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BARIUM CHRONOLOGIES FROM SOUTH FLORIDA REEF CORALS - ENVIRONMENTAL IMPLICATIONS
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'Nova Southeastern University Oceanographic Center, 8000 North Ocean Dr., Da_mia, FL 33004, U.S.A.
‘Rosenstiel School of Marine & Atmospheric Sciences, Univ.Of Miami, Miami, FL.33149, U.S.A.
‘Department of Natural Rescurces Protection, 218 S.W. 1st Ave., Ft. Lauderdale, FL 33301, U.S.A.

ABSTRACT

Benthic algal blooms (e.q., Codium isthmocladum) have become
increasingly common on reefs and hardgrounds of Southeast Florida.
The contribution from possible responsible nutrient sources,
including natural upwelling and local pollution, has not been
quantified. In an attempt to differentiate each potential source,
lattice-bound barium concentrations in the skeletons of two common
Southeast Florida stony coral species (Montastraea faveolata and
Solenastrea bournoni) were measured by isotope dilution inductively
coupled mass spectrometry (ICP/MS). Specimens were collected
offshore between 26°01'-57'N at shallow (10 m) and deep (20 m)
reefs. X-rays of skeletal slabs revealed anmual density bands which
guided annual and subannual chemical sampling over 20 years.
Selected specimens were analyzed for oxygen and carbon isotope
content  to gauge water temperature and salinity. Results
demonstrate historical Ba levels in corals and variability among
species, seasons, years, and sites.

INTRODUCTION

In recent years there have been widespread summer algal bloams (C.
isthmocladum) on Southeast Florida reefs (Palm Beach, Broward, and
Dade Counties}. Algae have overgrown, smothered, and removed
substrate for natural settlement from the coral reef commumities.
The recurrent summertime Codium blocms have impacted over the 54
nautical miles of coastline, fram northermn Broward through Palm
Beach County. Extensive accumulations were first noticed in 1989,
when anecdotal reports of algae accumulations up to 1.5 m thick
were reported off of Boca Raton in 25 m depth.

Proposed causes

Several sources of nutrients could be fueling the algal blooms.
These include 1) man-induced (agricultural runoff, sewage) and 2)
natural (upwelling). Unfortunately, little quantitative data exist
on the spatial and time distribution or sources of nutrients off
the Southeast Florida coast.

Anthropogenic nutrient sources of significant magnitude currently
impact the coastal waters of Palm Beach, Broward, and Dade Counties.
Six outfalls at depths greater than 30 m discharge approximately 400
million gallons per day of secondarily treated, mutrient-rich waste-
water (Proni and Dammann, 1989). Inlets to the intracoastal
waterways along this stretch of coastline may act as additicnal
point sources for pollution, particularly for large volumes of
storm-water runoff (Haunert and Startzman, 1985) . Additionally,
canals discharging through the inlets contain waters draining Lake
Okeechobee and extensive surrounding agricultural areas.

In Southeast Florida, upwelling of nutrient rich water oceurs .
While this is not as intense as the general phenomena on west sides
of continents, upwelling can be a significant source of nutrient
supplies (Yoder et al., 1983; Smith, 1983; Chew et al., 1985).
Thus, a clear mechanism exists for upwelling-induced nutrient
enrichment of Florida's waters.

Objectives of the study

We have compared barium, 8°C, and §°0 oxygen records of sanpled
coral skeletons from different depths and latitudes along the
northern Broward and Palm Beach coastline. The objectives of this
study were to: 1) evaluate the necessity and efficacy of skeletal
cleaning procedures prior to analysis and 2) attemt to
differentiate potential sources of mutrients contributing to the
algae blooms.

Background

The history of nutrient enrichment may be indicated by the trace
elements Cd, Mn, and Ba (shen, 1986; Shen and Boyle, 1988; Lea et
al., 1989; Shen and Sanford, 1990) . C¢d and Ba are nutrient analogs
(e.g., Boyle et al., 1981; Millero and Schn, 1992) exhibiting

streng nutrient type profiles with depth. These trace elements may
be incorporated in the calecium carbonate lattice of coral skeletcns
by substitution with calcium (Shen and Boyle, 1988; Shen and
Sanford, 1990). Shen and Sanford (1990) define elements that
“cammot be added or removed unless mineral dissolution or
alteration occurs” as “lattice substituted”, and it is these
elements that have the highest potential as permanent markers of
historic nutrient cenditions. Cd and Ba in dated coral skeleton
samples have been shown to reflect former nutrient conditions,
especially in regions marked by strong upwelling events such as the
Galapagos {Shen and Sanford, 1990; Lea et al., 1989) or the coast
of southern Oman (Tudhope et al., in press). Furthermore, barium is
also thought to be of value as a chemical tracer delivered to the
oceans by rivers (Shen and Sanford, 1990; Boyle, 1976; Hanor and
Chan, 1977; Edmond et al., 1978).

