and is located 

on the Limestone Plateau of' northern Guam, This location 

has a well-developed calcium carbonate sand beach and 
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lowland area surrounded by steep cli~~s Capproximately 

100m relie~) of Pleistocene Mariana Limestone. A 

pronounced gap in the Mariana scarp is the location of 

Tanguisson Nos. 1 and 2 thermoelectric plant. 

At Tanguisson, outcrops of Holocene Merizo Limestone 

are ~ound in the intertidal zone. It is thought that 

these are exposed due to both eustatic sea level 

adjustment and tectonic ef~ects CRandall and Siegrist, 

1988). Coral, red algal, and associated detrital 

limestone ~acies are present. Intertidal Holocene 

outcrops are concentrated near the out~all channel and 

within approximately 200 meters south of the power plant 

in the e~~luent-a~~ected area. Presumably una~fected 

Merizo crops out 1000 meters north of the power plant at 

Shark Hole, where it intersperses with intertidal to low 

supratidal outcrops of Mariana Limestone . In the ~ield, 

Merizo Limestone is identi~ied by its unrecrystallized 

texture and by its perceptively low bulk density. 

The Mariana Limestone is less porous and has been 

thoroughly recrystallized to calcite, giving it a 

sucrosic texture and sparkling appearance . 

At Tanguisson a 60 to 100 meter-wide ree~ flat 

(Figure 3) is exposed during extreme low tides (Jones 

and Randall, 1973). The ree~ margin represents the 

seaward edge of the reef ~lat, and is elevated 

approximately 20cm above it. Located seaward o~ the ree~ 

margin, the reef front represents an abrupt increase in 
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dep~h and slope. I~ extends ~o approxima~ely 7 me~ers 

below mean low ~ide level (Jones and Randall. 1973). 

Bo~h ~he reer rron~ and reer slope are dissec~ed by 

surge channels. giving ~he reer limes~one a 

bu~~ress-like morphology. An approxima~ely 70 me~er-wide 

submarine ~errace a~ 7 ~o 15 me~ers dep~h is loca~ed 

adjacent ~o ~he reer rron~. This is rollowed by a series 

or deeper ~erraces seaward (Jones and Randall. 1973; 

Tracey. e~ al .• 1964). 

Mos~ reers have been shown ~hrough carbona~e budge~ 

s~udies ~o be ne~ expor~ers or ma~erial (Warme. 1977). 

bu~ loss or ma~erial is usually par~ly orrse~ by new 

skele~al gro~h. Tanguisson may represen~ an area or 

rela~ively grea~ loss or solid CaC0
3 

due ~o ~he lack or 

new CaC0
3 

bioskele~al rorma~ion. Because ~he fringing 

reef ac~s as a na~ural proteclive barrier against. storm 

wave activi~y. damage ~o ~he shoreline and power plan~ 

a~ Tanguisson is probable ir removal or ma~erial by 

physical- and bioerosion is grea~er ~han deposi~ion or 

CaC0
3 

as cemen~s and skele~al ma~erial. A model ror dead 

reef rramework preserva~ion/des~ruction ror a ma~ure 

reef environment, such as at. Tanguisson. includes 

bioerosion of in~ernal rramework by borers 

(destruction). These borings provide areas for ~he 

precipi~ation of carbona~e cemen~s. This. along wi~h 

encrus~ation by coralline algae, vermetid gastropods. 

e~c. (cons~ruc~ion), may result in increased 
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preservaLion or Lhe maLure dead reer (Kiene, 1988). An 

overview or Lhese processes and Lheir relaLion LO Lhis 

sLudy is presenLed here. 

Bioerosion: 

Bioerosion or coral reef's is f'acilit.al.ed by grazers 

such as parrotfish and echinoids through scraping and 

chewing or' Lhe coral exterior in a search ror rood 

(Hutchings, 1986) . Bacteria, algae, and fungi bioerode 

carbonate surfaces, probably as a result of biochemical 

dissolution of CaC0
3 

(Bathurst , 1976). A discussion of 

microbioeroders is located in Appendix C. More of a 

factor in this study is bioerosion caused by endolithic 

macroboring organisms . 

The major macroborers ident.if'ied on Guam are 

sipunculans , polychaetes, and clionid sponges (Randall, 

1983). Rice (1969) indicates Lhat a possible boring 

mechanism for sipunculans includes secret.ion 01 product.s 

causing some chemical dissoluLion of CaC0
3

, along with 

mechanical removal of material by rigid papillae located 

along Lhe body and at Lhe posterior end which is located 

at the base of Lhe boring . Actual borings can be simple 

or highly sinuous , straight or curved, are usually 

blind, and conLain a single specimen (Rice, 1969) . 

Polychaetes have been round to .bore predominantly by 

secretion of acids which dissolve the CaC03 substrate 

(Hutchings, 1986). This was found LO be true for 
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Potydora websterL. an oys~er- boring polychae~e. 

experimen~ally in various calcareous subs~ra~es and 

Iceland spar by Haigler (1969). Individual borings are 

ei~her blind straigh~ or U-shaped circular lubes rrom 

1-5mm in diameter (Warme. 1975). 

Clionid sponges bo~e p~ima~ily by chemical 

dissolution. Hutchings (1986) indicales that elching 

(dissolution) or CaC0
3 

subslrale is carried oUl by 

specialized cells localed on rilopodia. As elching 

proceeds. lhese rilopods wrap around a subslrale chip. 

When opposing rilopodia meel behind lhe chip. lhe chip 

is dislodged and lransrerred lo an excurren~ opening 

where il is expelled. Chips have a characlerislic 

mulli-sided angular shape possessing concave and/ or 

convex racets (Cobb. 1969). Chips are 15 ~o 100~m in 

size (Ftillerer. 1974). 

The major superricial characlerislic or lhe arrecled 

area at 1"anguisson is the absence of' live coral cover 

due ~o lhe dea~h or living coral subslrale. Il is 

suspecled lhal lhe aclivily or bioeroders has increased 

in lhe at·recled area as a resull or lhe absence or live 

coral cover. Warme (1977) has observed lhal "dead 

subslra~es are colonized and more heavily a~~acked lhan 

lhose covered wilh coral polyps or lush growth." 

Unrorlunalely. no work has been done which relales 

bioerosion or bioeroders ~o changes in surrace seawaler 

~emperatures similar to what has been observed a~ 
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Tanguisson. This subject will be discussed in greater 

detail later . 

Hutchings (1986) indicates that bioerosion may 

racilitate cementation or the reer by production or 

rine-grained sediment which could become cemented in 

si~u . She also indica~es ~ha~ some in~aunal organisms 

actually carry sediment into their borings ror reeding 

purposes. This ·'allochthonous" sediment could also 

become cemented within the reer rramework. 

Removal or CaC0
3 

is accompanied by the weakening and 

eventual breakup or reer material into boulder- to 

sand-sized particles which can be transported away rrom 

the reer by currents, or can be deposited on the reer or 

seaward or the reer margin (Warme, 1977) . Much or this 

material will become c emented in natural reef cavities 

and crevices to form reer detrital limestone (Scorfin, 

1987) . 

Cementation: 

The standard rorm ror the solubility product (K ) or 
sp 

CaC0
3 

is: K = a . a ( Mi 11 i man , 1 974) . sp Ca+2 C0
3

= 

Unrortunately it cannot be used easily ror calculating 

the solubility or CaC0
3 

in sea water, as salinity is not 

taken into account. Milliman (1974) uses the apparent 

solubility product (K' ) , which is a runction or 
sp 

pressure, temperature, and salinity. Computed activity 

products using K ' indicate that tropical surrace sea 
sp 
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waLer is supersaLuraLed wiLh respecL La bOLh aragoniLe 

and calciLe, Lhe LWO mosL common marine cemenLs 

CMilliman, 1974). FacLors ~avoring eiLher precipiLaLior. 

o~ aragoniLe or calciLe in sea waLer are shown in 

Table 1. 

Mg2+ The ~irsL ~acLor ~rom Table 1, presence o~ i n 

soluLion, is o~ inLeresL. Berner (1975) experimenLall y 

precipiLaLed CaC0
3 

under consLanL LemperaLure, pressur e 

and CaC03 supersaLuraLion, bUL wiLh varying Mg2+ 

concenLraLions. He ~ound LhaL in general "(1) changi n g 

P
CO 

has no measurably consisLenL e~~ecL upon Lhe raLe 
2 

of' precipitaLion of eiLher calciLe or aragoniLe. 

Mg2+ (2) Dissolved in sea waLer has virLually no e~fec~ 

Table 1. FacLors favoring aragonite and calcite 
preci pi LaLi on (af'Ler Mill i man ,1 974). 

Fact-ors f"avoring 

aragoni~e Qrecipitat.ion 

1. Mg in soluLion 
2. high LemperaLure 
3. high pH 
4. sodium succinat.e. 

chondroiLin sulf'aLe 
6. Sr, Sa, Pb 

FacLors favoring 
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calciLe QrecipiLaLion 

1. absence o~ Mg 
2. low LemperaLure 
3 . lo,!! pH 
4. SO~ 

6 . NaC03 , CNH4)2C03 

6. presence o~ many 
organic compounds, suc h 
as sodium ciLrate and 
sodium malaLe 



upon t.he rat.e of" seeded precipit.at.ion of" aragonit.e. (3) 

Dissolved Mg2+ . • l' d 'h ~ ~ 1n sea wa~er severe y re~ar s ~ e rat.e 0" 

seeded precipit.at.ion of" calcit.e. (4) Calcit.e 

precipiLaLed Irom sea waLer on pure calciLe seeds is 

magnesian, cont.aining 7-10 mole per cent. MgC0
3 

in solid 

SoluLion. It occurs as a true overgro~h on the calcite 

seed part.icles. (5) In Mg-def"icient. 'sea wat.er' 

cont.aining less t.han (approximat.ely) 5 per cent. of" t.he 

normal Mg cont.ent., Mg does not. appreciably ret.ard t.he 

seeded precipit.at.ion of" calcit.e." From t.hese result.s he 

hypot.hesized t.hat. eit.her "(1) magnesium act.s as a 

surf"ace poison by being adsorbed as hydrat.ed ions on 

act.ive growt.h sit.es, such as kinks, and, t.hereby, 

inhibits the spread 01 monomolecular steps on the 

cryst..al surface .. . .. or "(2) magnesium may serve as a 

surf"ace poison but. is also incorporat.ed int.o t.he growing 

cryst.al t.o such an ext.ent. t.hat. t.he solubilit.y is 

markedly increased . . . " Discussion of' his hypot.heses 

seems to indicate that.. surface poisoning may be a minor 

:fac t.. or , 
2+ 

whereas bulk upt.ake of" Mg t.o f"orm high-Mg 

calcit.e may be a great.er f"act.or (Berner, 1975) . 

Walt.er and Morse (1984) have f"ound t.hat. under surf"ace 

sea waler conditions, 12 molX magnesian calcite and 

aragonite are equivalent.. in thermodynamic stability 

(more correctly stated as equivalent in molar 

solubilit.y) . This value is subst.ant.iat.ed by t.he work of" 

Bischof"f" et. al . (1987). The t.hermodynamic st.abilit.y has 

13 



been ~ound ~o be independen~ o~ ini~ial solu~ion pH, 

solid:solu~ion ra~io, and solu~ion Mg:Ca molar ra~io 

(Wal~er and Morse, 1984). From ~hese resul~s, i~ would 

be predic~ed ~ha~ inorganic CaC0
3 

precipi~a~es in 

seawa~er would be in ~he ~orm o~ aragoni~e or up ~o 12 

Tempera~ure also plays a role in Mg con~en~ o~ 

magnesian calci~e. Mucci (1967) ~ound a nearly linear 

rela~ionship be~ween~he dis~ribu~ion coe~~icien~ o~ Mg 

o 0 
and ~empera~ure be~ween 5 and 40 C. The Mg dls~ribu~i o~ 

coe~~icien~ is de~ined as: 

= 

J-t-. / tf: Mg2+ Ca2+ 

Xc c 
where MgC0

3 
and Xcaco3 re~er ~o ~he mole ~rac~ions o~ 

MgC0
3 

and 

J-t-. and Mg2+ 

CaC0
3 

in ~he magnesian calci~e overgrow~h , 

tf: are ~he molar concen~ra~ions o~ ~he Ca2+ 

paren~ solu~ion in experimen~al precipi~a~ion s~udies 

(Mucci, 1987). Pn increase in Mg con~en~ was observed 

wi~h an increase o~ ~empera~ure ~rom 50 ~o 400 C (see 

a nc 

Table 2). The experimen~s were per~ormed in "ar~i~icial 

sea wa~er" on pure calci~e seeds. Un~or~una~ely i~ was 

~ound ~ha~ experimen~al values were generally lower ~ha~ 

~hose ~ound in na~ure. Mucci (1967) believes ~ha~ ~his 
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may be due to dirrerences in (Mg2 +]/(Ca2 +] ratios round 

in microenvironments (i.e. algal bores, skeletal 

chambers, eLc.) f'rom those f'ound in open surf:ace sea 

wa~er. Changes in Mg conten~ in microenvironments may be 

a result or biochemical ractors such as dissolved 

organic substances and/or mineralogy and na~ure or 

organic matrices in the host particles (Mackenzie et 

al . , 1983) . 

Table 2. Average or expe.imental magnesium distribution 
coerricients, D~92+' in magnesian calcite overgrowths 

precipitated rrom seawater at various temperatures and 
their corresponding compositions in mole percent MgC0

3 
(Mucci,1987). 

T (oC) DC 
Mg2+ Mole Y, MgC03 

5 0.0121 :t .0013 5.8 :t 0.6 
25 0 .0172 :t . 0022 8.1 :t 1.0 
40 0.0271 :t .0013 12.3 :t 0.6 

Cement types round to precipitate in warm shallow sea 

water are high-Mg calcite (usually 12-25 molY, MgC0
3 

with 

decreasing % as water temperature decreases) and 

aragonite (Scorrin, 1987). High-Mg calcite cements occur 

as rine-grained ribrous or bladed crystals with 

pyramidal terminations, or as small rhombohedra 

CScorrin, 1987). These crystals rorm ribrous crusts, 

spherulitic clusters, and pelloidal micrites CScorrin, 

1987). Scorrin (1987) describes pelloidal texture as 

"subspherical bodies 20-60!-,m in diameter composed or a 
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mosaic or roughly l~m diameter equant calcite crystals. 

separated by coarser Mg calcite crystals 5-10~m in 

diameter.·· This texture has been observed as a cavity 

rilling and is presently thought to be a precipitated 

cement (Marshall. 1985). 

Aragonite cements rorm as loosely packed acicular 

ribers 50-300~m long. and as densely packed ribrous 

botryoidal masses (Aissaoui et al .• 1985). The latter 

occurs in coral skeleLons and grainsLones; ~he ~ormer is 

round inrilling primary reer cavities (Aissaoui et al .• 

1985) . 

Marshall (1985) round that acicular aragonite and 

bladed high-Mg calcite cements rorm at early and 

relatively late stages or lithirication in the Great 

Barrier ReeL He noted that ··early cements are round 

lining or rilling coral pores and other skeletal 

chambers that may be rollowed by micrite or mesh 

cemen~ed internal sediments. The later cements are more 

coarsely crystalline than their predecessors. and they 

line or rill either secondary borings or the remaining 

space within partly rilled (usually geopetal) cavities.·' 

On Rota. 50km north or Guam. 3 types or aragonite 

cement and 5 types or Mg calcite cement were round in 

emergent Holocene coral gal reers analagous to the Merizo 

Limestone or this study (Bell and Siegrist. 1988). These 

were: 

A
1

- Individual acicular crystals. rrequently 200~m long. 
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wi~h chisel-shaped ~ermina~ions forming non-isopachous 

linings in aragoni~ic skele~al cavi~ies. 

A2 - Screen- or mesh-like cemen~s formed by mu~uall y 

in~erfering acicular or la~h-shaped crys~als growing 

from differen~ loca~ions i n ~he pore wall. 

A
3

- isopachous closed fans of 200~m long fibrous 

aragoni~e crys~als showing undulose extinc~ion. These 

were no~ed ~o be similar ~o so-cal l ed bo~r yoidal 

aragonite cements . 

M
1

- Micro- Cl-4~wJ and submicroscopic C<l~m) Mg calci~e 

crysLals rrequen~ly forming conLinuous pore linings or 

rims around bioclasts. 

M2 - 4-20~m equant . block y. rhomb. or loaf-shaped Mg 

calcit.e cryst.als !~requently f'arming a mo saic above 

coarser Ml cement.. 

M
3

- 75-100~m long denLaLe bladed crys~als forming 

semi-isopachous linings, individual cryst.als orient.ed 

perpendicular to pore walls. 

M
4

- 100-200~m long Roman s word shaped crys~als 

perpendicular t.o nucleation surfaces, showing "picket. 

f'enee" extinct.ion. 

M
5

- Peloids of sil~ -size C60~m) made up of dense micri~e 

C<l~m) wi~h isopachous rims of M3 or M4 cemen~. 

I~ is expec~ed ~haL many of ~hese cemen~s will be 

observed in Lhe modern and Holocene rocks of ~his s~udy. 

No st.udi es of' diff'erences in cement.. morphology as a 

result. of" slight changes in surf'ace sea wat.er 
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~empera~ure have been under~aken. Possible di~~erences 

be~ween cemen~s in con~rol and a~fec~ed areas observed 

in ~his s~udy will be discussed la~er . 

S~ron~ium: 

2+ 
Sr concentrations can be used to track the progress 

o~ ~reshwa~er diagenesis (Kinsman, 1969). The overall 

afrec~ 01' ~reshwa~er percola~ion ~hrough marine 

2+ 
aragoni~e is ~o reduce ~he amoun~ o~ Sr . This appears 

~o be related ~o ~he leaching o~ aragoni~e wi~h 

simultaneous precipitation of calcite owing to 

~reshwa~er phrea~ic and vadose diagenesis as discussed 

by Sco~~in (1987). This e~~ec~ has also been documen~ed 

in ~he Red Sea region by Friedman and Brenner (1977) ~or 

corals o~ modern age, 110,000 years old. and 250,000+ 

years old. They ~ound a decrease in s~ron~ium 

concen~ra~ion parallelling ~he amoun~ of aragoni~e which 

had been replaced by calcite in the ancient reel rocks 

s~udied. Ini~ial Sr 2
+ concen~ra~ions range ~rom 2500 ~o 

9500 ppm due ~o dif~erences in ~rac~iona~ion o~ 

strontium by various marine organisms CSco£fin~ 1987). 

Af~er diagenesis, 
2+ 

observed Sr concentrations average 

200 ppm (Scoffin. 1987). The e~~ec~s o~ diagenesis 

caused by a slight rise in t.emperature. as observed at. 

