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ABSTRACT

The tactors which alter the total CO2 content ot waters
residing in Discovery Bay, Jamaica 1include photosynthesis,
respiration, precipitation, dissolution, groundwater
invasion, aerobic decay of organic matter, and gas exchangje
across the air-sea interface. Groundwater invasion of
CO2-charged meteoric waters can be accounted for by
monitoring alkalinity and pH decreases associated with
decreases 1in chlorinity. Disregarding the changes in
alkalinity resulting trom dilution, alkalinity changes
represent the effects of precipitation and dissolution.
Diurnal oxygen variations are used to estimate the organic
metabolism and oxidation reactions occurring within the bay.
The changes in total CO2 resulting tron gas exchange can be
determined by subtracting the total CO02 changes resulting
from productivity, precipitation-dissolution, and
groundwater invasion from the observed total C02 changes.

Based on the assumptions ot a closed system and that
the aforementioned factors fully define the pathways of CO2
fluxes, several conclusions can be drawn regarding Discovery
Bay. Both photosynthesis-respiration and dissolution-
precipitation processes are linked to invasion-evasion, yet

show no apparent link to each other. Although a net
dissolution is observed within Discovery Bay, precipitation
occurs as C02 evades from the bay waters. Diffusion across

the air-sea interface is the result of an extremely high
pCO02 gradient. As CO2 escapes to the atmosphere CaC03
precipitation is enhanced.

Saturation states of bay waters indicate
undersaturation with respect to magnesium calcites < 7 mole
% MgCo3. Cursory x-ray diffraction ot sediment samples

around Discovery Bay may suggest a diagenetic neomorphism of
biogenic high Mg calcite (i.e., > 13 mole % Mg calcite) to
the less soluble 1low Mg calcite (3 mole % MgCO03) with
distance from the reef crest.

ix




A GEOCHEMICAL ANALYSIS OF THE CARBON SYSTEM
IN A MODERN TROPICAL LAGOON:

DISCOVERY BAY, JAMAICA

CHAPTER I

INTRODUCTION

The chemistry ot the carbon dioxide in natural marine
waters has been investigated from a geological standpoint in
order to better understand the role ot dissolved carbon
dioxide in reactions of <carbonate minerals. Dissolved
carbon dioxide also plays a critical role in many
geologically significant processes such as pH buffering of
natural waters, particularly seawater; it is also essential
in many weathering reactions, including those which may be
responsible for the "steady-state" composition ot the sea
{Garrels and Christ, 1965).

On a local scale, the sources of carbon dioxide in
natural marine waters include organic respiration, aerobic
decay of orgarnic wastes, transfer of gas from the

atmosphere, invasion of  meteoric waters, and calcium




carbonate dissolution. Quantification of carbon dioxide
fluxes between these 1interrelated sources provides the
information necessary to document the <carbon budget tor the
backreef lagoonal waters of Discovery Bay. Thus, perhaps
the most challenging aspect of this research is  to
differentiate the CO2 sources and to quantify their affects
on the carbon budget.

This paper addresses the problem of material-balance of
the inorganic carbon within Discovery Bay, a modern tropical
lagoon on the north coast of Jamaica. The conclusions
reached regarding material-balances are based largely on
chemical analyses which determine ionic compositions of the
lagoon waters. Diurnal studies of several parameters of
water samples provide information regarding rates of
photosynthesis-respiration and precipitation-dissolution for
the entire bay area. The parameters analyzed include pH and
total alkalinity as master variables (Smith, 19793) <
Temperature, chloride activity, «calciunm activity, and
magnesium activity are additional parameters which provide
information regarding equilibria of carbonate minerals.
Oxygen concentration is used to estimate changes in CO02
Chemistry resulting trom biomass metabolism.

The diurnal variations in PH, dissolved CO2, and
carbonate saturation of natural marine waters have been
documented by numerous authors (Smith, 1973 Schmalz and

Swanson, 1969; Revelle and Emery, V9557 S Conventional




wisdom suggests these diurnal cycles to be the result of
changing rates of the opposing reactions, respiration and
photosynthesis. Nonetheless, the complexities of Discovery
Bay, 1including freshwater invasion of CO2-charged meteoric
waters and high rates of C02 evasion, mask the expected

diurnal variations otf the backreef lagoon.




CHAPTER 1II

GEOLOGIC SETTING

The island of Jamaica is located in the northwestern
region of the Caribbean Sea. The major axis of the island
is situated N70W, and it is roughly 230 kilometers in length
and 90 kilometers in width, making Jamaica the third largest
island in the Caribbean. Althkough the southern extension of
Cuba 1lies only 150 kilometers +to the north, Jamaica is
separated from that island by the Cayman Trench which
reaches depths of more than 7000 meters below sealevel. The
western extension of Haiti lies some 200 kilometers to the
eadst.

Jamaica displays a rugged topography on its eastern
seaboard. Dominated by the Blue Mountains, which rise over
2000 meters, this region, or klock, is the most mountainous
of the island. The central and western regions barely reach
900 meters above sealevel and suggest a history of taulting
and erosion. The dominant surface rock type ot these
regions is limestone within which a labyrinthine system of

sinkholes, caves, and underground conduits exist as a result




of water drainage (Zans, 1951) - For a more detailed
explanation of the geologic history of Jamaica and an
understanding of its evolution since the Cretaceous,
Horsfield and Roobel (1974) and Malfiat and Dinkelman (1972)
are recommended.