The C and O isotopic composition of coral skeletons has been
studied by numerous workers (Weber and Woodhead, 1970, 1972; Land
et al., 1975a, 1975b; Weber et al., 1975, 1976, Goreau, 1977;
Fairbanks and Dodge, 1979; Swart and Coleman, 1980; Swart, 1983;
Weil et al., 1981; Patzold, 1984; McCormaughey, 1986, 1989b; Swart
et al., in press). For review, see Swart (1983) and McCormaughey
(198%a). It has been reasonably established that the O isotopic
composition of the skeleton is negatively correlated with
tamperature as a result of normal eguilibrium or perhaps kinetic
processes (Weber and Woodhead, 1972; Fairbanks and Dodge, 1979;
Weil et al. 1981; McComnaughey, 1989a,b). The C isotopic
camposition of zooxanthellate coral skeletons frequently exhibits
no relaticnship to easily quantifiable envirormental variables such
as temperature and insclation. Because of the eventual breakdown of
organic matter in the deep ocean, upwelled waters should generally
be lighter (more depleted) than the surface waters they are mixing
with., Therefore, depleted & of the skeletal material could
indicate 1) freshwater, 2) upwelling, or 3) a conbination of both.

MATERTALS AND METHODS

Collection area

The study site is located between N lat. 26%01-57 along South
Florida's eastern coastline (see Fig. 1). Reefs of this area
parallel the shoreline in a series of ridges or terraces separated
by plains of sand (Goldberg, 1973). The reefs are divided into
three reef terraces which are approximately 100, 800, and 2000
meters offshore, and in depths of 4-7, 7-14, and 17 to 23 m,
respectively. The deepest reef terrace is biologically and
geologically the most well developed (Goldberg, 1973). The tracts
are marked by few interruptions until West Palm Beach, where the
inshore reefs all but disappear. Only the third and deepest reef
remains past Juno Beach.

Experimental design and sanpling site

Six stations were sampled: two control sites unaffected by Codium
blooms (Hollywood Beach-H and Commercial Pier-C) and four affected
sites (Boca Inlet-B, West Palm Beach-W, Juno-J, and Jupiter-Jp) .
Using SCUBA, we collected coral specimens (10-40 cm diameter) of
Montasraea faveolata and Solenastrea bournmoni from the second-M (10
m) and third-D reefs (20 m). The first reef was not sampled because
of low coral abundance. The species were chosen for their abundance
on Scutheast Florida reefs and because they usually demonstrate
good density banding.

Collecting, slakbing, and x-radiographing

After collection, colonies were air dried and then sectioned
parallel to the axis of growth into slabs approximately .5 cm thick
with a masonry diamond bit saw. Slabs were X-radiographed to expose
density banding. Transects for subsampling were oriented normal to
growth band boundaries. Skeletal subsamples were obtained in two
ways. For S. bournoni, small (1-2 g) wafers representing a full
year's growth were cut with a hand-held dental drill equipped with
a circular blade (0.05 mm thickness), then crushed with an agate
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Fig. 1: Map of collecticn area.

to avoid potential tissue contamination.

Cleaning experiment design

Shen and Boyle (1988) and Linn et al. (1990) have demonstrated the
importance of cleaning coral samples of pre-existing surface or
occluded contamination (organic and detrital). Colenies (both
species) from several sites and depth were used to assess the need
of a cleaning protocol. The most recent growth years of specimens—
where contaminaticn effects were most likely to occur—were sampled
(Flor and Moore, 1977; Buddemeier et al., 1981; Lea and Boyle,
1992) . Skeleton for at least 20 analyses (5 to 8 g) was removed and
crushed. One fraction of the powder was cleaned, the other was not.
Ten samples of each fraction were analyzed. This experiment was
also performed with 10- to 12-vear-old skeletal samples from cne
S.bournoni specimen.