Tanguisson. 
2+ 

on S~ concen~ra~ions has no~ been studied. 

Results o~ a s~udy of s~ron~ium concen~ra~ion at 

Tanguisson will be discussed la~er. 
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METHODS 

Modern coral skele~al samples were collec~ed along a 

~ransec~ normal ~o ~he shoreline loca~ed approxima~ely 

50 me~ers sou~h 01 ~he power plan~ ellluen~ channel 

CTransec~ B) . This is Lhe area where Lhermal impacL o~ 

ellluen~ is grea~es~ in ~he affec~ed area (Jones and 

Randall, 1973) . In situ dead and living coral colonies , 

as well as heavily encrus~ed skele~ons and loose 

cobbles , were removed. Af~er collec~ion in ~he aflec~ed 

area , ~he same coral genera and ~ypes 01 samples were 

~aken rrom a con~rol ~ransec~ (Transec~ A) loca~ed 

approxima~ely 450 me~ers nor~h or Transec~ B (Figure 4). 

This was done ~o decrease bias which may be in~roduced 

as a resul~ 01 selec~ivi~y 01 cer~ain bioeroders lor 

cer~ain coral genera CRandall e~ al., 1990). Bo~h 

~ransec~s ex~end Irom ~he shoreline , crossing ~he reer 

Ila~, reel margin, and upper reel slope (Figure 3). 

AIlec~ed in~erLidal Holocene reel limeSLone samples 

were collec~ed along a ~ransec~ normal ~o ~he shoreline 

bordering ~he scu~h edge 01 ~he ellluen~ channel 

(Transec~ D). Coral skele~al and de~ri~al Iacies were 

removed. Collec~ion also included samples o~ PleisLocene 

Mariana Limes~one. Unallec~ed Holocene samples similar 

in ~ype ~o ~hose in ~he ar,ec~ed area were collec~ed 

Irom a con~rol ~ransec~ loca~ed approxima~ely 1000 

me~ers nor~h 01 ~he power planL CTransec~ C) . See Figure 4 
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Figure 4. Loca~ion o~ sample ~ransec~s. TransecLs A and 

B indicale modern reefs; Transecls C and D indicale 

Holocene reef's . 
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A ~o~al or 41 recen~ reer samples. 19 rrom Transec~ A 

and 22 rrom Transec~ B. were slabbed ver~ically along 

~he longes~ horizon~al axis using diamond blade rock 

cu~~ing saws. This was done ~o ob~ain a smoo~h areal 

sur race ror ca~egoriza~ion and percen~age es~ima~ion or 

skele~al rramework. primary porosi~y. bioerosion. 

visible cemen~. and de~ri~al inrillings on a macroscopic 

scale. 

Poin~ coun~s or slabbed specimen sur races were made 

using a clear plas~ic grid in~o which 500 poin~s were 

punched wi~h a nail punch. Poin~s were genera~ed rrom a 

random number ~able CSokal and Rohlr. 1987) ~o assure 

randomness in ~he count. 

One problem encoun~ered was ~ha~ or largely dirrering 

surrace areas or samples . This was solved by projec~ing 

~he sample on~o a Sony video moni~or using a CCO Color 

Camera M-852 equipped wi~h a CCTV Precision Op~ics zoom 

lens ins~alled on a li gh~ ~able which allows ror 

ver~ical adjus~men~ or ~he camera . The rocal leng~h or 

~he camera was changed ~o allow sample surrace areas ~o 

be brough~ wi~hin 95% o~ the area 01 a standard sample 

CRHR 1248-9A). Surrace area or ~he s~andard sample and 

or ~he adjus~ed samples was measured using CUE 3 Image 

Analyzer Version 2. 01 sor~ware COlympus Corp .• 1988). 

This program allows ~he sur r ace area ~o be calcula~ed b y 

~racing ~he outside edge of' ~he sample wi~h a mouse. An 

areal readout or the traced area is given in the desired 
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2 
uni~s (ror ~his s~udy mm). The plas~ic grid was 

ins~alled on ~he video screen. and coun~s were made 

direc~ly rrom ~he screen. This ~echnique allowed 

approxima~ely 175-200 grid poin~s ~o rail on each 

sample. Point coun~s and specimen descriptions are 

loca~ed in Appendix B. 

Sample s~a~is~ics ror percen~ bioerosion for each or 

Transec~s A and B were calcula~ed. Tes~s or significance 

consis~ed 01' ~wo-way analyses or variance CANOVA) for 

~reaU!len~ (control vs. a1'fec~ed, or Transec~ A vs. 

Transec~ B) versus coral genera, and 1'or ~rea~men~ 

versus dep~h (Appendix A) . Dep~h was s~udied because a 

s~ra~irica~ion of hot wa~er in the uppermos~ 1 meter was 

observed in ~he earlier s~udy (Jones and Randall, 

1973). Percent encrusting organisms also was sLudied in 

an iden~ical s~a~is~ical se~up. 

A ~hin sec~ion analysis of microboring algae and 

fungi also was done. Thin sections of 3 coral genera 

from Transec~ A and Transec~ B were sys~ema~ically poin~ 

coun~ed and ca~egorized as in ~he slab s~udy. Sample 

statistics and analyses of variances CANOVA) were 

genera~ed using SYSTAT. Results will be discussed la~er. 

A shor~ paper discussing ~his s~udy in de~ail is loca~ed 

in Appendi x C. 

Bioerosion studies were not done lor Holocene 

samples, as no appreciable modern bioerosion was 

observed on f'reshly cut. surfaces. 
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SLandard size polished Lhin sections or 30~m nominal 

Lhickness impregnaLed wiLh blue-dyed epoxy were made or 

Holocene and modern reer samples by D.M. OrganisL 

PeLrographic LaboraLory. Newark. Delaware . Blue epoxy 

was used to allow easy idenLiricaLion or porosity under 

plane-polarized light. SecLions .... ere polished !'or 

SEM/¥!DS a!'"lalysis. 

Thin sec~ions were studied using a Nikon transmitted 

light petrographic microscope equipped WiLh lOx 

binocular and 4x. lOx. and 60x objecLive lenses. Samples 

were moved manually so that. an entire scan of' t.he 

section was completed at 40x magnificat.ion. 

Irregularities and visible cemenLs also .... ere observed a~ 

lOOx and 600x magniricaLions. Scans normally .... ere made 

wit.h crossed polarizers? as it. was found t.hat. t.he 

aragonit.e coral skelet.on had a charact.erist.ic texture 

which was not. always v isible under plane-polarized 

lighL. Plane-polarized lighL was used to check porosiL y 

and contacLs between cemenLS and lrame .... ork. NOLed were 

l'ramework type and condiLion. type or porosity (1. e. 

primary or secondary). presence and morphology of' 

cement.s, as well as other diagenet.ic charact.erist.ics. 

Cement.s were also marked lor SEM/ WDS analysiS during 

Lhis procedure . 

Samples or the 41 RecenL corals. as well as 20 

Holocene reel samples (10 lrom TransecL C and 10 lrom 

Transect D) .... ere crushed in a ja .... crusher. then powderec 
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using a SPEX alumina shatter box. Plastic sample cups 

(SPEX Industries, Inc., Catalog no. 3529) were f'illed 

with the sample powders and were covered with 2.5~m 

Spect.ro-Film Micro- Fine Mylar :for x-ray fluorescence 

analysis. 

Fourt.een XRF samples were placed on a carousel in lhe 

Kevex 0700 XES Control, along with a working standard, 

f'or a total of' 15 samples. Samples were analyzed 

automatically using a Quantex automatic command f'ile 

titled 1DATACOL. See Appendix A. This allowed the 

carousel to be rotated to the next sample upon 

completion of' collection of' the previous sample . XRF 

sample spectra were saved on a f'ile disk f'or later data 

reduction. 

All samples were run ~or a preset. time or 300 

seconds. ft~l were run on the Ag target. Kilovolt and 

milliamp settings dirferent f'rom published suggested 

values CPotts~ 1987; Kevex Corporation~ 1982) were used 

due to the relatively high concentrations of' Ca and Sr 

present in these samples as opposed to those used to 

generate the published values. Kv and rnA settings were 

changed to obtain an ef'f'ective dead time of' 

approximately 40% as suggested by the Kevex Corporation 

(1982). Exact settings can be f'ound in Appendix D. 

Arter run completion, stored spectra were analyzed 

using an automatic command f'ile CKevex Corporation, 

1982) titled RBSRINT. This allowed i'or automatic removal 
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ot' escape peaks, smoot.hing, background removal, set. t. i n g 

or peak gat.es, and int.egrat.ion of' peak areas f'or t.he 

ent.ire run. Program commands are list.ed in Appendix A. 

A t.ot.al of' 3 runs per sample per t.arget. were done, 

providing raw int.ensit.ies f'or Sr. Arit.hmet.ic means of' 

the raw intensities from runs 1. 2 . and 3 were 

calculat.ed. A correct.ion f'act.or represent.ing a peak 

int.ensit.y of' st.ront.ium f'ound on an analyzed blank 

(sample cup and mylar membrane wit.h no powder) was 

sublrac~ed from the mean intensities . Raw and calculale= 

int.ensit.y dat.a are locat.ed in Appendix D. Count.ing er r oc 

f'or XRF work was calculat.ed as t.he coef'f'icient. of' 

variance CCV) expressed as a mean relat.ive error 

(Appendi x D). This was calculat.ed t.o be 5.353%. 

A t.ot.al or 8 st.andards were chosen af't.er XRF dat.a was 

obtained . These were chosen rrom among the samples as 

t.hose t.hat. were spread across t.he ent.ire range of' Sr 

int.ensit.ies . These st.andards were sent. out. t.o XRAL 

Act.ivat. ion Services, Ann Arbor, Michigan f'or XRF 

anal ysis of' Sr, Ca, Fe , S, p, Si , and Mg. The XRAL 

report. and calibrat.ion curve are locat.ed in Appendix D . 

A linear regression equat. ion was generat.ed using 

SYSTAT MGLH (Wilkinson, 1987). This f'ormula t.akes t.he 

f'ollowing general f'orm : 

I=mC+b 
o 

where C is t.he concent.rat.ion of' st.ront.ium in part.s per 

million and I represent.s t.he XRF int.ensit.y of' st.ront.i u m. 
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Slandard concenlralions of Sr were used lo generale lhe 

coefficienls (m and b ) by SYSTAT. The resulling formula 
o 

was used lo solve for lhe Sr concenlralions of lhe 

unknown samples. See Appendix A. Error allribuled lo 

uncerlainly in analysis of slandards, sample analysis, 

and regression of s~andards and unknowns. was calcula~ed 

using lhe formula (Appendix D) of Bennel·l and Franklin 

(1954) expressed as a mean relalive error. This was 

calculaled lo be 2.211% 

Various cements from 5 lhin seclions from each of lhe 

four transecls (modern and Holocene) were analyzed for 

magnesium conlenl using lhe JEOL JXA-840A Electron Probe 

M~croanalyzer and Tracor Norlher 5600 Compuler Task 

System. The waveleng~h dispersive spectrometer was used 

at a selling of 15Kv wilh a sample current of 5nA. This 

sample current was used because volalilization of CO
2 

occurred al beam currenls of 10nA and higher. Total 

count times 01 30 seconds were used. Calcium content was 

delermined using a LiF (lilhium fluoride) cryslal, and 

magnesium was delermined using a TAP (lhallium hydrogen 

(acid) phthalate) crystal. Standards used were calcite 

conlaining 55.95 weighl% CaO and 44.05 weight% CO2 ; and 

dolomile conlaining 29.13 weighl% CaO, 22.93 weighl% 

MgO, and 47.94 weighl% CO
2

, 80lh weighl% CaO and MgO, 

and mol % CaC0
3 

and MgC0
3 

were calculaled for lhe samples 

by lhe lask syslem afler counl complelion. Counling 

error for each analysis was calculat.ed as a relat.ive 
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error (Willard e~ al .• 1974) f'or Mg and Ca by ~he Tracor 

Nor~her 5600 Compu~er Task Sys~em during au~oma~ic 

Bence-Albee correc~ion procedures (Bence and Albee. 

1968). Mean rela~ive error f'or Mg is 19 . 92X; f'or Ca 

1.178X. 

Af~er probe analyses. values of' molX MgC0
3 

were 

grouped according to transect and cement type. 

Arithme~ic means and standard deviations were calculated 

f'or each transect/cement ~ype subgroup. which were then 

compared. Tes~s of' signii'icance were not at~emp~ed 

because of' ~he low number of' sample analyses (n) in each 

subgroup. 
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RESULTS 

Bioerosion : 

The mean percent bioerosion ror Transect A, the 

control transect, based on 19 samples is 4.92 ~4.77 Cone 

standard deviation). That ror Transect B, the art'ected 

transect, based on 22 samples is 9.81 ~4.54. 

Two-way analyses or variance were perrormed ror 

percentage bioerosion or Modern corals, treatment versus 

coral genera, and treatment versus depth. Treatments 

correspond to Transect A, the control area, and to 

Transect B, the errluent-arrected area. Coral genera 

included in the analyses are Goniostrea, PociLLopora, 

Acropora, Acropora cobbles Cstudied as a separate 

generic groop)~ Favia. Favites, and HiLLeporG. All 

genera are scleracLinian corals with Lhe exception or 

HiLLepora which is a hydrozoan coral. Depths considered 

were 0 to 1 meters, 1 .1 to 2 meters, and 2.1+ meters 

below mean sea level . 

Table 3 shows the results ror percent bioerosion as a 

runction of treatment and coral genera. The table 

indicates that there is a signiricant dirrerence Cp < 

0.05) in bioerosion between treatments. Although not 

signiricant Cp > 0.05) in this experiment, there is.a 

probable dirrerence in susceptibilily to bioerosion 

among coral genera. The interaction or treatment with 

coral genera is not significant Cp > 0.05). 
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Table 3. Analysis o~ variance ~or percen~ bioerosion o~ 
Modern corals. ~rea~men~ vs. coral genera. N=41. 

SOURCE SS DF MS F-RATIO E 

Trea~men~ 0.019 1 0.019 9.142 0.005 
Genus 0.021 6 0.003 1.701 0.159 
I n~er ac~i on 0.006 6 0.001 0.462 0.830 

Error 0.055 27 0.002 

Table 4. Anal>~is o~ variance ~or percen~ bioerosion o~ 
Modern corals. ~rea~men~ vs. dep~h. N=41. 

SOURCE SS DF MS F-RATIO E 

Trea~men~ 0.022 1 0.022 12.348 0.001 
Dep~h 0.011 2 0.005 3.071 0.059 
In~erac~ion 0.007 2 0.004 2 . 112 0.136 

Error 0.062 35 0.002 

Table 4 shows the resul~s ~or percent bioerosion as a 

~unc~ion o~ ~rea~men~ and dep~h. Again. a signi~ican~ 

di~~erence Cp < 0.05) is shown be~ween ~rea~men~s. As 

wi~h coral genera. ~he ANOVA indica~es probable 

dif~erences be~",een dep~hs. al~hough no~ signi~ican~ 

Cp > 0.05) in ~his experimen~. This is also eviden~ in 

~he in~erac~ion o~ ~rea~men~ and dep~h. 

The same experimen~s as shown in ~ables 3 and 4 were 

conducted ror percentage bioerosion relative to 

available erodable subs~ra~e. This was done by excluding 

poin~s coun~ed ~or primary porosi~y. as these poin~s 

represen~ sur~ace area ",i~hin ~he coral slab which is 

not available for bioerosion. Remaining point counts or 
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primary and secondary rramework. cemented detritus. and 

bioerosion were recalculated to 100%. The results are 

shown in Tables 5 and 6. 

Both tables show a signiricant dirrerence Cp < 0.05) 

between treatments . or interest is the result ror coral 

genera in table 5. This shows a higher probability or 

dirrerences between coral genera than that shown in 

table 3. This result, however, was not signiricant Cp > 

0.05) ror this experiment . 

Table 5. Analysis or variance ror percent bioerosion or 
Modern corals relative to erodable substrate. treatment 
vs. coral genera. N=41. 

SOURC"" SS DF MS F-RATIO E 

Treat.ment 0.022 1 0.022 8.850 .0.006 
Genus 0.036 6 0.006 2 . 371 0.057 
Int.eract.ion 0.006 6 0.001 0.382 0.884 

Error 0.068 27 0.003 

Table 6 .. o.nalysis of vari ance lor percent. bioerosion 01 
Modern corals relative to erodable substrate, treatment 
vs. depth. N=41 . 

SOURCE SS DF MS F - RATIO E 

Treat.ment. 0.028 1 0.028 11.037 0.002 
Depth 0.011 2 0.006 2 . 298 0 . 115 
Interaction 0.010 2 0.005 1. 999 0.151 

Error 0.088 35 0.003 

During t.he point. count.ing procedure. it. was observed 

that there may be a higher incidence or encrustation in 
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Transec~ B by various algae. vermelid molluscs. and 

olher organisms. Mean percen~age encrus~ers for Transec~ 

A is 6.75 ~ 6.34 Cone s~andard devialion). and ~hal for 

Transec~ B is 13.6 ~13.6. Analyses of variance for 

percenlage encrus~ing organisms as a func~ion of 

~rea~men~ versus coral genera and trealment versus depth 

were performed. The resulls are shown in ~ables 7 and 8. 

In bolh experimenls. differences be~ween lrea~men~s 

are no~ significan~ Cp ) 0.05), al~hough a difference is 

probable. No significance was found be~ween coral 

genera. or be~ween dep~hs. al~hough again ~here is a 

high probabili~y of differences in percen~ encrus~ers, 

which may be lhe basis for furlher s~udy . 

Table 7. Analysis of variance for percen~ encruslers on 
Modern corals. lrea~menl vs. coral genera. N=41. 

SOURCE SS OF MS F-RATIO E 

Trea~men~ 0 . 037 1 0.037 3 . 078 0.091 
Genus 0.135 6 0 . 022 1 . 883 0.121 
In~erac~ion 0 . 052 6 0 .009 0.728 0 . 631 

Error 0.322 27 0.012 

Table 8. Analysis of variance for percen~ encrus~ers on 
Modern corals. ~rea~men~ vs. dep~h . N=41. 

SOURCE SS OF MS F-RATIO E 

Trea~men~ 0.034 1 0.034 3.216 0.082 
Dep~h 0.044 2 0.022 2.071 0.141 
In~erac~ion 0 . 063 2 0.032 2.975 0 . 064 

Error 0.373 35 0 . 011 
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Strontium: 

Concentration v alues in parts per million ror Sr "are 

shown in· Tables 9 and 10. These values were ob~ained 

through linear regression as explained in Appendix A. 

The mean Sr concentration ror Transect A is 6595 ±576 (1 

sLd . dev.) ppm. Mean concen~ra~ion £or Transec~ B is 

60S2 ±759 ppm. 

Transect C mean Sr concentration is 6472 ±453 ppm. 

All samples are primarily original coral skeleton, 

although S9G006 and S9G016 had cemented detrital 

material present in moderate amounts. Transect D is made 

up or three sub-populations. Samples in table 9 with the 

lowest Sr concentration (S9G022, S9G023, S9G029) are 

predominantly detrital, n~de up or calcite micrite and 

allochems. Samples or moderate values CS9G021, S9G024, 

S9G025, S9G026) have been identiried as Pleistocene 

Mariana Limes~one . Thin secLion analysis shows total 

recrystallization or original aragonite coral skeleton 

to sparry calcite, with accompanying reduction or 

primary porosity to near zero by precipitation or more 

sparry calcite. Lower Sr concentration would be expected 

in both or these sample types . The remaining three 

samples are made up or primary aragonite coral skeleton 

along with various amount.s o:f calcit.e micrite mud, wi-t.h 

mean Sr concentration or 4371 ±7S5 ppm. 
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Table 9 . SLronLium concenLraLion in parLs per million, 
Modern coral s, TransecLs A and B. 

TRANSECT A TRANSECT B 
SAMPLE PPM Sr SAMPLE PPM Sr 

RHR1246-1A 6938 RHR1247- 2A 6188 
RHR1246-2A 6646 RHR1247- 3A 5565 
RHR1246- 3A 6477 RHR1247- 4A 4186 
RHR1246-5A 6488 RHR1247-5A 5409 
RHR1246-6A 6323 RHR1247-6A 5806 
RHR1246-7A 5903 RHR1247-7A 4558 
RHR1246-8A 7346 RHR1247- 9A 5899 
RHR1246-9A 6342 RHR1247-10A 5544 
RHR1246-9AB 6971 RHR1247-11A 6408 
RHR1246-10A 6854 RHR1247 - 13A 6049 
RHR1246-11A 6806 RHR1247-14A 6918 
RHR1246-12A 6235 RHR1247-15A 5504 
RHR1249-1A 6383 RHR1247- 16A 6039 
RHR1249- 3A 6632 RHR1248-1A 7145 
RHR1249-5A 6923 RHR1248 - 2A&B 7096 
RHR1249B-11A 7400 RHR1248-3A 6546 
RHR1346-13A 4801 RHR1248- 6A 6102 
RHR1371 - 2A 6807 RHR1248- 9A 6343 
RHR1373-4A 7039 RHR1248 - 10A 6396 

RHR1258-1A 6351 
RHR1258-3A 7019 
RHR1258-4A 6731 

Table 10. SLronLium concenLraLion in parLs per mill i c~ 

Holocene corals, TransecLs C and D. TransecL D sampl es 
in paren~heses have been idenLified as PleisLocene 
Mariana LimesLone. 
---------------------------------- - ----------------- - - -
TRANSECT C TRANSECT D 
SI>.MPLE PPM Sr SAMPLE PPM S~ 

89G001 5972 89G019 4856 
89G002 6610 89G020 4792 
89G005 6225 C89G021) 1879 
89G006 5805 89G022 439. ? 
89C-013 6865 89G022A 3466 
89C-014 6600 89G023 3S1 .-
S9G015 7152 CS9C-024) 1746 
S9G016 595S CS9G025) 2271 
S9G017 6S04 CS9G026) 1943 
89G01S 6733 S9G029 423 .2 
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Table 11. Analysis or variance ror strontium 

concentration in Modern corals, treatment vs. genus. 
Coral genera used were Poci~lopora and Goniastrea. 

SOURCE · SS DF MS F-RATIO E 

Treatment 3546354.844 1 3546354.844 10.072 0.006 
Genus 369935.268 1 369935.268 1.051 0.321 
I n'l.g.ract.i on 560603.827 1 560603.827 1.592 0.225 

Error 5633824.607 16 352114 . 038 

Table 12. AnalJ~is or variance ror strontium 
concenLration in Modern corals, treatment vs. depth. 
Coral genera used were Poci~~opora and Goniastrea. 

SOURCE SS DF MS F-RATIO E 

Treatment 2556525 . 453 1 2556525.453 7.974 0.014 
Depth 603269 .522 2 301634.761 0.941 0.414 
Interaction 1329699.037 2 664849.519 2.074 0.163 

Error 4488462.333 14 320604.452 

Tables 11 and 12 show analyses or variance ror Sr 

concentration in Modern corals as a function of 

treatment and coral genera. and oC treatment and depth 

respectively. Samples or the coral genera PociUopora 

and Gonicstrea were chosen for these analyses, as they 

were the most abundant or the genera collected. A 

significant dirrerence between treatments Cp < 0.05) is 

evident in both analyses . No evidence of differences in 

strontium concentrations was found between the coral 

genera or depths studied. 
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Cement.s: 

No observable di~rerence in quantity or diagenetic 

CaC0
3 

cements were round between control and arrected 

transects ror Modern or Holocene coral samples. Similar 

cement morphologies were observed in all transects. 

CharacLerisLic aragoniLe cement.s observed in all 

transects were the Ai and A2 acicular type cements 

(Plate 1) or Bell and Siegrist (1988). These taken as a 

group contain rrom 0.00 to 0.29 mol% MgC03 · A3 

botryoidal or ran-shaped cement (Bell and Siegrist, 

1988) was observed in Modern coral transects (Plate 1) . 

These contained rrom 0.07 to 0.38 mol% MgC0
3

. 

No calcite cements were observed in samples Irom the 

Modern coral transects. In the Holocene transects~ M1 

cement. (Bell and Siegrist. 1988) was observed as 

isopachous linings around bioclasts (Plate 2) and 

cementing detrital pelloidal material (lecal pellets). 

This cement contains rrom 9 . 64 to 18 . 1 mol% MgC0
3

. 

Acicular to bladed high Mg calcite cements (6.9 to 10.2 

mol% MgC0
3

) were observed in samples Irom Transect C, 

the Holocene control area (Plate 2). These most closel y 

resembled the M3 cement or Bell and Siegrist (1988). 

Pleistocene coral samples showed total 

recrystallization or original aragonite skeletal 

material to calcite spar (Plate 2) . Almost total 

reduction or primary porosity by inrilling with calci te 

spar was evident . In some cases remnant lirsL generaLio~ 
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aragonite cements were still visible with growth 

perpendicular to pore surraces . In most cases large 

calcite crystals were observed inrilling the remaining 

pore as a second generation cement . This texture was 

used as a tool to correctly identiry Holocene versus 

Pleistocene samples in Transect D. 
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Pla~es 1 and 2. All pho~ographs ~aken under crossed 
polarizers a~ 125x magnirica~ion . Scale bars = 100~m. 
Dark areas are pore spaces. 

Pla~e 1 . Aragoni~e 

Ai cemen~ (arrow). 

~o~ally inrilling 
A, RHR1246- 5A, A3 

cemen~s . A - Transec~ A, RHR1248-9A , 
B - Transec~ B, RHR1247-7A, A2 cemen~ 

pore a~ cen~er or pho~o. C - Transec~ 
c-:'meol"lt.. (af"I"'ow) . 

Pla~e 2. Mg-calci~e cemen~s, e~c. A - Transec~ C 
(Holocene), Ml cemen~ as isopachous linings wi~hi n 

bioclas~ (arrow). B - Transec~ 0 (Holocene), M3 cemen~ 

(arrow). C - Transec~ 0 (Pleis~ocene), ~ypical 

Pleis~ocene ~e~ure showing ~o~al recrys~alliza~ion of 
aragoni~e coral ~o coarse calci~e spar. Primary pores 
( arrow) are also infilled wi~h calci~e spar. 
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Plat.e 1. 
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Plat-e 2 . 
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DISCUSSION 

Bioerosion a~ Tanguisson: 

The results or ANOVA indicate that there is a 

signiricant dirrerence in percent bioerosion between 

samples in Transec~ A Ccon~rol) and ~hose in Transec~ 8 

(arrected). Mean percent bioerosion is greatest in 

Transect B. Visual surveyor slabs indicated that 

polychaete borings are much more abundant in Transect B 

samples (Plates 3-5). Clionid sponge borings are 

observed in both transects. although in Transect A their 

occurrence was usually limited to the lower dead part or 

undersurrace or the colony (Plates 3-5). Sponge borings 

were usually observed throughout the dead coral 

specimens in Transec~ B ir presen~ a~ all . Sipunculan 

borings are scarce in both transec~s. 

Overall . bioeroder populati o ns. with the exception or 

polychaetes. are similar in dead portions or corals in 

both transects. No distinct dirrerence in major types or 

bioeroders bel ween ~ransects is evident. 

Living par t s or coral colonies in both transects are 

rairly bioeroder - rree (Plates 3-5). One apparent 

exception is the presence or endolithic barnacles in 

Goniastrea sp. These are not true bioeroders however, as 

they grow along with the coral skeleton . in essence 

maintaining an open space in which to live (Bromley. 

1978) . 
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Plales 3-5. Cross-seclions or slabbed reer samples. 
Divided scale bar is in cenlimelers. 

Plale 3A and B. Goniastrea sp. A - Transecl A. 
RHR1249-5A. large oval hole in upper lerl caused by 
growlh or gaslropod enclosed by coral growlh. Smaller 
borings caused by clionid sponges. B - Transecl B. 
RHR1247-11A. borings in inlerior caused by polychaeles. 
NO~Q o~orior cOQ~ing o~ vGrmQ~id mol~u~c= and rod 

algae. 

Plale 3C and D. Pocittopora sp. C - Transecl A. 
RHR1246-1A. coral rairly clean excepl ror a rew clionid 
sponge borings Carrow). D - Transecl B. RHR1247-10A. 
coral exlensively bored by polychaeles and clionid 
sponges. Nole exlerior encruslalion by red algae and 
vermelid molluscs. 

Plale 4A and B. Acropora sp. A - Transecl A. RHR1246-8A. 
coral ~ree or bioeroders. Cavi~ies at arrow are primary, 
inrilled wilh delrilal malerial. B - Transecl B. 
RHR1247-14A. coral exlensively bored by polychaeles and 
clionid sponges along a 2cm-lhick exlerior margin . 

Plale 4C and D. Hittepora sp. C - Transecl A. 
RHR1246-12A. clionid sponge borings presenl along margin 
or earlier coral growth Carrow). now covered by new 
layer 01' coral skelelon. D - Transecl B. RHR1247-13A. 
elongale borings are polychaeles. Clionid sponge borings 
are plenlirul around margin . Nole lurls or blue-green 
algae al upper righl. 

Plale 5A and B. Favia sp. A - Transecl A. RHR 1246-11A. 
a rew clionid sponge borings are localed along margin 
Carrow). Dead basal area Clower righl) encrusled by red 
algae and Homotrema sp. B - Transecl B. RHR1248-10A. 
clionid sponge borings exlensive along upper- dead 
sur1'ace Cle1'l side or pholo). Long openings in inlerior 
are possibly caused by endolilhic barnacles. 

Plale 5C and D. Favites sp. C - Transecl A. RHR1371-2A. 
small linea~ions or clionid sponge chambers are located 
belween coralliles Carrow). D - Transecl B. RHR1248-3A. 
clionid sponge borings exlensive wilh polychaele borings 
presenl in inlerior or coral. Nole upper surrace Clerl 
side or pholo) encrusled by blue-green algae. 
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Plate 3. 
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?lat.e 4. 
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Plate 5. 
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From ~he above resul~s and observa~ions, i~ appears 

~ha~ the main reason ~or increased bioerosion in Lhe 

af'f'ect-ed area is t-he lack of' living coral cover. The 

absence of' a veneer of' coral polyps allows f'or open 

areas on t-he reef' skelet-al f'ramework surf'ace suit-able 

f'or t-he set-t-lement- of' t-he larvae of' bioeroding 

organisms. Subsequent- growt-h and act-ivit-y of' borers can 

t-hen riddle t-he skelet-on wit-h t-ubes and holes CPlat-es 3, 

4, 5). Because living corals in bot-h t-ransect-s are 

primarily bioeroder-Iree~ Lhe presence o~ living coral 

polyps must- have an inhibit-ing ef'f'ect- on bioeroder 

larval set-t-lement-. 

Unf'ort-unat-ely a t-rue analysis of' dif'f'erences in t-ypes 

of' bioeroders owing t-o t-he ef'f'ect-s of' hot- wat-er ef'f'luent

was not possible because a comparison 01 living conlrol 

corals t-o dead affect-ed corals was made. A st-udy of' dead 

corals in bot.h areas would be necessary La yield such 

informalion. An adequat.e number of dead Transect A 

samples was not available . 

Alt-hough not- st-at-ist-ically signif'icant- Cp > .05) in 

Lhis experimenl~ an apparent difference in degree of 

bioerosion in dif~erenl coral genera is evident . Visual 

st-udy of' slabs seemed t-o indicat-e t-hat- some coral genera 

had higher percent-ages of' borings along wit-h dillering 

dominant- bioeroder t-ypes. For inst-ance, Poci~~opora sp. 

appears t-o be f'avored by clionid sponges. Point- count

dat-a indicat-e t-hat- t-he corals wit-h t-he highest-
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suscep~ibili~y ~o bioerosion are Poci~~opora sp. and 

Goniastrea sp. 

Ano~her apparen~ ~rend Cp < .06) is ~ha~ or 

bioerosion versus dep~h. Jones and Randall (1973) 

indica~ed some s~ra~irica~ion or ~he ho~ wa~er in ~he 

uppermos~ one me~er o~ ~he wa~er column in ~he a££ec~ed 

area. Grouping or percen~ bioerosion according ~o dep~h 

appears LO indicate more bioerosion occurring in the 

uppermos~ one me~er. This seems ~o indica~e ~ha~ ~here 

may be an enhancemen~ or bioeroder ac~ivi~y in ~his 

warmer upper s~ra~iried l ayer. 

The ~hin sec~ion s~udy or mi crobioeroders CAppendix 

C) showed no signirican~ dirference in percen~ 

microbioerosion between samples in Transect A and 

Transect B. Since it has been shown that the presence of 

endoli~hic blue-green algae is primarily a surficial 

feature Cga~hurs~, 1976), i~ is conjec~ured ~ha~ ~he 

presence of microborings within the coral skeleton 

interior is a remnant of bioerosion occur ring during 

coral skele~al grow~h. In Transec~ g, ~his would h ave 

occurred before the area was ax£ected by hol waler 

effluenL 

Encrustation at Tanguisson: 

Percen~ encrus~a~ion CTables 7, 8) may vary on 

na~ural versus hea~ s~ressed samples . Al~hough no~ 

signirican~ a~ ~he 95% probabili~y level, The ANOVA 
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(p < .09, P < .10), along with visual evidence give 

credence to a probable increased rate o~ settlement o~ 

encrus~ing organisms in Transect B. Visual evidence 

includes the ~act that most dead coral sur~aces in 

Transect B were totally covered by a combination o~ 

predominantly cruslose coralline red algae? vermetid 

molluscs, and blue-green algae (Plates 3-5). Encrusting 

~oramini~erids, especially the bright red Homotrema sp. 

are also observed. Dead coral sur races in Transect A 

were usually covered with the same encrust.ing forms as 

those round in Transect B. 

It appears that the presence o~ encrusting ~orms, 

like bioeroders, is a ~unction of" the presence of" 

uninhabited dead coral skeletal surf"aces available f"or 

settlement and growth. When the corals in the af"f"ected 

area died? t.he bare rock surfaces t.hat were created were 

readily inhabited by encrusters and bioeroders 

alike . The point count method used in this study may not 

be adequate to accurately measure encrustation . When a 

slice through the interior of a sample is studied, 

encruslers are usually represented as a relatively thin 

C<lcm) veneer around the edge. The encrusler veneer 

thickness is usually not constant, and relatively thick 

deposits of encrusters can be discerned when a sample is 

studied in three dimensions. A method which probably 

would yield more accura~e resul~s would be to compare 

volume 01 coral skele~on per volume 01 encruslers 
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presen~ in a sample o~ given dimensions. I~ is apparen~ 

~ha~ more s~udy is needed ~o veri~y ~he incidence o~ 

increased encrus~a~ion as a resul~ o~ ho~ wa~er 

e~~luenL 

S~ron~ium Anomalies a~ Tanguisson: 

Mean concen~ra~ions o~ s~ron~ium are signi~ican~ly 

lower CTables 11 and 12) in Transec~ B samples C 5082 

ppm versus 5595 ppm in Transec~ to. However, 

concenlra~ion values in samples ~rom Transecl B range 

~rom 4185 ~o 7145 ppm CTable 9), wi~h 14 ou~ o~ 21 

values ~alling wi~hin one s~andard devia~ion o~ ~he mean 

concenlralion o~ Transec~ A samples. From ~his il is 

apparen~ ~ha~ ~he occurrence o~ lower s~ron~ium values 

is noL a consis~enL IeaLure o~ Lhe aIIGcLed LransecL. 

Lower SLronLium values in Transect 8 were observed Lo 

occur regularly in samples wi~h a higher point-coun~ed 

percentage 01 encrusting organisms. Because most 01 

~hese encrus~ers grow skelelons o~ calcile conlaining 

low strontium concentrations relative to aragonite coral 

skelelons CSco~~in, 1987), lower whole rock Sr 

concen~ra~ions would be expec~ed wi~h increasing 

percen~ages o~ encruslers. I~ appears ~ha~ low s~ron~ium 

values in Transect B are a result 01 dilution or coral 

skelelal ma~erial wi~h calcife skele~al ma~erial ~rom 

encrusling organisms. This ~inding also gives supporl ~o 

the suggestion that the allecled area has experienced a 
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higher rate o~ growth o~ encrusting organisms since the 

coral mass mortality event o~ 1971 . 

Carbonate Cements: 

As indicated in the RESULTS section. no di~~erence in 

rate o~ cement deposition or types o~ cements present 

was observed between Transects A and B. It appears that 

carbonate cements cannot be used as indicators o~ hot 

water e~~luent diagenesis. at least when temperature 

di~~erences similar to those ~ound at Tanguisson 

Capprox. BOC) are involved. 

Holocene : 

As indicated. recent bioerosion was insubstantial in 

the Holocene transects. Studies o~ strontium 

concentrations and carbonate cements in the Holocene 

samples revealed no discernible di~~erences . It is 

apparent that no observable diagenetic overprint has 

been let't on the Holocene intertidal ree~ ~ramework as a 

result o~ hot water e~~luent at Tanguisson. 

Diagenetic Model : 

The results o~ this study have made it possible to 

construct a tentative model ~or diagenesis o~ a modern 

tropical coral reef after massive mortality of living 

corals resulting ~rom power plant hot water e~~luent . 