Treatment design and efficacy

Cleaning treatment of the coral samples for barium analysis was
done according to the method of Lea and Boyle (1992):

Step 1: Distillation and sonication in distilled water, and 0.016 N
dist. HNO, {3 times).

Step 2: Treatment with boiling 50/50 30% HO, and 0.2 N NaOH (3
times) .

Step 3: Leaching with 0.1 N Distilled HNO, (2 times).

Experiments were also performed on two S. bowrnoni colonies to
determine at what point further cleaning of the coral became
umecessary. Two extra acid leaches were added to the protocol
(with .16 N distilled HND,) .

Dating and sampling

A continuous record of skeletal density near the chemical sampling
transect was obtained using image analysis densitametry of coral
X-radiographs (see Dodge and Kohler, 1985; Dodge and Kohler, 1993).
The highest ammual values found were considered to have occurred in
September (highest temperature month) of that particular growth
year. Since subsamples for M. faveolata were systematically taken
at 800 pm intervals, interpolation to a common time was necessary
to develop Ba and isotope records of equal intervals (3 months) to
allow comparisons.

Ba sample preparation.

A total of 18 barium chronologies, from 1985 to 1994 (or 1995)
were determined for 9 M. faweolata and 9 S. bournoni. Barium was
determined by ICP/MS. Each sample comprised approximately 0.1 to
1.5 g (.500 g on average). Coral powder was dissolved in 200 uL
of 2N (the acid was distilled in a sub-boiling still; one
distillation was enough to produce no measurable barium blank) .
To the solution, 100 uL "Ba spike at 81 ppb {total) barium was
added and the sample was brought to a final volume of 1.5 ml.
Attempts were made to keep "Ba/*Ba sample ratiocs around unity
to avoid under- or over-spiking (see Klinkhammer and Chan,
1990), but this scmetimes proved difficult as ratios varied from
.2 to 10 and occasionally much higher. A consistency standard

(cocktail) made up of “Ba spike and reagent grade Ba CL.HO was
analyzed after every 10 to 20 sample readings.

A Perkin-Elmer Elan 5000 ICP/MS (with a Gilson 212B autosampler)
was utilized for all barium analyses. Ca was analyzed by flame
atomic absorption spectrophotometry (BAS).

Carbon and cogygen

Carbon and oxygen samples were sampled with a carbide tip dental
drill combined with an XYZ stage. As with sanpling for barium with
this instrument, corals were drilled as far as possible along a
continuous polyp tract, chosen as closely as possible to the barium
transects. Smaller sample size was utilized for isotopes
{approximately 350 um intervals). This allowed 10 samples per year
on faster growing corals. Sanples were analyzed for 8 C and 80
values using standard methods (Swart et al., 1991).

RESULTS

Results are organized into three parts: 1) Cleaning experiments, 2)
barium chronologies, and 3) preliminary isotope chronclogies.

Cleaning experiment

Fig. 2 shows S. bowmoni mean barium concentrations of recent
growth band samples from uncleaned (untreated-U) and cleaned
(treated-T) corals (n = 10 in each case). Cleaning of the 5.
bournoni samples produced considerable decrease in mean barium
concentrations. In some corals (3rd reef at Hollywood-HD, 2nd and
3rd reefs at Commercial Pier-CM, CD) extreme variations occurred.
Only one coral (Juno Beach 3rd reef-JD) did not demcnstrate a
statistically significant difference in mean barium concentration
after cleaning. This was caused by a single outlier. Omission of
this value from the average resulted in a statistical difference
(p < 0.006) .

Means of uncleaned S. bournoni samples were highly variable (7 to
54 pMol Ba/Mol Ca) and significantly different when tested by
ANOVA. Once cleaned, means of these samples were less variable (4
to 7 uMol Ba/Mol Ca) but still significantly different when tested
by ANOVA.