When reef limes~one remains in a marine diagene~ic 
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environment. observable reatures include the increased 

presence or bioeroders. possibly dominated by clionid 

sponges and polychaetes. Mean slabbed surrace area 

percentages ror bioerosion (borings) may approach 9.8 

~4.5. as opposed to a control value or 4.9 ~4.8%. This 

may be accompanied by an increased percen~age o~ 

encrusting organisms present as veneers and/or inrilled 

pockets. possibly dominated by vermetid molluscs and 

crustose coralline red algae. These reatures will be 

accompanied by a whole rock decrease in strontium 

concentration caused by the dilution or relatively high 

Sr-bearing aragonite coral skeletons with encrusting 

organisms having calcite skeletons or relatively low Sr 

conLant. As percentage or encrusters ~ncreases. whole 

rock strontium concentration will generally decrease. No 

discernible dirrerences in carbonate cement types . 

morphologies, precipitation rates, or magnesium content 

within these cements. are expected . 

rr the reer limestone has been introduced into a 

rreshwater diagenetic environment . it is probable that 

the above model reatures will be obscured as seen in the 

Pleistocene Mariana Limestone (Plate 2). Original 

skeletal textures and bioerosion may be discernible ohly 

when cathodoluminescence or ullraviolel/blue light 

rluorescence microscopy (Dravis and Yurewicz . 1985) are 

used. The original strontium signature would be 

obliteraled during rreshwater diagenesis (Kinsman. 1969) . 
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Implications at Tanguisson: 

The structural integrity o~ the a~~ected ree~ at 

Tanguisson is undoubtedly being reduced as a result o~ 

increased bioerosion. Many o~ the observed slabs were 

~ragile and riddled with borings. Some addition o~ 

ma~erial by encrusLing red algae and vermeLid gas~ropods 

is occurring. but does not appear to outweigh the loss 

o~ ree~ rock ~rom bioerosion. No strong cementation is 

occurring to help strengthen the interior o~ this ree~. 

It is probable that over the next ~ew years wave 

activity from large storms and typhoons will physical l y 

break up ~his area of already weakened reer? increasi ns 

the potential ~or damage to the Tanguisson shoreline a~= 

the power plant. This also may be indicative o~ what rna : 

happen as a resulL of coral mortality caused by other 

man-i nduced problems such as pollution and ree~ 

si 1 ta ti on (Dahl and Sal va t. 1988) on Guam and el sewher e 

i n the tropics. 

Global Implications: 

The e~~ect o~ E1 Nino-Southern Oscillation (ENSO) 

which appears to be most important to ree~-building 

coral survival is that o~ temperature. The 1982-83 ma~= 

EN SO event caused a rise in sur~ace sea temperature i r 

the Eastern Paci~ic o~ ~rom 1 0 to 5
0

C (Glynn et al .• 

1988). This was accompanied by coral bleaching (loss c:' 

zooxanthellae) and eventual death o~ coral polyps ove~ 
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several weeks . From these observations it has been 

postulated that abnormally high (30-31 o C in the Eastern 

Paci~ic) sur~ace seawa~er ~empera~ures present ~or 

prolonged periods (4-5 months) are responsible ~or 

ree~-building coral mortality (Glynn, 1988). 

As ~or recovery o~ corals a~ter the 1982-83 ENSO 

event, Glynn (1988) observed little recruitment o~ new 

corals in the Eastern Paci~ic, and also noted that 

intense bioerosion o~ dead coral substrate has occurred. 

It appears that the temperature e~~ects noted at 

Tanguisson are similar to those o~ natural sudden 

abnormal surlace seawa~er tempera~ure rises such as 

those during the 1982-83 ENSO. Intense bioerosion 

~ollowing major ENSO events may lead to physical 

destruction 01 aI~ected reers. This in turn may allow 

~or increased damage to shorelines which were once 

protected by these ree~s. 

The model 01 reel diagenesis at Tanguisson may also 

be applied to the identi~ication o~ past large- scale 

ENSO events. Such events possibly can be noted in the 

stratigraphic record by identi~ying skeletal limestones 

with increased bioerosion, along with encrusters 

occurring as veneers over a large areal extent. This 

paleoecological data may be accompanied by a whole rock 

depletion in strontium owing lo the increased presence 

01 encrusters . 
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CONCLUSION 

The results or this study have made it possible to 

generate a tentative model ror modern reer diagenesis 

occurring as a result o~ sudden abnormal increases in 

sUI"'f'ac~ Si&awat.~r t...emp ...... rat..ur..:. b..:.yond coral t..olel"'&.nces . 

Model diagenetic errects occur arter mass mortality or 

r eer-building corals in the elevated temperature area . 

For the marine diagenetic environment, we can expect : 

A. an increased percentage or bioerosion, probably 

caused by the availability or inhabitable substrate 

arter death or the corals. Mean slabbed areal 

percentages may be approximately 9 . 8 ±4 . 5X in the 

tropical Western Paciric; 

B. an increased percentage of encrusting forms present 

as extensive veneers and rilling irregular pockets on 

the reer rock sur race . Presence or encrusters also is 

probably due to increased available subst..rat..e after 

coral death; 

C. a decrease in whole rock strontium concentration from 

that or 100X coral skeletal material due to an increase 

in low Sr-bearing encrusting rorms. 

rr the reer limestone is moved into a rreshwater 

diagenetic environment, the above reatures may become 

obscured or obliterated upon dissolution or aragonite 

with subsequent precipitation or calcite. 

At.. Tanguisson, an area of sustained elevated surface 
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seawater temperature. the eventual physical breakup or 

the arrected reer. already weakened by bioerosion. is 

likely. The Tanguisson shoreline and the power plant 

will be more susceptible to storm damage due to the 

absence or this protective reer. 

Large scale El Ni~o-Southern Oscillation events may 

be rollowed by a similar sequence or events as those at 

Tanguisson. Slow recovery arter the 1982-83 ENSO is 

probably at least partly responsible ror an increase in 

bioerosion in these areas. The Tanguisson model also may 

be or use as a tool in pinpointing past major ENSO 

events in the stratigraphic record. 
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APPENDIX A. Statistical Methods and Computer Programs 

Analysis or Variance: 

Tests or signiricance ror bioerosion, encrustation, 

and strontium concentration were performed using two-way 

analysis or variance (ANOVA) with replication (Sokal and 

Rohlr. 1987). A two-way ANOVA table with explanation is 

given in Table A-1. 

Table A-1. Schematic two-way ANOVA table ror results in 
text tabl e 3. 

Source or Variation ss MS F 
s 

A (columns; treatments) 1 0.019 0.019 .. 
B Crows; genera) 5 0.021 0.003 .. 
A x B (i nteracti on) 5 0.005 0.001 .. 
Wi thin subgroups (error) 27 0.055 0.002 

Total 40 0.101 

The Iirsl column indicates source 01 variation as 

between treatments; between coral genera; interaction or 

A and B. the two main errects (dependence or the errect 

or one ractor on the other ractor); within subgroups; 

and a total (all groups taken as a single sample). 

The second column gives degrees or rreedom (dr). 

Calculations can be round in Sokal and Rohlr (1987. page 

190). The third column gives calculated sums or squares 

(SS). Calculations can be round in Sokal and Rohlr 

(1987. pages 187-189). The rourth column indicates mean 
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squares (~~, simply calculated as SS/d~. The last 

column o~ the standard AN OVA table gives an F value to 

be used in an F-test o~ signi~icance as described by 

Sokal and Rohl~ (1987). Values are not presented in 

Table A-l, as SYSTAT so~tware was used to calculate the 

ANOYA values (Wilkinson, 1987). Output ~rom SYSTAT gives 

a probability value (p) o~ acceptance o~ the null 

hypothesis, as an F-test is done along with the ANOVA 

calculations. P-values are shown in the last column o~ 

the textual ANOVA tables. 

Simple Regression: 

A simple regression o~ strontium values ~or eight 

standardized samples (APPENDIX D) was done using the 

regression Iormula I = mC + b 
o 

where I = XRF 

intensity, and C = Sr concentration in parts per 

million. SYSTAT so~tware (Wilkinson, 1987) was used to 

calculate values ~or m (0.080) and b (0.528). The 
o 

SYSTAT generated r2 ~or the standard calibration curve 

is 0.999. Unknown sample concentrations were determined 

by solving the regreSSion ~ormula ~or C. 

X-Ray Fluorescence Automatic Command Files: 

Au~oma~ic command Illes (ATO's) are a sequence of 

recorded commands which will per~orm desired data 

collection and reduction tasks on an automatic basis 

(Kevex Corporation, 1982). This gives one the ability to 
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collec~ spec~ra for an en~ire pla~~er of samples on 

compu~er disk. and ~hen analyze each spec~rum in 

iden~ical fashion wi~h limi~ed inpu~ from ~he opera~or. 

To save spec~ra, ~he ~ollowing manual commands were 

made: 

1 . Se~ detector to desired Kv and rnA settings, and move 

~o desired ~arge~ manually. 

2 . Compu~er commands : 

PRE - se~s desired prese~ coun~ ~ime . 

SETEV - se~s spec~rome~er ~o desired EV/CH Celec~ron 

vol~s per channel). 

SETLA 

SETID 

se~s ~he las~ sample posi~ion. 

allows inpu~ of sample iden~ifica~ion ~o 

correspond ~o i~s pla~~er posi~ion. 

For ~his s~udy. a da~a collec~ion ATO en~i~led 

lDATACOL was used ~o collec~ and save spec~ra . This 

program was ac~iva~ed by ~yping ATO.1DATACOL. The series 

of commands included in ~he ATO are as follows: 

RON.1DATACOL - record on. ac~iva~es s~orage of chained 

commands and names ATO . 

CLRl 

ACQ1 

WAI 

REA 

clears spectrometer for spectrum acquisition. 

acquires spectrum. 

display of WAIT-ACQUIRING banner. 

reads spec~rum in~o da~a file . 

SAY - saves spec~rum ~o disk. 

1 direc~s spec~rum ~o be saved on disk drive #1. 
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SETPO - direc~s pla~~er ~o move ~o next sample 

posi~ion . 

+ - direc~s pla~~er ~o move ~o . next higher posi~ion. 

LOOP - repea~ execu~ion or ATO on next sample. 

ROF - command recording orr. 

Sample spectra were analyzed using an ATO en~i~led 

RBSRINT. This was activated by ~yping ATO.RBSRINT. The 

series or commands included in the ATO are: 

RON.RBSRINT - same as 1DATACOL. 

RCL - recalls spec~rum rrom disk and displays i~ on 

screen. 

1 - direc~s the recall command ~o recall rrom disk 

drive #1. 

ESC removal or escape peaks. 

$MO smoo~hing or spec~rum. 

BKZ removes previous background models. 

BKM allows ror construc~ion or new background model 

(during ATO inpu~ , desired background mus~ be marked 

ror removal. For ~his s~udy. background was marked a~ 

13.32, 13.64, 14.50, and 14.76 Kev. ) 

BKS - sub~rac~s background. 

SETGA se~s area or in~ensi~y peak ~o be in~egra~ed. 

(during ATO inpu~, desired peak ga~es mus~ be marked. 

For ~his s~udy, ga~es were se~ a~ 13.84-14. 44 Kev.) 

INT - in~egra~es area or in~ensi~y peak indica~ed. 

SETPO - same as 1DATACOL. 
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+ - same as lDATACOL. 

LOOP - same as lDATACOL. 

ROF - same as lDATACOL. 
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Appendix B: Macrobioerosion Poin~ Coun~ Da~a and Slab 
Descriptions 

TRANSECT A 

Sample # RHR1246-1A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
Ot.her 

Bioerosion (Borings) 
Cemen~ed De~ritus 

Primary Porosity (Cavi~ies) 
TOTAL 

CUE 3 Area 

POINT COUNT 
124 

2 
0 
4 
0 

44 
174 

No~es: Live Pocittopora setchetti. 

21935.3 

PERCENTAGE 
71.26 

1.15 
0.00 
2.30 
0.00 

25.29 
100.00 

Reer Fron~ Slope. Upper Par~. 1.0m dep~h. 
Eroders-clionid sponges exclusively. small <lmm borings 
along coral fingers. Encrus~ers-Homotrema sp. and red 
algae near base,vermeLid molluscs. 

Sample # RHR1246-2A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Ot.her 

Bioerosion (Borings) 
Cemen~ed De~ri~us 

Primary Porosity (Cavities) 
TOTAL 

CUE 3 Area 

POINT COUNT 
121 

19 
0 

26 
0 

13 
179 

No~es: Partly dead Goniastrea retifor~is. 
Reer Fron~ Slope. 1 . 0m dep~h . 

22407.6 

PERCENTAGE 
67.60 

10.61 
0 . 00 

14.53 
0.00 
7.26 

1 00.00 

Eroders-Clionid sponge predomina~es. I nres~a~ion w1~h 

barnacles eviden~ a~ earlier grow~h s~age. 
Encrus~ers -red algae. verme~id molluscs. Homotrema sp. 
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Sample # RHR1246-3A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrust.ers 
Olher 

Bioerosion (Borings) 
Cemenled Delrilus 
Prim~ry Porogi~y (CAvi~iog~ 

TOTAL 

Noles : Dead Goniastrea retiformis . 

169 

3 
0 
4 
0 

16 

191 

23152 . 5 

PERCENTAG7 
88.48 

1. 5 7 
0 .00 
2 .09 
0 .00 
7. 95 

99 . 9 9 

Reel Fronl Slope. Channel Wall. 1.5m deplh . 
Eroders-Polychaeles and clionid sponge . 
Encruslers-Homotrema sp . . red algae. blue-green algae . 
vermelid molluscs. 

Sample # RHR1246-5A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrust.ers 
Olher 

Bioerosion (Borings) 
Cemenled Delrilus 
Primary Porosily (Cavilies) 
TOTAL 

Noles: Live Goniastrea retiformis. 

141 

16 
0 
8 
0 

14 
179 

21232 . 1 

PERCENT AC"= 
78.77 

8 .94 
0. 0 0 
4.47 
0 . 0 0 
7 . 8 2 

100.00 

Reel Fronl Slope. Channel Wall Margin . 1 . 25m deplh. 
Endolit.hic barnacles present at. surrace? alive at. t.i me 
01 colleclion . Eroders-clionid sponge. 
Encruslers-vermelid molluscs~Homotrema sp. 

Sample # RHR1246-6A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Olher 

Bioerosion (Borings) 
Cemenled Delrilus 
Primary Porosily (Cavilies) 
TOTAL 

CUE 3 Area 

POINT COUNT 
96 

27 
0 

18 
1 

38 
180 

Noles : Parlly live Poci11opora setche11i. 
Reel Fronl Slope. 1 . 5m deplh . 

23332.1 

PERCENTAG=-
53.33 

15. 00 
0.00 

10. 00 
0.56 

21.11 
100. 00 

Eroders-exlensive clionid sponge borings. 
Encruslers-red algae.vermelid molluscs. Homotrema sp. 
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Sample # RHR1246-7A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 166 
Secondary Framework 

Encrusters 11 
Other 0 

Bioerosion (Borings) 26 
Cemented Detritus 0 
Primary Poro~ity CCavitia~J 16 
TOTAL 21!1l 

Noles: Live HiLLepora pLatyphyLLa. 
Ouler Ree~ Margin, 0.25m deplh. 
Eroders-clionid sponge, p o lychaeles. 

26442.2 

PERCENTAGE 
75.80 

5 . 02 
0.00 

11.87 
0 . 00 
7 . 31 

100.00 

Encruslers - red algae overlain by new c oral growlh. Also 
blue-gre en algae, v e rmetid mo lluscs,Homotrema sp. 

Sample # RHR1246-8A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrusters 
Other 

Bioerosion (Borings) 
Cemenled Delrilus 
Primary Porosily (Cavilies) 
TOTAL 

Noles: Live Acropora di6itifera. 
Ree~ Fronl Slope, 1.5m depth. 

144 

13 
0 
0 
2 

25 
184 

23503.2 

PERCENTAGE 
78 . 26 

7.07 
0.00 
0 . 00 
1. 09 

13.59 
100. 01 

Eroders-scaltered small clionid sponge borings . 
Encruslers - vermelid molluscs, red algae, Homotrema sp. 

Sample # RHR1246-9A CUE 3 Area 22011.0 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Other 

Bioerosion (Borings) 
Cemenled Delrilus 
Primary Porosily (Cavilies) 
TOTAL 

POINT COUNT 
95 

19 
o 

18 
o 

46 
178 

Noles: Live PociLLopora setcheLLi. 
Ree~ Margin, 0.5m depth. 

PERCENTAGE 
53.37 

10.67 
0 . 00 

10.11 
0 . 00 

25.84 
99.Q9 

Eroders-large clionid sponge borings at base. 
Encrusters-vermetid molluscs, red algae, Homotrema sp. 
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Sample # RHR1246-9AB CUE 3 Area 23484.3 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Other 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Primar y Poro~it y CC~vi~iQ~) 

TOTAL 

Not.es : Dead Acropora sp. 

POINT COUNT 
142 

41 
o 
4 
o 

10 
197 

Reer Front. Slope, Channel Floor, 2.5m dept.h. 
Eroders-polychaet.es, clionid sponge. 

PERCENTA:::: 
72.08 

20.81 
0. 00 
2 .03 
0 . 00 
5 .08 

100.00 

Encrust.ers-red algae, vermet.id molluscs, Homotrema s p . 

Sample # RHR1246-10A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust..ers 
Other 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Primary Porosit.y (Cavit.ies) 
TOTAL 

CUE 3 Area 21647 . 6 

POINT COUNT 
128 

o 
o 

10 
o 

50 
188 

PERCENTA:::: 
68 . OS 

0 . 00 
O. OC 
5 . 32 
0 . 00 

26 . 6e 
100. 0 : 

Not.es: Live Poci~~opora setche~~i. 
Reer Fr ont. Slope, 1 . 5m dept.h . 
Eroders-clionid sponge borings along margins or digi t.s 
Encrusters-red algae. vermetid molluscs, Homotrema s p . 

Sample # RHR1246-11A 

GRAI N TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Other 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Primary Porosit.y (Cavit.ies) 
TOTAL 

Not.es : Live Favia ~~tthaii . 

CUE 3 Area 2241 0 . 1 

POINT COUNT PERCENT;..~ 

167 94 . 3::: 

6 3 . 3G 
0 O. OC 
2 1. 13 
0 0. 00 
2 1. 13 

177 100 . OC 

Reer Front. Slope , Channel Wall Shelr, 1 . 5m dept.h. 
Eroders-clionid sponge . 
Encrust.ers-dead basal area con t.ains red algae , Homotre-~ 

sp. 
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Sample q RHR1246-12A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Ot.her 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Prim~ry Poro_i~y CCavi~ie~) 

TOTAL 

CUE 3 Area 

POINT COUNT 
155 

18 
0 
3 
0 
2 

178 

22049.9 

PERCENTAGE 
87.08 

10.11 
0.00 
1. 69 
0.00 
1.12 

100.00 

Not.es: Live Hi~~epora p~atyphy~~a. 
Reel Front. Slope, 1 . 0m dept.h. 
Eroders-very lew borings, clionid sponge, sipunculans, 
polychaetes. Encrusters-red algae and vermetid molluscs 
overlain by new coral growth . 

Sample q RHR1249-1A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
Other 

Bioerosion (Borings) 
Cement.ed Det.ritus 
Primary Porosit.y (Cavities) 
TOTAL 

CUE 3 Area 21759.1 

POINT COUNT 
120 

33 
o 
9 
o 

10 
172 

PERCENTAGE 
69 . 77 

19.19 
0.00 
5.23 
0.00 
5 .81 

100.00 

Notes: Live Hi~~epora p~atyphy~~a encrusting dead 
LobophyUia hemprichii. Reel Front. Slope, Channel Wall , 
2.5m dept.h. Eroders-clionid sponge, polychaetes in 
Hi~~epora; large polychaet.es in Lobophy~~ia. 
Encrus~ers -vermetid molluscs, red algae. 

Sample q RHR1249-3A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Other 

Bioerosion (Borings) 
Cemented Detritus 
Primary Porosity (Cavities) 
TOTAL 

Not.es: Live Favia rotumana. 

CUE 3 Area 21624.2 

POINT COUNT 
178 

2 
o 
2 
o 
1 

183 

PERCENTAGE 
97.27 

1. 09 
0.00 
1. 09 
0 . 00 
0.55' 

100.00 

Reel Front Slope, Channel Floor on a Block, 2.0m depth. 
Endolithic barnacle near surlace. Eroders-irregular 
boring near upper sur lace may be clionid sponge. 
Encrusters-red algae J Homotrema sp. on underside. 
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---------------~----------------------------------------

Sample # RHR1249-5A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrust.ers 
Ot.her 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Primary Porosit.y CCavit.ies) 
TOTAL 

Not.es: Live Goniatrea retiformis. 
Reer Front. Slope, 2.5m dept.h. 

171 

11 
0 
3 
0 
0 

185 

21780. 6 

PERCENTAGE 
92. 43 

5.95 
0.00 
1. 62 
0.00 
0 . 00 

100.00 

Eroders-clionid sponge. Large cavit.y may represent. older 
excavat.ion by unknown eroder. 
Encrust.ers-red algae on exposed dead surraces. 

Sample #-RHR1249B-l1A CUE 3 Area 22030. 0 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Ot.her 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Primary Porosit.y CCavit.ies) 
TOTAL 

POINT COUNT 
186 

1 
o 
2 
o 
o 

189 

Not.es: Loose cobble or Acropora sp. 
Reer Front. Slope, Channel Floor, 3 . 0m dept.h . 
Eroders-1 polychaet.e boring. 
Encrust.ers - sparse blue-green algae. 

PERCENTAGE 
98 . 41 

0.53 
0.00 
"1. 06 
0.00 
0.00 

100.00 

Sample # RHR1346-13A CUE 3 Area 22243.4 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Ot.her 

Bioerosion (Borings) 
Cement.ed Det.rit.us 
Primary Porosit.y (Cavit.ies) 
TOTAL 

POINT COUNT 
135 

8 
o 

24 
o 
o 

167 

Not.es: Dead Acropora sp. (corymbose rorm) . 
Reer Margin, 1.2m dept.h. , 
Eroders-clionid sponge, polychaet.es. 

PERCENTAGE 
80.84 

4 . 79 
0.00 

14.37 
0.00 
0.00 

100.00 

Ehcrust.ers-red algae, blue-green algae, Homotrema sp. 
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Sample # RHR1371-2A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Ot.her 

Bioerosion (Borings) 
Cemenled Delrilus 
Pri~ry Poro~i~y (Cavi~iQ~) 

TOTAL 

Noles: Live Fauites abdita. 

CUE 3 Area 

POINT COUNT 
167 

2 
0 
5 
0 
2 

176 

Ouler Reer Flal Plalrorm. 0.3m deplh. 

21663.6 

PERCENTAGE 
94 . 89 

1.14 
0.00 
2.84 
0.00 
:I.. :1.4-

100.01 

Eroders-small clionid sponge borings belween coralliles. 
Encruslers-vermelid molluscs. 

Sample # RHR1373-4A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrust.ers 
Olher 

Bioerosion (Borings) 
Cemen~ed De~riLus 

Primary Porosily (Cavilies) 
TOTAL 

Notes: Li ve Poci ~ ~opora setche~ ~ i. 
Reer Margin. 0.4m depth. 

124 

2 
0 
3 
0 

45 
174 

21240 . 4 

PERCENTAGE 
71 . 26 

1.15 
0 . 00 
1. 72 
0.00 

25.86 
99.99 

Eroders-rew sponge borings al bases or digils. 
Encruslers-vermelid molluscs. Homotrema sp. al base. 

TRANSECT B 

Sample # RHR1247 -2A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Ot.her 

Bioerosion (Borings) 
Cemenled Delrilus 
Primary Porosily (Cavilies) 
TOTAL 

CUE 3 Area 

POINT COUNT 
150 

12 
0 

29 
0 
0 

191 

Noles: Dead Goniastrea retiformis. 

22585.8 

PERCENTAGE 
78.53 

5.28 
0.00 

15 . 18 
0.00 
o.bo 

99.99 

Ouler Reer Margin. Surge Channel Margin. 1.0m deplh. 
Eroders-polychaeles. clionid sponge near surrace. 
sipunculid. Encruslers-vermelid molluscs. red algae. 
blue-green algae. 
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Sample # RHR1247-3A CUE 3 Area 21982.4 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
Other 

Bioerosion (Borings) 
Cemented Detritus 
Primary Poro5i~y CCavi~iQs) 
TOTAL 

POINT COUNT 
79 

34 
o 

24 
o 

35 
172 

Notes: Dead PociLLopora setcheLLi. 

PERCENTAGE 
45.93 

19.77 
0.00 

13. 95 
0.00 

20.35 
100.00 

Reer Front Slope. Upper Part. 0.5m depth. 
Eroders-clionid sponge. polychaetes. 
Encrusters-blue-green algae. red algae. vermetid 
molluscs. Homotrema sp. 

Sample #_RHR1247-4A CUE 3 Area 22846.4 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
other 

Bioerosion (Borings) 
-Cemented Detritus 
Primary Porosity (Cavities) 
TOTAL 

POINT COUNT 
49 

81 
1 

18 
o 

41 
190 

Notes: Dead PociLLopora setchelli. 
Reer Margin. 0.7m depth. 

PERCENTAGE 
25.79 

42.63 
0.53 
9.47 
0.00 

21. 58 
100.00 

Eroders-exlensive clionid sponge borings. polychaetes. 
Encrusters-highly covered with red algae. vermelid 
molluscs. Homotrema sp .• small byssally attached 
mussels. 

Sample # RHR1247-5A CUE 3 Area 22907.8 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
other 

Bioerosion (Borings) 
Cemented Detritus 
Primary PorOSity (Cavities) 
TOTAL 

POINT COUNT 
62 

105 
o 

13 
o 
5 

185 

Notes: Dead Hillepora platyphylla. 
Reer Front Slope. 1.0m depth. 

PERCENTAGE 
33.51 

56.76 
0.00 
7.03 
0 . 00 
2 . 70 

100.00 

Eroders-clionid sponge. polychaeles. Encrusters-vermetid 
molluscs. blue-green algae. Homotrema sp. 
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Sample # RHR1247-6A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
other 

Bioerosion (Borings) 
Cemented Detritus 
Prim.:a..ry Porosit.y CCa.vit..ies) 
TOTAL 

CUE 3 Area 

POINT COUNT 
111 

42 
0 

24 
0 

13 
190 

Notes: Dead Poctllopora setchelli. 

23430.3 

PERCENTAGE 
58.42 

22.11 
0.00 

12.63 
0.00 
6.84-

100. 00 

Reef" Front Slope, Upper Part, 1.2m depth . 
Eroders-clionid sponge, polychaetes. 
Encrusters-vermetid molluscs, blue-green algae. 

Sample # RHR1247-7A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
other 

Bioerosion (Borings) 
Cemented Detritus 
Primary PorOSity (Cavities) 
TOTAL 

CUE 3 Area 

POINT COUNT 
90 

18 
0 

25 
0 

26 
159 

Notes: Dead PocilLopora setcheLli. 

21962.5 

PERCENTAGE 
56. 60 

11.32 
0.00 

15. 72 
0.00 

16. 35 
99.99 

Reef Margin, Outer Part, 0.5m depth. 
Eroders-polychaet.es , extensive clionid sponge borings. 
Encrust.ers-verme~id molluscs, blue-green algae. small 
byssally attached mussels. 

Sample # RHR1247-9A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
other 

Bioerosion (Borings) 
Cemented Detritus 
Primary Porosity (Cavities) 
TOTAL 

Notes: Dead Acropora sp. 

CUE 3 Area 21402.8 

POINT COUNT PERCENTAGE 
126 71.19 

30 16. QS 
0 0.00 

13 7.34 
0 0.00 
8 4.52 

177 100.00 

Reef Front Slope, Mid Part, 1.5m depth. 
Eroders-polychaetes, clionid sponge . 
Encrusters-vermetid molluscs, red algae, blue green 
algae, Homotrema sp., Halimeda sp. 
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Sample P RHR1247-10A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
S.o.c ·-::1.dar y Fr amewor k 

"-'tlc:-us t.er s 
C-+_hgor 

Bioerosion (Borings) 
Cemen~ed De~ri~us 

Pri~ry Poro~i~y CC_vi~iG~J 

TOTAL 

No~es: Dead Pociiiopora setcheiii . 

102 

41 
0 

17 
0 

30 
199 

23542.6 

PERCENTAGE 
51.26 

20 . 60 
0 . 00 
8.54 
0.00 

19.60 
100.00 

Reef Fron~ Slope, Upper Par~, 1.0m dep~h. 
Eroders-clionid sponge, polychaeLes. 
EncrusLers-heavily covered WiLh vermeLid molluscs and 
red algae. Surface coaLed WiLh blue-green algae. 

Sample P RHR1247-11A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust..ers 
OLher 

Bioer-asian (Borings) 
CemenLed DeLriLus 
Primary PorosiLY CCaviLies) 
TOTAL 

CUE 3 Area 

POINT COUNT 
128 

18 
0 

31 
0 
9 

186 

NOLes: Dead Goniastrea reti/ormis. 

21751.8 

PERCENTAGE 
68.82 

9.68 
0.00 

16.67 
0.00 
4 . 84 

100.01 

Ou~er Reef Margin, Upper Surge Channel, 1.0m depLh. 
Eroders-polychae~es. clionid sponge near surface. 
Endoli Lhic barnacle caviLies in basal parL. 
Enc ~ us~er s -blue-green algae? vermelid molluscs, red 
- .:.. gae . 

Sampl e P RHR1247 - 13A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrust.ers 
mher 

Bioerosion CBorings) 
Cemen~ed DeLriLus 
Primary PorosiLY CCaviLies) 
7 0TAL 

Nc~es: Dead Hiiiepora piatyphyiia . 
'~~J.. :Oron~ Slope, 1. Om depLh. 

105 

17 
0 

25 
0 

34 
181 

23171.2 

PERCENTAGE 
58.01 

9.39 
0.00 

13.81 
0.00 

18 . 78 
99.99 

£1'002. s-pclyCtlaet..~s.. c'::':onid sponge . 
_..I~cr\..lS1..ers-blu9-gr een algae. ver-metid molluscs. 
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Sample # RHR1247-14A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Other 

8ioerosion (Borings) 
Cemenled Delrilus 
Primary PorosiLY CCaviLies) 
TOTAL 

Noles: Dead Acropora sp. 

CUE 3 Area 21738.3 

POINT COUNT PERCENTAGE 
114 65.14 

27 15.43 
0 0.00 

22 12.57 
0 0.00 

12 6.86 
175 100.00 

Reer Fronl Slope Near Reer Margin, 0.5m dept.h. 
Eroders-clionid sponge near surrace, polychaeles. 
Encrusters-vermetid molluscs, blue-green algae. red 
algae. 

Sample g RHR1247-15A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrusters 
Other 

Bioerosion (Borings) 
Cemented Detritus 
Primary Porosity (Cavities) 
TOTAL 

Noles: Dead Goniastrea reti/ormis. 
Reer Front. Slope, Inner Part. 

116 

30 
0 

26 
0 

10 
182 

22496.7 

PERCENTAGE 
63.74 

16.48 
0.00 

14.29 
0.00 
5.49 

100.00 

Eroders-polychaetes~ s:ipunculids~ clionid sponge near 
surface. 
Encrusters-red algae, blue-green algae, vermetid 
molluscs. 

Sample # RHR1247-16A CUE 3 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encrusters 
Other 

Bioerosion (Borings) 
Cemenled Det.rit.us 
Primary Porosit.y (Cavit. ies) 
TOTAL 

Noles: Dead Poci~~opora setche~~i. 
Reer Front. Slope, Upper Part.. 

101 

15 
0 

23 
0 

42 
181 

Area 22631.1 

P ERCENTAGE 
55.80 

8.29 
0.00 

12 . 71 
0.00 

23.20 
100 . 00 

Eroders-polychaet.es, clionid sponge. Encruslers-vermelid 
molluscs, red algae. blue-green algae. Homotrema sp . 
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Sample g RHR1248-1A 

GRAlN TYPE 
Primary Framework 
Secondary Framework 

Encruslers 
Ot.her 

Bioerosion (Borings) 
Cement.ed Det.r it. us 
PrimQry POrOQiLY CCQvi~iOQ~ 

TOTAL 

Not.es: Acropora sp. cobble. 

CUE 3 Area 

POINT COUNT 
174 

0 
0 
4 
0 
a 

178 

Ree~ Front. Slope. Channel Floor. 2.5m dept.h . 
Eroders-polychaet.es. 
Encrusters-none. 

Sample g RHR1248-2A&B 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
Ot.her 

Bioerosion (Borings) 
Cemented Detritus 
Primary Porosit.y (Cavit.ies) 
TOTAL 

Notes : Acropora sp. cobble. 

CUE 3 Area 

POINT COUNT 
180 

0 
0 
4 
0 
0 

184 

Ree~ Front Slope. Channel Floor. 2.5m depth. 
Eroders-polychaetes. 
Encrusters - blue- green algae. Homotrema sp. 

21637 . 7 

PERCENTAGE 
97.75 

0.00 
0.00 
2.25 
0.00 
0.00 

100. 00 

21654.5 

PERCENTAGE 
97.83 

0.00 
0 . 00 
2.17 
0.00 
0.00 

100.00 

Sample g RHR1248 -3A CUE 3 Area 23542.4 

GRAlN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Other 

Bioerosion (Borings) 
Cemented Det.rit.us 
Primary Porosi~y (Cavities) 
TOTAL 

Not.es: Dead Favites abdita. 

POINT COUNT 
154 

6 
o 

20 
o 
o 

180 

Ree~ Front. Slope. 2.0m depth. 
Eroders-clionid sponge . polychaetes. 
Encrusters-blue-green algae. Homotrema sp. 

72 

PERCENTAGE 
85.56 

3.33 
0.00 

11.11 
0.00 
0.00 

100.00 



Sample # RHR1248-5A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
Ot.her 

Bioerosion (Borings) 
Cemen~ed De~ri~us 

Pri~ry Poro~iLy CC_vi~iQ~) 

TOTAL 

No~es: Deae Favia matthaii. 

CUE 3 Area 22352.3 

POINT COUNT PERCENTAGE 
134 72.83 

27 14.57 
0 0.00 

15 8.70 
0 0.00 
7 3.90 

184 100.00 

Reer Fron~ Slope, Channel Wall, 1.7m dep~h. 
Eroders-clionid sponge near surrace, polychae~es. 

Encrus~ers-heavy coa~ing or red algae, verme~id 
molluscs. Homotrema sp. 

Sample # RHR1248-9A 

GRATN TYPE 
Primary Framework 
Secondary Framework 

Encrus~ers 

O~her 

Bioerosion (Borings) 
Cemen~ed Detri~us 

Primary Porosity (Cavities) 
TOTAL 

CUE 3 Area 22735.8 

POINT COUNT PERCENTAGE 
154 84.52 

14 7.59 
0 0.00 

10 5 .49 
0 0.00 
4 2.20 

182 100.00 

No~es:Dead Favia matthaii overgrown by Goniastrea 
reti/ormis. 
Reer Front Slope, 3.0m dep~h. Eroders-clionid sponge near 
sur race, polychaetes. Encrusters-red algae, blue-green 
algae. vermet.id molluscs. 

Sample # RHR1248-10A 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust..ers 
Ot.her 

Bioerosion (Borings) 
Cemented Detri~us 
Primary Porosi~y (Cavities) 
TOTAL 

Notes: Dead Favia mat thai i. 

CUE 3 Area 21703.5 

POINT COUNT 
151 

10 
o 

15 
o 
2 

179 

PERCENTAGE 
84.35 

5.59 
0.00 
8.94 
0.00 
1 . 12 

100.01 

Reer Front Slope, Channel Wall, 2.5m depth. 
Possible endolithic barnacles near base and radiating 
upward. Eroders-clionid sponge.Encrusters-verme~id 
molluscs, red algae, Hatimeda sp., Homotrema sp. 
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Sample # RHR1258-1A CUE 3 Area 22032.7 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrusters 
other 

Bioerosion (Borings) 
Cemented Detritus 
Primary PoroS::it..y CCavit.igos::) 
TOTAL 

POINT COUNT 
150 

19 
o 

14 
o 
o 

183 

Notes: Partly dead Goniastrea reti/ormis. 
Reef Front Slope, 2.5m depth. 
Eroders-clionid sponge, polychaetes . 
Encrusters-red algae, vermetid molluscs. 

PERCENTAG~ 

81.97 

10.38 
0. 00 
7 .65 
0. 00 
0.00 

100. 00 

Sample # RHR1258-3A CUE 3 Area 22223. 3 

GRAIN TYPE 
Primary Framework 
Secondary Framework 

Encrust.ers 
other 

Bioerosion (Borings) 
Cemented Detritus 
Primary Porosity (Cavities) 
TOTAL 

POINT COUNT 
160 

5 
o 
1 
o 

17 
183 

Notes: Live Acropora surcutosa. 
Reef Fr o nt Slope, 2.75m depth. 

PERCENTAG~ 

87.43 

2 .73 
0. 00 
0.55 
0.00 
9.29 

100. 00 

Eroders-clionid sponge along dead lower surface. 
Encrust.ers-red algae, vermelid molluscs; Homotrema s p. 
on dead lower surface. 