There was no obvious relationship between S. bournoni
samples within or between control and affected areas. The
2nd reef coral from the Hollywood control site (HM) showed
the least contamination, while the 3rd reef coral from same
site (HD) showed the most (Fig.2). This increase with depth
(47 MMOL Ba) is not mirrored in corals from the Commercial
Pier control site immediately to the north, where
contamination levels for 2nd (CM) and 3rd (CD) reef corals
were high and almost equal (~38 uMol Ba) (Fig.2). The algae
bloom area coral from the 3rd reef at Juno Beach (JD) showed
relatively low contamination of uncleaned samples (Fig.2).
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Fig. 2: S. bournoni cleaning experiment. Means are for 10 analyses.
U: untreated; T: treated; HM: Hollywood 2nd reef; HD: Hollywood 3rd
reef; (M: Commercial Pier 2nd reef; CD: Coammercial Pier 3rd reef;
JD: Juno Beach 3rd reef; UM: untreated middle of coral skeletal
elements; TM: treated middle of coral skeletal elements.
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Older skeletal elements (10 to 15 years back from collection date
of colony) of S. bournoni fram the affected area of Juno Beach were
cleaned and compared. No significant differences between means were
found (see JD UM and JD 1M in Fig. 2). For this colony at least,
contamination was a problem confined to the most recently deposited
skeletal structures, as noted by other researchers (Tudhope et al.,
1995; Hart and Cohen, in press).

Significantly higher mean barium levels found in uncleaned 5.
bournoni (Fig. 2) clearly mandated that all coral samples from this
species be cleaned.

Six M. faveolata were analyzed in the same fashion as S. bourmoni.
Three colonies were from the control site (HM, M, and CD) and
three from the affected areas (BD, WM, and WD) (see Fig. 3 below).
No differences were found by ANOVA between cleaned and uncleaned
samples from ary site. The cleaning protocol for M. rfaveolata,
therefore, was not needed and not used prior to dissolution and
spiking of barium transect samples.

Cleaning efficacy

We tested to determine if extra cleaning of 5. bournoni samples
would cause barium levels to significantly decrease. Additional
acid leaches were performed on coral powder from two colonies of S.
bournoni, both known to contain high surface barium. One was from a
control site (Commercial Pier-CD), while the other was a large (1-
1.5 m in diameter) specimen from Florida Bay (FB) {Hudson et al.,
1989) . Fig. 4 shows results. BNCVA revealed significant differences
between cleaned and uncleaned samples from both sites, and a small
significant increase in mean barium levels of the Commercial Pier
coral with additional cleaning, perhaps caused by sample
heterogeneity. Most importantly, further cleaning of the Commercial
Pier and the more contaminated Florida Bay coral did not show a
decrease in measured barium levels. Consequently, the full cleaning
treatment without additional acid leaches was judged sufficient.

It should be noted that the extremely high barium levels recorded
in the untreated Florida Bay coral samples are underestimated due
to underspiking (their elevated concentrations were not anticipated
-see Klinkhammer and Chan, 1989).

Barium chronologies

Fig. 5 shows the mean of each M. faveolata over a 10 year growth
period. All barium data have been interpolated (four samples per
year). Figs. 6A and 6B present chronological barium levels for each
M. faveolata coral. ANOVA revealed that there were significant
differences between mean barium level for each M. faveolata, as
well as between yearly means for the 1993.5-1984 barium ensenble
chronology (not shown). Post Hoc testing (Newman-Keuls) pointed to
significant differences between the means of 1990 and 1984, partly
caused by markedly higher barium levels in 1990 for both Boca Inlet
corals (see Fig. 6B). Concentrations showed high variability within
and between corals of same or different depth and location (Fig.
6A, B). FFT analyses of each time series did not show a readily
identifiable seascnal cycle.
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Fig. 3: M. faveclata cleaning experiment. Means are for 10

analyses. BD: Boca Inlet 3rd reef; WM: West Palm 2nd reef; WD:
West Palm 3rd reef.
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Fig. 7 gives means for each S. bowrnoni over a ten year period
(1985-1994} . ANOVA revealed no differences between individual coral
mean barium levels for S. bowrnoni. Figs. 8A and 8B contain values
for barium chronologies for each S. bournoni. The daminant feature
of the ammual S. bourncni transects is the marked increase of
barium levels in samples representing the vear 1993 and later. Post
Hoc (Newman-Keuls) testing of ANOVA on the 1994-1985 ensenble
chronology singled out the 1994 mean as significant. Despite our
cleaning experiments showing no decrease in barium with successive
acid leaches on samples from the most recent years of coral growth
in the Commercial Pier 3rd reef coral (CD) (Fig. 3), the mean S.
bournoni values for 1994 and 1995 hint at potential contamination,
as seen by other researchers (Tudhope et al., in press; Cchen and
Hart, 1985). The reason for this barium-rich phase is unknown.
Tissue barium concentrations can be up to 10 times those of the
skeleton; thus, insufficient reductive cleaning possibly accounts
for this contamination.
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Fig. 9 shows isotope and density chronologies for corals fram Juno and
Jupiter. Figs. 10A and 10B show carbon and oxygen chronologies for
corals fram Hollywood, Commercial Pier, and West Palm Beach. The two
Camercial Pier corals were sampled coarsely at 4 sanmples per year,
while all others were sampled at 7 to 12 sarples per year. Caution
should be used when interpreting records for the Junc and Jupiter
Beach corals fram the affected area because poor density barding in
these made assigrment of years difficult.