Sample # RHR1258-4A CUE 3 Area 

GRAIN TYPE POINT COUNT 
Primary Framework 
Secondary Framework 

Encruslers 
other 

Bioerosion (Borings) 
Cemented Detritus 
Primary Porosity (Cavities) 
TOTAL 

Notes: Live Pocittopora ete~ans . 

Reef Front Slope, 2.7m depth . . 

84 

0 
0 

16 
0 

77 
177 

23785. 0 

PERCENTAG~ 

47.46 

0.00 
0. 00 
9 .04 
0 .00 

43.50 
100. 00 

Eroders-polychaete borings in center of coral digits. 
Encrusters-none. 
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APPENDIX C: Changes in Densi~y or Endoli~hic Algal 

Borings in Modern Reer.al Carbona~es Due ~o Tempera~ure 

I NTRODUCTI ON 

S~udies or reer bioerosion have been under~aken ror 

many reasons. Among ~hese are iden~irica~ion or borings 

and borer s (Golubic, 1969; Golubic e~ aI, 1975; War me , 

1975), and ~he implica~ions or degrada~ion or reeral 

ma~erial (Tudhope and Risk, 1985) . This s~udy is 

primarily concerned wi~h ~he la~~er, and will be limi~ed 

~o microborers, al~hough macroborers such as polychae~es 

are also important removers or ree~ material. 

The study area is located on Guam, Mariana Islands . 

Tanguisson Poin~, loca~ed on ~he wes~ coas~, is ~he si~e 

or a wel l - developed sand beach surrounded by steep 

limestone clilIs . A pronounced gap in the clifIs . once a 

coconut plantat i o n. wa s chosen lor the construction of 

~he Tanguisson No. 1 and No. 2 ~hermoelec~ric planl in 

1971 (Jones and Randall, 1973). Turbines are cooled by 

intake or seawaler . Ho~ errluenl seawaler is pumped ou~ 

or lhe planl direclly on~o lhe reer rla~. When lhe planl 

began operalion in 1971, corals in lhe errluenl area 

were killed due to a rise in seawater temperature of 

approximalely 6
0

C (Jones and Randall, 1973). See lhesis 

~ext. Figure 1. 

This paper is part or a larger projecl ~o s~udy the 

diagenetic errects observed at this si~e ~oday. An 
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analysis or macrobioerosion in coral slabs rrom a 

control area compared to those rrom the hot water 

errluent area Csee thesis text Figure 4) has been done. 

Results show that there is a greater amount or 

bioerosion in the errluent area due to either absence or 

living coral cover, hOL wa~er e££ecls. or a combina~ion 

or these. A similar analysis or microbioeroders is 

presented here to ascertain whether this trend holds 

true at the microscopic level. 

Endol~thic blue-green algae CCyanophyta) are the most 

abundant microborer group in the intertidal zone 

CGolubic, 1969). other microborers present here include 

red and green algae CGolubic, 1969) and rungi CGolubic 

et al, 1975). 

Golubic (1969) describes actively boring endolithic 

algae as those having specialized rilaments ror 

penetration into the substrate. Penetration is attained 

presumably by dissolution or the rock. Cells are 

generally embedded in a gelatinous sheath, with those in 

the endolithic rilaments spaced by gelatinous material. 

Photosynthetic pigments are present in the rilaments 

CFay, 1983). Borings are generally 4 to 15 ~m in 

diameter CGolubic 1969). Boring algae are round in 

marine and rreshwater environments. and are round in the 

supratidal zone down to the base or the photic zone 

Capproximately 70 m) CGolubic et al . 1975). 

Warme (1975) describes endolithic rungi as having 
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branching hyphae creaLing borings ~rom 1 LO 3 ~m in 

diameLer, with bulbous sporangia ~rom 20 LO 50 ~m in 

diameLer. Kohlmeyer (1969) indicaLes LhaL ~ungi begin by 

roughening Lhe sur~ace unLil Lhe subsLraLe becomes 

spongy. Branching hyphae Lhen peneLrate ~urLher, 

reduc ing Lhe inLegriLy o~ Lhe subsLraLe. Golubic et al 

(1975) indicate Lhat boring ~ungi are ~ound in the 

inLerLidal zone but increase in abundance aL depth in 

Lhe oceans. This is due LO Lhe absence o~ the ability LO 

phoLosynthesize, eliminaLing the need ~or sunlighL 

peneLration . 

BaLhhursL (1976) idenLi~ies major ~eaLures which 

distinguish algal borings ~rom Lhose made by ~ungi. 

These ~eaLures were Laken ~rom Bromley (1965). 

"1. Fungal borings are on Lhe whole ~iner than Lhose 

o~ algae. 

"2. The diameter o~ ~ungal borings is generally more 

or less constanL while Lhat o~ algae varies 

consi derabl y. 

"3. The mode o~ branching is characLeristically 

'~alse rami~ication ' in algae, Lhe Lhicker main borings 

giving Lhe appearance o~ having been occupied by a 

bundle o~ threads which, separating individually, 

simulaLe branching. As a resulL o~ Lrue rami~icaLion in 

~ungi there is normally no sensible reducLion in 

diameLer ~rom stem to branch. True rami~icaLion is also 

~ound in algae, however . 
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"4. The angle at. .... hich branches leave t.he major axis 

is very much more const.ant. in rungi. and is ort.en 

bet. .... een 600 and 900
. Dichot.omy is also common. Algae 

rrequent.ly branch very irregularly. 

"5. Like .... ise t.he art.icles (cells] in rungi t.end t.o be 

more or less st.raight. or gent.ly curved ..... hile t.hose or 

algae are somet.imes very irregular. Overcro .... ding 

probably induces irregularit.y in some species or bot.h 

t.ypes. but. some rungi appear t.o remain invariably 

st.raight. ... 

METHODS 

Thin sect.ions or rour genera or corals rrom a cont.rol 

area and an area arrect.ed by hot. .... at.er errluent. 

CTransec~ B) were sys~ema~ically poin~ counted using a 

pet.rographic microscope equipped .... it.h a manual point. 

count.ing st.age. A t.ot.al or 200 point.s were count.ed on 

each slide. Sect.ions. were count.ed at. a magniricat.ion or 

390x. Count.s were grouped int.o t.he cat.egories indicat.ed 

in Figure 3. 

The number or microborings count.ed (algae and rungi 

combined) was normalized by t.ransrorming it. t.o a 

percent.age or available subst.rat.e (available subst.rat.e 

equals t.otal points counted minus primary porosity). 

Sample statist.ics .... ere calculat.ed and a t.wo-.... ay 

analysis or variance (cont.rol vs. Transect B and genus 

vs. genus) .... as conducted (Sokal and Rohlr. 1987) t.o t.est 
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~he null hypo~hesis ~ha~ ~here is no signirican~ 

dirrerence in bioerosion be~ween ~he con~rol group and 

Transec~ B group. 

RESULTS 

Thin sec~ions were predominan~ly made up or coral 

skele~on and primary porosi~y presenl wi~hin coralliles. 

Lesser amoun~s or de~ri~us and diagene~ic cemen~ were 

seen. See Table 1. Some specimens also were encrusled 

wilh polychaele lubes . Tubes were counled along wilh 

coral skele~on in lhe "skelelal" poinl coun~ ca~egory or 

Table 1. 

TABLE 1. Poinl Counl Dala. Numbers=Ac~ual Number or 
Counled Poinls. L=Longi~udinal Seclion. T=Transverse 
Seclion ror Gonias~rea. 

1247-9A+B Tran B Ac r opora 1246-8A Conlrol Acropora 
Skelelal 97 113 
Algal 15 20 
Delri lus 4 3 
Cement 1 0 
Macropo res 83 64 
Tolal 200 200 

1247-2A Tran B Goni as~r eaC T) 1246-2A Conlrol GonCD 
Skelelal 94 96 
Algal 16 29 
Delrilus 1 4 
Cemenl 0 0 
Macropores 89 71 
Tolal 200 200 

1247-11A Tran B Gonias~reaCL) 1246-3A Conlrol GonCL) 
Skele~al 78 85 
Algal 17 14 
Delrilus 0 5 
Cemenl 0 0 
Macropores 105 96 
To~al 200 200 
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TABLE 1 Cont'd. Point Count Data. Numbers=Actual Number 
or Counted Points . L=Longitudinal Section , T=Transverse 
Section ror Goniastrea . 

1247-10A Tran B Pocillopora 1246-1A Control Poc 
Skeletal 88 98 
Algal 12 21 
Detri tus 6 0 
Cement 8 1 
Macropores 86 80 
Total 200 200 

Adjusted percentages or algal bioerosion were 

averaged ror the control and the arrected CTransect 8 ) 

groups . . These .... ere calculated to be 17. 04 ±4 . 00 and 

13. 91±3. 09 respecti vely. Surprisingly , the mean or the 

control was greater than that or the arrected area . A 

T- test or these means shows that they are not 

signiricantly dirrerent rrom each other Cp<.05) , so it 

is , appropriate to assume that the amo unt or 

microbioerosion is not a ~unction or increase in wat er 

t emperature or absenc e or li v ing c o ral cover at this 

s cale. 

A two-way analysis or variance was also perrormed t o 

indicate signiricant differences in microbioerosion 

between coral genera, as well as ' between control and 

arrected groups. The ANOVA showed no signiricant 

dirrerence between coral genera Cp< .Ol), and again no 

signiricant difference between treatment groups 

C.05<p <. 10) . See Table 2. 
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TABLE 2. Analysis of Variance. 

ANALYSIS OF VARIANCE 

SOURCE Sum- Of - Squares OF Mean-Square F-Rat.io 

Treat.ment. 0.002 1 0.002 0.010 
Gonug 0.003 3 0.001 0.006 

Treat.ment. .. 
Genus 0.005 3 0.002 0.009 

Error 0.192 1 0.192 

DISCUSSION 

At. t.he microscopic level st.udied here. it. appears 

~hat neither an increase in ambient water temperature or 

loss of" coral cover and increase in available substrate 

are mechanisms that will increase or decrease bioerosion 

by endolit.hic algae and fungi. Borings did not. show a 

preferred orient.at.ion (longit.udinal t.o corallit.es vs. 

t.ransverse t.o corallit.es) as t.est.ed in t.he Goniast.rea 

slides. Some areas within a slide showed a greater 

abundance of borings. but. t.his averaged out. when t.he 

point count was complete. 

Golubic (1969) not.ed t.hat. borings in fresh u~bored 

calcit.e blocks penet.rat.ed only t.o a dept.h of 

approximat.ely 50~. This indicat.es t.hat. algal borings 

most. likely occur close t.o t.he coral skelet.al surface. 

and t.hat. as t.he coral skelet.on grows up over t.he 

borings, algae t.end t.o bore t.o a finit.e dept.h. Deeper 
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calci~e Cgrea~er ~han a rew millime~ers maximum) is no 

longer available. probably due ~o decreased ligh~ 

pene~ra~ion. 

Mos~ or ~he borings coun~ed here are probably no 

longer aClive. as lhey are cen~ime~ers deep wi~hin ~he 

coral skele~on . Possibly overall boring and 

micri~izalion a~ lhe surrace or ~he arrec~ed coral 

skele~ons would be grealer ~han normal. bu~ lhis was nol 

observed. Ai'recled corals were complelely covered wi~h 

epililhic algae. possibly discouraging coloniza~ion b y 

boring rorms. 

In conclusion. ~he ac~ivi~y or endoli~hic algae and 

rungi as a group are no~ errec~ed by increase in waler 

lempera~ure or loss or living coral cover . Algae and 

rungi borings appear ~o occur as the coral skeleton 

con~inues ~o grow. leaving inac~ive borings throughout 

the coral skeleton. 
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Appendix D: X- Ray Fluorescence Dala 

Table D- 1. Slronlium 

Deleclor sel al 35 Kv. 1.7 rnA . Presel lime 300 seconds. 
Speclromeler sel on Ag secondary largel. 20 ev/ch. 
Inlegralion or Sr K lines rrom 13. 84-14 . 44 keY. bkg 

C< 

removed. 

SAMPLE NO. 
CTran A) 
RHR1246 - 1A 
RHR1246-2A 
RHR1246 - 3A 
RHR1246 - 5A 
RHR1246-6A 
RHR1246-7A 
RHR1246-8A 
RHR1246-9A 
RHR1246- 9AB 
RHR1246-10A 
RHR1246-11 A 
RHR1246-12A 
RHR1249-1A 
RHR1249-3A 
RHR1249-5A 
RHR1249B-11A 
RHR1346-13A 
RHR1371-2A 
RHR1373-4A 
CTran B) 
RHR1247-2A 
RHR1247-3A 
RHR1247-4A 
RHR1247-5A 
RHR1247 - 6A 
RHR1247-7A 
RHR1247-9A 
RHR1247 - 10A 
RHR124 7 - 11 A 

RHR1247-13A 
RHR1247-14A 
RHR1247-15A 
RHR1247-16A 
RHR1248-1A 
RHR1248-2A&B 
RHR1248-3A 
RHR1248-6A 
RHR1248-9A 
RHR1248- 10A 
RHR1258- 1A 
RHR1258-3A 
RHR1258-4A 

561.12 552.19 
534.80 533.38 
523.17 516.81 
523.69 518.33 
502.20 507.46 
470.00 473.34 
585.84 589.72 
504.96 508.31 
555 . 81 558.15 
548.22 549.43 
543.62 546.85 
497.21 499.79 
510.42 512.61 
528.90 531 . 47 
553.92 554.46 
592.59 592.55 
384.84 382.74 
545.24 546.64 
564.71 562.85 

494 . 28 495 . 31 
446.59 443.74 
334.15 336.33 
432.28 432.35 
463.00 466.64 
361.64 367.64 
461.74 477.84 
441 . 00 442.71 
509.43 515.11 
481 . 19 485.76 
550 . 54 555. 51 
437.59 442 . 60 
481.38 484.16 
570.90 572.60 
558.06 571.58 
509.60 530.24 
475.55 493 . 98 
491.38 516.29 
498.58 518.38 
496.15 513.80 
561 . 64 564 . 30 
531.33 535.94 

I NTENSI TY DAT~ 
RUN 2 MEAN CORRECTED 

553.80 
528.91 
516.32 
517.14 
509.73 
475.43 
589. 31 
510.29 
560. 94 
549.17 
544.92 
501.31 
510.80 
533 . 15 
555.09 
592.89 
386.67 
543.79 
563.82 

497 . 53 
447 . 18 
336.11 
435.54 
465.64 
366.56 
478.19 
448.67 
515.30 
486.84 
556.09 
442.71 
485.64 
573. 35 
575. 45 
533. 20 
496.79 
516.50 
519.99 
516.17 
560.63 
550 . 03 
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555.70 
532.36 
518. 77 
519.72 
506.46 
472.92 
588.29 
507.85 
558.30 
548.94 
545 . 13 
499.44 
511.28 
531.17 
554 . 49 
592.68 
384.75 
545.22 
563.79 

495 . 71 
445.84 
335.53 
433.39 
465.09 
365.28 
472 . 59 
444.13 
513.28 
484.60 
554.05 
440 . 97 
483.73 
572.28 
568.36 
524 . 35 
488 . 77 
508.06 
512. 32 
508.71 
562.19 
539.10 

555.58 
532.24 
518.65 
519.60 
506.34 
472.80 
588.17 
507.73 
558.18 
548.82 
545.01 
499.32 
511.16 
531 . 05 
554 . 37 
592.56 
384.63 
545 . 10 
563.67 

495.59 
445.72 
335.41 
433 . 27 
464.97 
365.16 
472.47 
444.01 
513.16 
484.48 
553.93 
440.85 
483.61 
572 . 16 
568.24 
524.23 
488 . 65 
507.94 
512. 20 
508. 59 
562.07 
538.98 



Table D-l Cont.'d 

SAMPLE NO. RUN !... RUN ~ 
INTENSITY DATA 

RUN ;2. MEAN CORRECTED 
CTran C) 
89G001 479.43 480.81 474.97 478.40 478.28 
89G002 531.62 531.83 524.95 529.46 529.34 
89C--005 498.75 501.97 495.25 498.66 498.54 
89G006 467.55 466.73 460.83 465.04 464 . 92 
80G013 661.63 661.78 646.10 640.84 640.72 
89G014 528.88 529.63 527.44 528.65 528 . 53 
89G015 575.45 574.05 568 . 90 572. 80 572.68 
89G016 479.04 477 . 21 475.54 477.26 477.14 
89G017 545.18 547.69 542. 10 544.99 544 . 87 
89G018 538.71 542.00 537.10 539.27 539.15 
CTran D) 

89G019 391.00 387.88 388. 57 389.15 389.03 
89G020 386.66 384 . 32 381.13 384.04 383. 92 
89G02l 152.25 150.39 150.29 150.98 150.86 
89G022 36.05 36.18 35.17 35.80 35.68 
89G022A 280.49 276 . 47 276 . 74 277.90 277.78 
89G023 31. 39 30.55 31. 59 31.18 31 . 06 
89G024 140.91 140.52 139.47 140.30 140.18 
89G025 184.43 181.98 180.63 182.35 182.23 
89G026 157.97 154.63 155.60 156.07 155.95 
89G029 35 . 23 33.95 34 . 31 34.50 34.38 
MYLARONLY 0.14 0.08 0.13 0.12 -----

>< 
Not.e: Correct...ed values are obt.ained by subt.ract.ing 

MYLARONLY mean int.ensit.y rrom sample mean intensities . 

Next. t.wo pages: Cert.iried report. or chemical analysis or 
st.andards. 
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IRAl ACTIVATION SERVICES INCORPORATED 

XRAL 3915 RESEARCH rAA)(, SUITE A-12, AllN AflBOR, MICHIGAN, 4810S 

PHONE: 1600) 232-4130 FAX: 1313) 062-3260 

crnnrlcATE or ANALYSIS 

TO: UtllVERSITY OF MARYUWD 
ATTll: RA~ND G. BOWlIAN 
GEOLOGY DEPAATMElH 
COlLEGE PARK, MD 
20742 

REPORT: 1674 

8 SA .. oPt.ES 

CUSTOIIER lro. 99/01106 

DATE SUBMITTED 
12- JUN-90 

FILE NUMBER: 1669 

WERE ANALYZED AS FIllOWS: 

ElEIIENTS DETECTION UNITS ~TOOD El~ENTS DETECTION UNITS I1£TOOD 
lIMIT lIMIT 

SI02 0.0100 1- XRF FE 3.0000 PPM XRF 
CAD 0.0100 ;: XRF S 50. 0000 PPM XRF 
HGO 0.0100 % XRF SR 2.0000 rPM XRF 

CO!'J1ENTS: 

TH IS IS A FIilAL REPORT. 

DATE Ob-Jll.-90 / . 

/ 'rL XRA.'. ACTlVATION~' ICES tj'l!:l f )/ r, . v. .. 
CERTIFIED B'(!_'~'1-;'"'''' ... ' 
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XRAl ACTIYATION 3E~iICES INCORPORATED 

DATE: 06-JUl-90 REPORT: 1674 FILE NUMBER: 1669 PAGE: 

SAMPLE SI02 I. CAO 'I. 1160 'I. FE PPM S F'PM SR PPM 
--------------------------------------------------------- ,-----------------------
89G019 0.14 51.2 2.42 116 <50 4800 
B9GU23 0.16 53.9 1. 43 122 <50 38'5 
S9G024 0.11 54.6 0.96 119 (50 1740 
896025 0.09 54.5 0.78 113 (50 2350 
RHR 1246-bA 0.20 51.8 0.82 I'? J._ {SO 6460 
RHR_1246-SA 0.07 52.0 0.32 124 (50 7300 
RHR 1247-4A 0.09 50.0 2.56 337 {50 4110 
RHR 1247-10A 0.13 51.1 1.35 289 (50 5680 
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Table 0-2. Linear regression of sLandards Cby SYSTAT) 

DependenL Variable: InLensiLY N: 8 
MulLiple R: 0.999 Squared MulLiple R: 0.999 
AdjusLed Squared MulLiple R: 0.999 
SLandard Error of ESLimaLe: 7.295 

Variable CoefficienL STD Error STD CoefficienL 

ConsLanL 0.528 Cb ) 5.328 0.000 
0 

Concent.rat.ion 0.080 Cm) 0.001 0.999 

Variable I PC2 Tail) 

Canst.ant O.Ogg 0.924 
ConcenLraLion 70.041 0.000 

Figure 0-1. SLronLium sLandard calibraLion curve based 
on regression daLa in Table 0-2. 
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Errors: 

Counling error ror XRF analysis was laken as lhe 

coerricienl or variance CCV) relaled lo calculaled 

inlensily dala. This was round by solving lhe rollowing 

equalion CSakal and Rohlr. 1987): 

CV = 1/YJ: . 100 

where CV is expressed as a percenlage and I = XRF 

inlensily. Mean relalive counling error was calculaled 

as ~V/n where n = number or samples Cn = 61). 

Calculaled mean relalive counling error ror this 

experimenl is 5.363%. 

A calculalion or lhe error associaled wilh an 

eslimalion or sample concenlralions rrom lhe slandard 

linear regression was done utilizing the following 

~ormula CBenne~L and Franklin. 1954): 

2 2 varCx ) ~ 0 /b [C1/m + l/n) 
o 

+ Cy 
o 

- 2 2 
- y) /b }J:x. 

- 2 
- x) J 

L 

where m = number of observations, n = number of analysis 

runs. and b = slope. This equalion provides an 

approy...i mate 95~~ conIi dence i nt..erval ['or concentrati cns 

estimated from the regression. Confidence inter vals were 

expressed as a percenlage or lhe eslimaled concenlralion 

C= relali v e error). Mean relative error CRE) was 

calculaled as ERE/n where n = number or samples Cn = 

61). Calculaled mean relalive error ror lhis experimenl 

is 2.211%. The Bennell and Franklin equalion was 

calculated using a computer data reduct i on program 
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crea~ed by Mr. Richard Miller, Universi~y or Maryland 

Department or Geology. 

To~al error ror this experimen~ was taken as ECV/n + 

Ef-E/n c= 7.574Y~. 
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APPENDIX E. SEM/WDS calci~e cemen~ analyses ~or 
magnesium. 
TRANSECT A 

Sample No. RHR1246-2A 
OXIDE NORMALIZED wr/. 
CaO 55.99 
MgO 0.03 
CO

2 
43.98 

TOTAL 
MOLY. CaC0

3
, 99.91 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

RHR1246-11 A 
NORMALI ZED wr/. 

56.00 
0.03 

43.98 

MOLY. CaC0
3

: 99.93 MgC0
3

: 0 . 07 

Cemen~ Type: Acicular 
CALCULATED wr/. 

55. 77 
0 . 03 

43.80 STOICH 

99.60 

Cemen~ Type: Acicular 
CALCULATED wr/. 

55.02 
0.03 

43.21 STOICH 

98.25 

Sample No. RHR1246-9A (Analysis I0Cemen~ Type: Acicul a r 
OXIDE NORMALI ZED wr/. CALCULATED wr/. 
CaO 55. 92 52.76 
MgO 0.09 0 . 09 
CO

2 43.99 41.50 STOICH 

TOTAL 94.35 
MOLY. CaC0

3
: 99. 7 6 MgC0

3
: 0 . 23 

Sample No. RHR1246-9A (Analysis B)Cemen~ Type: Acicul a r 
OXIDE NORMALI ZED wr/. CALCULATED wr/. 
CaO 56.01 53.29 
MgO 0.01 0.01 
CO

2 
43.97 41.84 STOI CH 

TOTAL 95.15 
MOLY. CaC03 : 99.96 MgC0

3
: 0.04 

Sample No. 
Bo~ryoidal 

OXIDE 

RHR1371-2A (Analysis A)Cemen~ Type: 

CaO 
MgO 
CO

2 
TOTAL 

NORMALI ZED wr/. 
55. 97 
0.05 

43.98 

MOLY. CaC0
3

: 99.86 MgC0
3

: 0.13 

90 

CALCULATED wr/. 
52.42 
0.05 

41.19 STOICH 

93.66 



Sample No. RHR1371-2A (Analysis 
OXIDE NORMALI ZED WT"/o 
CaO 55.97 
MgO 0.05 
CO2 43.98 

TOTAL 
MOL% CaC03 : 99.86 

Sample No. RHR1371 - 2A 
OXIDE NORMALIZED WT"/O 
CaO 56.03 
MgO 0.00 
CO2 43.97 

TOTAL 
MOL% CaC03 : 100.00 

Sample No. RHR1246- 5A 
OXIDE NORMALIZED WT"/o 
CaO 55.96 
MgO 0 . 06 
CO2 43 . 98 

TOTAL 
MOL% CaC03 : 99.86 

Sample No. RHR1246-5A 
OXIDE NORMALIZED WT% 
CaO 56.00 
MgO 0.03 
CO2 43.98 

TOTAL 
MOL% CaC03 : 99.93 

Sample No. RHR1246-5A 
OXIDE NORMALIZED WT"/o 
CaO 
MgO 
CO2 
TOTAL 
MOL% CaC03 : 99 . 86 

55.96 
0.06 

43.98 
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B) Cement. Type: Bot.ry 
CALCULATED WT"/o 

56.84 
0.05 

44.67 srOICH 

101.57 

Cement. Type: Acicular 
CALCULATED WT"/o 

54.34 
0.00 

42.64 srOICH 

96.98 

Cement. Type: Bot.ry 
CALCULATED WT"/o 

53.97 
0.05 

42.41 srOICH 

95.43 

Cement. Type: Bot.ry 2 
CALCULATED WT"/O 

55.95 
0.03 

44.72 srOICH 

101.69 

Cement. Type: Acicular 
CALCULATED WT"/o 

55.64 
0.05 

43.72 srOICH 

99.42 



TRANSECT B 

Sample No. RHR1248-9A 
OXIDE NORMALIZED wr/o 
CaO 55.96 
MgO 0.06 
CO2 43 . 98 

TOTAL 
MOL~ CaC03 : 99.85 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

RHR1248 - 9A 
NORMALI ZED wr/o 

55.91 
0.10 

43.99 

MOL~ CaC03 : 99.75 

Sample No. RHR1248-1A 
OXIDE NORMALIZED wr/o 
CaO 56.03 
MgO 0.00 
CO2 43.97 

TOTAL 

Cement Type: Acicular 
CALCULATED wr/o 

53.21 
0.06 

41 . 82 STOI CH 

95.09 

Cement Type : Botry 
CALCULATED wr/o 

57.03 
0.10 

44.87 STOICH 

102.00 

Cement Type: Acicular 1 
CALCULATED wr/o 

52.64 
0.00 

41.31 STOICH 

93.95 
MOL~ CaC03 : 100 . 00 MgC03 : 0.00 

RHR1248-1A Sample No. 
OXIDE 
CaO 
MgO 
CO

2 

NORMALI ZED wr/o 
55.91 
0.10 

43.99 

TOTAL 
MOL~ CaC0

3
: 99.75 

Sample No. RHR1258-1 A 
OXIDE NORMALIZED wr/o 
CaO 55.85 
MgO 0.15 
CO2 44 . 00 

TOTAL 
MOL~ CaC03 : 99.62 MgC03 : 0.38 
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Cement Type: Acicular 2 
CALCULATED wr/o 

55.61 
0.10 

43.75 STOICH 

99.45 

Cement Type: Botry 
CALCULATED wr/, 

51.71 
0 . 14 

40.73 STOICH 

92.58 



Sample No. RHR1258-1A 
OXIDE NORMALIZED wr/o 
CaO 
MgO 
CO

2 
TOTAL 

55.95 
0.07 

43.98 

Cement Type: Acicular 1 
CALCULATED wr/o 

52.89 
0.06 

41.57 STOICH 

94.53 
MOLX CaC0

3
: 99.83 MgC0

3
: 0.16 

Sample No. RHR1258-1A 
OXIDE NORMALIZED wr/o 
CaO 
MgO 
CO

2 
TOTAL 

55.90 
0.12 

43.99 

MOLX CaC0
3

: 99.71 

Sample No. RHR1247-7A 
OXIDE NORMALIZED 
CaO 55.98 
MgO 0.05 
CO

2 43.98 

TOTAL 

wr/o 

MOLX CaC0
3

: 99.88 MgC03 : 0.11 

Sample No. RHR1247-7A 
OXIDE NORMALIZED wr/o 
CaO 56 . 03 
MgO 0.00 
CO

2 43.97 

TOTAL 
MOLX CaC03 : 100.00 MgC03 : 0.00 

Sample No. RHR1247-7A 
OXIDE NORMALIZED wr/o 
CaO 56.01 
MgO 0.02 
CO

2 
43.97 

TOTAL 
MOLX CaC0

3
: 99.95 MgC0

3
: 0 . 04 
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Cement Type: Acicular 2 
CALCULATED wr/o 

51.34 
0.11 

40.41 STOICH 

91.85 

Cement Type: Acicular 1 
CALCULATED wr/o 

53.68 
0.04 

42.17 STOICH 

95.89 

Cement Type: Acicular 2 
CALCULATED wr/o 

52.20 
0.00 

40 . 96 STOICH 

93.16 

Cement Type: Acicular 3 
CALCULATED wr/o 

54.98 
0.02 

43 . 16 STOICH 

98.16 



TRANSECT C 

Sample No . 89G002 
OXrDE NORMALIZED WT''--: 
CaO 55.99 
MgO 0.03 
CO2 

43.98 

TOTAL 
MOL% CaC0

3
: 99.91 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

89C-002 
NORMALI ZED WT% 

56.01 
0 . 02 

43.97 

MOL% CaC0
3

: 99.96 

Sample No. 89G002 
OXIDE NORMALIZED wr.--: 
CaO 52.71 
MgO 2.83 
CO

2 
44.46 

TOTAL 
MOL% CaC0

3
: 93.05 MgC0

3
: 6.95 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

89G005 (Anal ysi s A:) 

NORMALI ZED wr.--: 
56 . 03 
0.00 

43.97 

MOL% CaC0
3

: 100.00 MgC0
3

: 0.00 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

89G005 (Analysis B) 
NORMALI ZED wr.--: 

55.97 
0.05 

43.98 

MOL% CaC03 : 99.86 MgC03 : 0.14 

94 

Cement. Type: Acicular 1 
CALCULATED WT'y. 

56.18 
0 . 03 

44.12 STorCH 

100.34 

Cement. Type: Acicular 2 
CALCULATED WT''--: 

56.65 
0.02 

44.47 STOrCH 

101. 14 

Cement. Type: Acic-Blade 
CALCULATED wr.--: 

53.41 
2 . 87 

45.04 STOICH 

101.31 

Cement. Type: Acicular 1 
CALCULATED wr/o 

53.10 
0 . 00 

41.67 STOrCH 

94.77 

Cement. Type: Acicular 1 
CALCULATED WT'/o 

56.48 
0.06 

44 . 39 STor CH 

100.93 



Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

89G005 (Anal ysi s to 
NORMALI ZED WT"/. 

50.32 
4.87 

44 . 81 

Cemenl Type: Acic-Blade 
CALCULATED WT/. 

55.31 
5.35 

49 . 25 STOICH 

109.93 
MOL% CaC0

3
: 88.12 MgC0

3
: 11.87 

Sample No. 89C~05 (Analysis B) 
OXIDE NORMALIZED WT"/. 
CaO 51.90 
MgO 3.52 
CO

2 
44.58 

TOTAL 
MOL% CaC0

3
: 91.37 

Sample No. 89G005 (Analysis A) 
OXIDE NORMALIZED WT"/. 

CaO 47.49 
MgO 7.29 
CO

2 
45.23 

TOTAL 

Cemenl Type : Acic-Blade 
CALCULATED WT/. 

53.95 
3.55 

45 . 33 STOI CH 

103.94 

Cemenl Type: Delrilal 
CALCULATED WT"/. 

47.85 
7.34 

45.57 STOICH 

100.75 
MOL% CaC03 : 82.40 MgC0

3
: 17.50 

Sample No. 89G005 (Analysis B) 
OXIDE NORMALIZED WT/. 
CaO 47 . 01 
MgO 7.59 
CO

2 
45.30 

TOTAL 

Cemenl Type: Delrilal 
CALCULATED WT/. 

49.13 
8.04 

47 . 34 STOICH 

104.51 
MOL% CaC0

3
: 81.45 MgC0

3
: 18.55 

Sample No. 89G005 
OXIDE NORMALIZED WT/. 
CaO 
MgO 
CO

2 
TOTAL 

50.57 
4.57 

44.75 

Cemenl Type: Drusy 
CALCULATED WT"/. 

51.53 
4.55 

45.51 STOrCH 

101.59 
MOL% CaC0

3
: 88.85 MgC0

3
: 11.15 
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Sample No. 89G016 
OXIDE NORMALIZED WT'/O 
CaO 
MgO 
CO

2 
TOTAL 

55.94 
0.07 

43 . 98 

Cement Type: Acicular 1 
CALCULATED WT'/O 

55.66 
0 . 07 

43. 76 STOl: CH 

99.50 
MOL% CaC0

3
: 99.82 MgC0

3
: 0.18 

Sample No. 89G016 
OXIDE NORMALIZED WT'/O 
CaO 
MgO 
CO

2 
TOTAL 

55.96 
0.06 

43.98 

Cement Type: Acicular 2 
CALCULATED WT'/o 

47.13 
0.05 

37. 04 STOI CH 

84.21 
MOL% CaC03 : 99 . 85 MgC0

3
: 0 . 15 

89G017 Sample No. 
OXIDE NORMALI ZED wr/o 
CaO 
MgO 
CO

2 
TOTAL 
MOL% CaC0

3
: 99 . 96 

Sample No. 89C~17 

56.01 
0.02 

43 .97 

OXI DE NORMAL! ZED wr..; 
CaO 56.00 
MgO 0.03 
CO

2 
43.97 

TOTAL 
MOL% Cac0

3
: 99 . 93 MgC0

3
: 0.07 

Sample No. 89G017 
OXIDE NORMALIZED WT'/O 
CaO 55.97 
MgO 0.05 
CO2 43.98 

TOTAL 
MOL% CaC0

3
: 99.87 MgC0

3
: 0.13 

96 

Cement Type: Aci cular 1 
CALCULATED WT'/o 

55.40 
0.02 

43.49 STOrCH 

98 . 91 

Cement Type: Acicular 2 
CALCULATED WT'/o 

57.04 
0 . 03 

44. 79 STOI CH 

101 . 86 

Cement Type: Acicular 3 
CALCULATED WT'/O 

55.58 
0.05 

43.68 STOICH 

99.31 



TRANSECT D 

Sample No. 89C~19 

OXIDE NORMALIZED WP/o 
CaO 
MgO 
CO

2 
TOTAL 

51.41 
3.94 

44.65 

MOLY. CaC03 : 90.35 

Sample No. 89G019 
OXIDE NORMALIZED WP/O 
CaO 55.95 
MgO 0.06 
CO2 43.98 

TOTAL 
MOLY. CaC03 : 99.84 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTt>.L 

89G019 
NORMALI ZED WP/O 

55.92 
0.09 

43.99 

MOLY. CaC03 : 99.77 

Sample No. 
OXIDE 
CaO 
MgO 
CO2 
TOTAL 

890:>19 
NORMALI ZED WT% 

55.99 
0.03 

43.98 

MOLY. CaC03 : 99. 92 

Sample No. 
OXIDE 
CaO 
MgO 
CO2 
TOTAL 

89G019 
NORMALI ZED WP/o 

55.99 
0.03 

43 . 98 

MOLY. CaC03 : 99.92 

97 

CemenL Type: Isopachous 
CALCULATED WTY. 

52. 70 
4.04 

45.77 STOICH 

102.51 

CemenL Type: Acicular 1 
CALCULATED WP/O 

52.31 
0 . 06 

41 . 12 STOICH 

93. 49 

CemenL Type: Acicular 2 
CALCULATED WP/o 

52.07 
0.08 

40.95 STOICH 

93.10 

CemenL Type: Acicular 3 
CALCULATED WTY. 

57.57 
0.03 

45. 21 STOI CH 

102.81 

CemenL Type: Acicular 4 
CALCULATED WTY. 

54 . 65 
0 . 03 

42.92 STOICH 

97.61 



Sample No. 
OXIDE 
CaO 
MgO 
CO2 
TOTAL 

89G020 (Analysis A) 

NORMALI ZED WT"/o 
45 . 73 

8 . 78 
45 . 48 

Cemen~ Type: Isopachous 
CALCULATED WT"/o 

43. 40 
8 . 33 

43 . 16 STOICH 

94 . 89 
MOLY. CaC03 : 78.92 MgC03 : 21.08 

Sample No. 89G020 (Analysis B) 
OXIDE NORMALIZED wr/o 
CaO 50. 07 
MgO 5 . 09 
CO2 44.85 

TOTAL 

Cemen~ Type: Isopachous 
CALCULATED WT"/o 

45 . 88 
4 . 65 

41. 1 0 STOI CH 

91. 55 
MOLY. CaC03 : 87 . 61 MgC03 : 12. 39 

Sample No . 89G020 
OXIDE NORMALIZED wr/o 
CaO 56.01 
MgO 0.02 
CO2 43. 97 

TOTAL 
MOLY. CaC03 : 99.95 

Sample No. 89G022 
OXIDE NORMALIZED wr/o 
CaO 
MgO 
CO

2 
TOTAL 
MOLY. CaC03 : 99.68 

Sample No . 89G022 

55. 88 
0 . 13 

43.99 

OXIDE NORMALIZED wr/o 
CaO 54. 55 
MgO 1 . 26 
CO2 44 . 19 

TOTAL 
MOLY. CaC0

3
: 96 . 88 

98 

Cemen~ Type: Acicular 
CALCULATED WT"/o 

53 . 75 
0 . 02 

42 . 20 STOICH 

95 . 97 

Cemen~ Type: Bladed 
CALCULATED wr/o 

54.53 
0 . 13 

43.01 STOICH 

97 . 77 

Cemen~ Type: Spar 
CALCULATED WT"/o 

51 . 17 
1.18 

41 .45 STOICH 

93 . 80 



------------~-------------------------------------------

Sample No. S9G024 CPleis~ocene) 
OXIDE NORMALIZED WP/, 
CaO 
MgO 
CO

2 
TOTAL 

55. 94 
O. OS 

43.9S 

MOL% CaC0
3

: 99 . S0 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

S9G024 CPleis~ocene) 
NORMALI ZED WI""/. 