The range of the conplete §°C data set was from -0.5 %/, to -4.5 /.8C
measurements within chrmolog:.es varied considerably, displaying a
maximm of almost 3.5 / in Hollywood Beach (anreef) The range of
mecmpleteﬁ"odatamtmsbetwem-l5am -4 /.. The range of &0
for corals from Juno, Jupiter, Coamercial Pier (3rd reef), and
Hollywood Beach was nearly 2 °/,, except for the 2nd reef Camercial
Pier S. bowrnoni and West Palm Beach M. faveolata which were 1 ,’
Individual coral carbon and oxygen chronologies were significantly
positively correlated, with the 3rd reef Camercial Pier coral
exhibiting the highest coefficient. No clear armual or seasonal cycle
was noted except in the more recent carbon isotope measurements of the
Hollywood Beach (2nd reef) M. fFaveolata. Fram 1990 to 1995, at this
site, carbmsmmedabrcadermmgeofvalueearﬁaprmmmced
seasonal cycle.

DISCUSSION

The four M. faveolata 2nd reef coral chronologies from the
Hollywood Beach control site (Figure 6A, B) show no clear patterns
of barium level over time or with depth. One 2nd reef coral had a
concentration range of 2 pMol Ba/Mol Ca while another located 5 m
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away had a range over 7.5 WMol Ba/Mol Ca (see Fig. 6A). Occasional
similarities existed between chronologies such as large barium
increases shown by two Boca Inlet 3rd reef M. faveolatas in 1990
(see Fig.6B). Nevertheless, there was generally poor correlation
among chronologies. Significant differences found between the 10
vear means of some M. faveolata were not apparently related to
specimen depth or latitude.

A purpose of our study was to evaluate the use of barium
concentration in Southeast Florida corals for identifying nutrient
sources potentially fueling Codium algal bloams on northern reefs.
For our corals, we generally did not find consistent differences in
barium between seasons, depths, or the Codium-affected area versus
control areas. This may be because seasonal upwelling of water
along the Southeast Florida coast is not sufficiently intense or
does not carry sufficient differential barium to be recorded by the
corals. While local upwelling still remains a possibility for
introducing differential nutrients to fuel algal blooms in northern
Broward and Palm Beach Counties, the corals do not support this
hypothesis. Support would have been provided with possibly higher
barium concentrations in the corals with depth and in algal
infested locations, which did not occur. Preliminary oxygen and
carbon isotopic data for five corals also do not support
differential temperatures (from upwelling) at depth or location.

A competing alternative hypothesis for nutrient source might inwoke
terrestrial runoff emanating to the reefs wvia inlets. Because the
Codium blooms were localized north of Boca Ratcon, higher nutrients
might be expected to be emanating from Boca Inlet and consequently
producing elevated barium levels in those northern corals. The
corals of our collections at and north of Boca inlet do not
demonstrate elevated barium by location or time. It is possible
that the runoff does not carry an increased barium concentration in
contrast to other riverine waters (Shen and Sanford, 1990). Carbon
isotopic measurements, which might be indicative of organic matter
from increased inlet nutrients, do not show differential values in
the Boca or north corals.

Codium algal blooms pulsed in the early 1990s in Florida's northern
Broward and Palm Beach Counties on offshore reefs. Our results do
not suggest a long term upwelling event or a localized point
source. It is possible that Codium ecology coupled with relatively
abundant and pervasive nutrients from the major sewage outfalls and
other sources, well mixed by coastal eddies of the Gulf Stream,
were responsible and that precise identification of sources will be
difficult with the barium coral tool. Further research may involve
additional isotopic measurements, trace metals, and collections in
an attempt to define nutrient sources and evaluate the utility of
the barium skeleton tool in coastal waters.
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