55 . 88 
0.13 

43.99 

MOL% Cac0
3

: 99.67 

Sample No . 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

S9C~24 CPleis~ocene) 

NORMAL! ZED WI""/, 

55.60 
0.36 

44 .03 

MOL% CaC0
3

: 99.09 

Sample No. 
OXIDE 
CaO 
MgO 
CO

2 
TOTAL 

89G025 CPleis~ocene) 
NORMALI ZED WP/, 

55 . 97 
0.05 

43 . 98 

MOL% CaC0
3

: 99.S7 

Cemen~ Type: Acicular 1 
CALCULATED WI""/, 

51.61 
0 . 07 

40 . 58 STOICH 

92 . 27 

Cemen~ Type : Acicular 2 
CALCULATED WI""/. 

53 . 54 
0 . 13 

42 . 15 STOICH 

95 . 82 

Cemen~ Type: Acicular 3 
CALCULATED WI""/. 

47.87 
0.31 

37 . 91 STOI CH 

86 . 10 

Cemen~ Type: Acicular 
CALCULATED WI""/. 

54 . 92 
0.05 

43.15 STOICH 

98 . 12 

Coun~ing errors lor the above analyses were 

calculaled by lhe Tracor Norlher 5600 Compuler Task 

Syslem as a reI alive error. The formula used for lhe 

cal cul at.i on is: 

Ycounls - background 

counts - background 

99 

• 100 



This melhod is presenled in Willard el al. (1974) . 

Relalive errors for Ca and Mg were averaged lo provide a 

mean rela~ive error ~or ~he analyses as a whole (mean 

%OCa ; 1 . 178, mean %OMg ; 19.92) . 

100 



REFERENCES CITED 

Aissaoui, D.H , Buigues. D., and Purser, B . H., 1986 , 

Model or reer diagenesis: Mururoa ALoll. French 

Pol)~esia: in Schroeder . J.H., and Purser, B.H., eds . 

Reer Diagenesis, Springer-Verlag. New York. pub .• 

p. 27-52. 

BaLhursL, R. G. C. , 1976 . CarbonaLe sedime nLs and Lheir 

diagenesis: Elsevier ScienLiric Publishing Company . 

New Yo rk, pub .• pp. 231-457 . 381-392. 

Bell. S.C . • and SiegrisL, H.G. Jr., 1988. PaLLerns in 

ree~ diagenesis : Rota, Mariana I s l ands : Proceedings o~ 

Lhe 6Lh InLernaLional Coral Reer Symposium, AusLralia, 

v . 3. p. 547- 552. 

Bence, A. E., and Albee, A. L., 1968 , Empirical correction 

racLors ror Lhe elecLron microanalysi.s or silicaLes 

and oxides : Journal or Geology, v. 76 , p. 382-403. 

BenneLL, C.A., and Franklin, N.L .• 1954. SLaLisLical 

analysis in chemisLry and lhe chemical induslry: John 

Wiley & Sons , Inc., New York, pub., p . 222-234. 

Berner . R.A., 1975, The role or magnesium in Lhe crysLal 

growlh or calcile and aragonile rrom sea waLer: 

Geochimica el Cosmochimica Acla. v. 39, p . 489-504. 

Bischorr. W. D .• Mackenzie. F. T., and Bishop. F. C., 1987, 

Slabililies or synlhelic magnesian calciles in aqueous 

solulion: comparison wilh biogenic malerials : 

Geochimica eL Cosmochimica AcLa. v. 51. p . 1413-1423. 

101 



Bromley. R. G .• 1965. S~udies in ~he li~hology and 

condi~ions or sedimen~a~ion or ~he Chalk Rock and 

comparable horizons : Thesis. Universi~y or London. 

unpublished. 355pp. 

Bromley . R . G . • 1978. Bioerosion or Bermuda reef's: 

Palaeogeography. Palaeoclima~ology. Palaeoecology. 

v. 23 . p. 169-197 . 

Cobb. W. R .• 1969 . Pene~ra~ion or calcium carbona~e 

substra~es by ~he boring sponge. C[iona: American 

Zoologist . v. 9. p . 783-790 . 

Dahl. A.L . • and Salva~. B .• Are human impac~s. ei~her 

~hrough ~radi~ional or con~emporary uses. stabilizing 

or destabilizing to reef community structure? : 

Proceedings or ~he 6~h In~erna~ional Coral Reel' 

Symposium. Aus~ralia . v . i. p. 63-69 . 

Dravis~ J . J. , and Yurewicz. D . A . 1985. Enhanced 

carbonate petrography using fluorescence microscopy: 

Journal or Sedimen~ary Pe~rology. v. 55. no. 6. 

p . 795-804. 

Fay. P . • 1983. The blue-greens: Ins~i~u~e or Biology 

Studies in Biology no . 160 . Edward Arnold L~d . • 

Melbourne . pub .. 88 pp. 

Friedman. G.M . • and Brenner. I . B . • 1977. Progressive 

diagene~ic elimina~ion or s~ron~ium in Qua~ernary ~o 

Late Ter~iary coral reefs of Red Sea : sequence and 

time scale: in Frost, S.H . , Weiss , M. P ., and Saunders , 

J.B .• eds .• Reef and Rela~ed Carbona~es - Ecology and 

102 



SedimenLology, AAPG Studies in Geology No.4 , 

p . 353-355. 

Futterer , D.K., 1974, Signiricance or Lhe boring sponge 

Cliona ror the origin o r rine grained maLerial or 

carbonate sediments : Journal or Sedimentary 

Petrography, v. 44, p. 79-84. 

Glynn, P . W., 1988 . El Ni~o-Southern Oscillation 

1982-1983: nearshore populaLion , community, and 

ecosystem responses : Ann . Rev. Ecol. Syst ., v . 19 , 

p. 309-345. 

Glynn. P . W . • Cortes , J . • Guzman , H. M . • and Richmond, 

R.H . • 1988, El Ni~o (1982-83) associated coral 

mortality and relationship to sea surrace temperature 

deviations in the tropical Eastern Paciric : 

Proceedings or Lhe 6th InLernational Coral Reer 

Symposium, Australia, v. 3 , p . 237-243. 

Golubic . S. , 1969 , DisLribution. Laxonomy and boring 

patLerns or marine endolithic algae: American 

Zoologist . no . 9. p. 747-751. 

Golubic , S . , Perkins , R. D .• and Lukas. K.J. , 1975 , 

Boring microorganisms and microborings in carbona~e 

substrates: in Frey. R.W. ed., The Study or Trace 

Fossils . Springer-Verlag , New York , pub . , p . 229-259. 

Haigler. S.A. , 1969 , Boring mechanism or Polydora 

websteri inhabiting Crassostrea virsinica: American 

Zoologist . v . 9 , p . 821-828. 

103 



HuLchings. P.A .• 1986. Biological deSLrUCLion of coral 

reefs: Coral Reefs . v . 4. p . 239-252. 

Jones. R . S . • and Randall. R.H. 1973. A sLudy of 

biological impac~ caused by na~ural and man-induced 

changes on a ~ropical reer : Universi~y 01 Guam, Marine 

LaboraLory Technical ReporL no. 7. 182 pp. 

Kevex Corporation . 1982. Kevex xrf QuanLex- Ray sofLware 

user's manual: Kevex Corporation. FOSLer CiLy. 

Calit'ornia. p. 4-1 to 4-41. 11-1 LO 11 - 20. 

Kiene. W.E .• 1988. A model of bioerosion on the GreaL 

Barrier- Reet': Proceedings of Lhe 6th InLernaLional 

Coral Reef Symposium. AusLralia. v . 3. p . 449-454. 

Kinsman. D. J . J . • 1969. 
+2 

Interpretation of Sr 

conceotraLions in carbonaLe minerals and rocks : 

Journal of Sedimentary PeLrology. v. 39. no . 2. 

p . 486-508. 

Kohlmeyer. J. 1969. The role of marine fungi in Lhe 

peneLraLion 01 calcareous subsLances: American 

Zool ogisL. no. 9. p. 741-746. 

Mackenzie. F.T .. Bischoff . W.O. Bishop. F.C . • Loijens. 

M . . Schoonmaker. J.E .• and Wollast. R . • 1983. 

Magnesian calciLes: Low temperaLure occurrence, 

solubiliLY and solid-soluLion behavior : in Ribbe . P.H. 

ed . • CarbonaLes: Mineralogy and ChemisLry. Reviews in 

Mineralogy. no . 11. p. 97-144 . 

Marshall. J . F .• 1986. Regional distribution of submarine 

cements within an epicontinental reel system: Central 

104 



Grea~ Barrier Reer . Aus~ralia : in Schroeder . J.H . • and 

Purser. B. H . • eds . Reer Diagenesis . Springer-Verlag . 

New York. pub . • p . 8 - 26 . 

Milliman . J.D. , 1974 . Marine carbona~es : Springer

Verlag . New York . pub . • p. 3 - 15. 

Mucci. A .• 1987, Inrluence 01 ~empera~ure on ~he 

composi~ion 0 1 magnesian calci~e overgro~hs 

precipi~a~ed lrom seawa~er : Geochimica e~ Cosmochimi c a 

Ac~a. v . 51. p . 1977-1984 . 

Olympus Corpora~ion . 1988. Cue 3 image analyzer version 

2.01 : Gal ai. 

Po~~s. P . J .• 1987. A handbook 01 silica~e rock analysis : 

Chapman and Hall. New York. pub . • pp. 226- 285. 326- 382. 

Randall. R. H .• 1983. Guide ~o ~he coastal resour ces 01 

Guam . v olume ii - Lhe corals: Uni v ersiLy or Guam Press , 

p. 12. 

Randall. R.H . • and Siegris~. H.G. Jr .• 1988. 

Geomorphol ogy 01 ~he lringing reels 01 nor~hern Guam 

in response ~o Holocene sea l evel changes: Proceedings 

01 ~he 6~h In~erna~ional Coral Reer Symposium. 

Aus~ralia. v. 3 . p. 473-477. 

Randal l. R. H .• Tsuda. R. T .• and Bowman. R . G . • 1990. A 

reassessmen~ 01 reel-building corals. an assessmen~ 01 

framework bioerosion . and a reassessment or marine 

ben~hic algae in ~he reel area allec~ed by ~hermal 

ellluen~ a~ Tanguisson Poin~ . Guam (DRAFT REPORT): 

Universi~y 01 Guam Marine Labora~ory. 44 pp. 

105 



Rice, M.E. , 1969, Possible bori n g s~ruc~ures or 

sipunculids: American Zoologis~, v . 9 , p . 803-812. 

Scorrin, T . P., 1987 , An in~roduc~ion ~o carbona~e 

sedimen~s and rocks: Chapman and Hall, New York, pub., 

pp . 40-52 , 64-70 , 89-145. 

Sokal , R.R. , and Rohlr, F.J. , In~roduc~ion ~o 

biostatis~ics, second edition : W. H. Freeman and 

Company, New York , pub., 363 pp. 

Tracey, J.R. Jr ., Schlanger, S . O., S~ark , J . T . , Doan, 

D. B. and May, H. G., 1964 , General geology or Guam: 

U.S. Geological Survey Proressional Paper 403-A, 104 pp . 

Tudhope, A.W., and Risk, M. J., 1985 , Ra~e or dissolu~ion 

o~ carbonaLe sedimenLs by microboring o r ganisms . 

Davies Reer, Australia: Journal or Sedimentary 

Petrology, no. 55 , p. 440-447. 

Walter , L . M., and Morse , J.W. , 1984 , Magnesian calci~e 

s~abili~ies: a reevaluation: Geochimica e~ Cosmochimica 

Ac~a, v. 48, p. 1059-1069. 

Warme , J.E., 1975, Borings as trace rossils, and ~he 

processes or marine bioerosion : in Frey . R.W .• ed . , 

The Study or Trace Fossils , Springer-Verlag, New Yo rk, 

pub., p. 181-227. 

Warme, J . E., 1977 , Carbona~e borers-~heir role in reer 

ecology and preservation : in Fros~, S.H. , Weiss, M. P . 

and Saunders, J.B., eds ., Reer and Rela~ed Carbona~es -

Ecology and Sedimen~ology, AAPG S~udies in Geology No. 

4, p . 261-279. 

106 



Wilkinson. L .• 1987. SYSTAT: the system ~or statistics: 

Systat. Inc .• Evanston. IL. 

Willard. H.H .• Merritt. L.L. Jr .• and Dean. J.A .• 1974. 

Instrumental methods o~ analysis. ~i~th edition: 

D. Van Nostrand Company. New York. pub .• pp. 320-322. 

107 



ACKNOWLEDGEMENTS 

I would li k e LO Lhank Ric h ard H. Randal l . Henry G. 

SiegrisL. and oLher workers aL Lhe UniversiLY or Guam 

Marine LaboraLory ror Lhe creaLion or and assisLance 

wiLh Lhis projecL. Their Lechnical supporL and sample 

collecLion are much appreciated. 

Thanks also go out to my commiLLee : PeLer B. Stirel. 

Philip A. Candela. Ann G. Wylie. and Marjorie L. Reaka . 

They provided much needed assistance at the University 

or Maryland. More importantly. Lhey convinced me Lhat 

Lhis whole Lhing was worLh doing when iL seemed 

hopeless . 

I also thank Lhe grads and undergrads aL the 

UniversiLY or Maryland ror Lheir advice and supporL. 

especially Richard Miller and Ph illip Piccoli . The help 

or CurLis Lure and Barbara Linder is much appreciaLed . I 

could nOL have gOLLen i~ done WiLhoUL them . 

MosL or all I would like LO Lhank my wire. Colleen 

Bowman. She paid Lhe bills ror LWO years. and kepL me 

going even when Lhings gOL almosL OUL or conLrol . 

WiLhoUL her love and support Lhis all would nev er have 

happened . I also thank the reSL or my ramily ror being 

Lhere LO lisLen LO my complaining abouL Lhis Lhi n g . 

Thanks to all . 

ii 



Sect.ion 

Acknowledgement.s 

List. of' Tables 

Li.:;t., 01' Fi. gur Q~ 

List. of' Plat.es 

Int.roduct.ion 
General Geology 
Bioerosion 
Cement.at.ion 
St-ront.ium 

Met. hods 

Result-s 
Bioe:rosion 
St-ront.ium 
Cement.s 

Discussion 

TABLE OF CONTENTS 

Bioerosion a~ Tanguisson 
EncrusLa~ion aL Tanguisson 
SLrontium Anomalies at Tanguisson 
Carbonat.e Cement.s 
Holocene 
Di agenet.i c Model 
Implicat.ions at- Tanguisson 
Global Implicat.ions 

Conclusion 

Appendix A Slat.ist.ical Melhods 
and Compuler Programs 

ii 

iv 

v 

vi 

1 
4 
9 

11 
18 

20 

29 
29 
33 
36 

41 
41 
47 
49 
50 
50 
50 
52 
52 

54 

56 

Appendix B Macrobioerosion Point. Count. Dat.a 61 
and Slab Descriplions 

Appendix C Changes in Densily of' Endolit.hic 75 
Al gal Bor i ngs 

Appendix 0 X-Ray Fluorescence Dala 83 

Appendix E SEM/WDS Calcile Cement. Analyses 90 
f'or Magnesium 

Ref'erences Cit-ed 101 

iii 



ABSTRACT 

Ti~le Or Thesis: DIAGENETIC EFFECTS RELATED TO HOT WATER 
EFFLUENT I N MODERN AND HOLOCENE REEF 
LIMESTONES ON GUAM 

Name or degree candida~e: Raymond G. Bowman 

Degree and Year: Mas~er or Science, 1990 

Thesis direc~ed by: Pe~er B. S~irel, Associa~e 

Proressor, Depar~men~ or Geology 

In 1,971, sclerac~inian corals were arrec~ed by ho~ 

wat.er' eff luent. from an oil-f'ired t.hermoelect.ric plant. 

near Tanguisson Poin~, Guam. Corals were damaged or 

killed in an approxima~ely 10,000 square me~er area or 

t.he reef llat . This work is a reassessment. 01 t.he 

arrec~ed area and an area or in~er~idal Holocene reer 

rock~ including a st.udy or bioerasion. cementat.ion. and 

t.race element. geochemist.ry 01 coral skelet.ons and 

cement.s in 'the modern reef'. 

Percent-ages 01 bioerasion and encrust.ing organisms 

were det.ermined using a random number grid point count. 

me~hod or coral cross-sec~ions. A signirican~ Cp ( .05) 

increase in percen~ bioerosion was no~ed in ~he afrec~ed 

area versus a control area. A trend t.oward a higher rat.e 



of encrustation was also noted in the affected area. 

S~ron~ium concen~ra~ions were de~ermined by x-ray 

rluorescence. Signirican~ly less s~ron~ium, probably due 

to a higher percentage of encrusters~ was noted in the 

arrec~ed area. 

Thin section analyses of carbonate cements yielded no 

dirrerences in cemen~ ~ypes or morphologies. No 

dirrerences in magnesium concen~ra~ions, de~ermined by 

SEM/WDS, wi~hin cemen~ ~ypes were no~ed. 

A model ror diagenesis relaled lo hol wa~er errluen~ 

in the modern reef includes increased bioerosion and 

encrustation. and a decrease in whole rock strontium 

concentration . No diagenetic alteration was observed 

wi~hin lhe Holocene reef ma~erial. 

The observed increas e in bioerosion in the vicinity 

or ~he ho~ waler errluenl al Tanguisson may lead ~o loss 

or lhe fringing reel'. Larger scale erfecls may be 

rela~ed ~o El Ni~o-Soulhern Oscilla~ion CENSOJ. Loss of 

living coral cover similar t.o that at Tanguisson 

occurred over a large area of the Eastern Pacific during 

lhe 1982-83 ENSO evenl. Slow recovery of living corals, 

along with an increase in bioerosion. may lead to 

physical damage lo reers arrec~ed by ENSO even~s. 
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