The coastlines of northern and southern Jamaica aiso
differ. The southern coastline is marked by coastal plains
composed of alluvial sands, gravels and loams. Patch reets
are the dominant reef structures and can extend several
miles from shore. The northern coast, however, has a narrow
shelf dominated by fringing reefs. These fringing reefs are
often separated from the island by backreet lagoons fWoodley
and Robinson, 1977).

The samples for this study were gathered tron Discovery
Bay, which is located on the north coast ot Jamaica (Fig.
e Approximately 55 kilometers east of Montego Bay,
Discovery Bay is a «circular body of water covering about
1.25 square kilometers and coning to 53 meters in depth
iBage 2 - Originally named Porto Seco by Christopher
Columbus for its lack of running water, the bay is separated
from the sea by tringing reefs. Owing to the convenience of
Discovery Bay's marine laboratory and the consideraple
previous interdisciplinary studies performed at the bay,
Discovery Bay provides an excellent 1location to study the
chemistry of ~carbon dioxide as it applies to modern

carbonate geology.
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The zonation of Holocene reefs along the north coast of

Jamaica has been described by Goreau (1959), Lidell et al
(1984) , and others. The lagoon zone, as described by these
authors, contains abundant algae, Halimeda spp. and

Penicillus spp., which contribute to this zone's calcareous
sandy botton. Large beds of the angiospernm Thalassia
testudinum or "turtle grass" are found locally. Scattered

coral heads, generally Montastrea annularis annularis , and

small mounds of Porites porites are also tound on the sandy

lagoon bottom.

Minor reef structures have also been studied within the
bay itself (Ohlhorst, 1980; Eonem aand Stanley, 1977). Red
Buoy Reef and the well-developed reef below Columbus Park

display the corals Porites porites and Madracis mirabilis

with patches of algae in the shallow regions (<10m). In
deeper water {10-20m), a greater diversity of corals and
sponges is found, and these organisms account tor about 32
percent cover. The presence of some species of coral (e.y.
Scolymia) indicates growth conditions similar to those found
in the forereef, but at much greater depths.

The deepest regions, located in the center of Discovery
Bay, are covered with fine carbonate sediments and are
barren of biota. Although the shallower regions ot
Discovery Bay are subject to moderate wave energies during

high winds, these basinal areas are sheltered and provide a

sink tor the finer grained sediments.
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Physical and chenical parameters measured an previous

studies ‘Oklhorst; 19803 Jackson, V9T 2) have inclnaed
seasonal temperatures, salinities, and oxygen saturat:ons
(Fags 3 s Studies regarding the intluence of 1ighkt,

sediment, waves, and storms have been predorminantly tocussed
toward lcarning wore about the reef structures which protect
the lagyoon fronr the adjacent seawater (Goreau and Goreau,

189595 Wobdley et als, 19871).
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CHAPTER III

METHODS AND PROCEDURES

———— . —— —

In order to document lateral variations in the water
chemistry of Discovery Bay, water samples were gathered fronm
six locations across the bay during two separate sampling
periods. At each location three or more samples were
retrieved from various depths fup to 18 meters and spaced
between the air-water interface and the water-sediment
interface) to establish any vertical gradient in chemical
composition {Pigott, 1977).

In situ water samples were drawn using 50cc plastic
syringes. Samples were then quickiy transported to
Discovery Bay's marine lab, thereby avoiding potential
problems such as oxidation, contamination, and excessive
mechanical agitation. Also, for samples drawn from great
depths, the plunger of the syringe effectively compensated
tor ambient pressure changes when surfacing. All possible

precautions were taken not to disturb the waters during

10




13

retrieval.

Immediately upon returning to the marine lab (as short
as ten minutes but no longer than forty minutes atter the
first samples were collected), samples of approximately 15
ml were forced from the syringes into a beaker, stirred with
a “smagnetiac stirrer, and analyzed For.wpH, 02, and
temperature. The calibration of these instruments is
discussed in Appendix A and was performed prior to each
sample retrieval time.

The two separate -episodes of sample retrieval were
pertormed from 11:30 am, June 17, 1983 to 9:40 pm the
following day and from 3:30 pm, June 29, 1983 to 3:00 pm the
following day. Samples trom the three 1locations in the
western region of the bay were «collected June 17 (Figs 4)
wvhile eastern region samples were collected June 29.

After measurements were completed, 35 @mls of the
remaining sample waters were bottled and capped with
parafilm to prevent unnecessary contamination. Samples were
then frozen until atter returning to Oklahoma where analyses
for chloride, <calcium, magnesium, and alkalinity were

performed.

Methods

In order for chemical analyses of samples from
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Discovery Bay to be representative of in Situ waters,
measurements of 1individual species must be both sensitive
and specific and must yield results which are accurate,
precise and free of interterence from other dissolved
species. Accuracy and precision were obtained in these
studies by utilizing laboratory-prepared solutions and a
seawater standard for comparison to sample waters.

Many conclusions of this study were based on relative
changes 1in water chemistries of Discovery Bay samples.
Therefore, precision, or the reproducibility of the results
of analysis, was of great importance, and was enhanced by

analyzing several aliquotes of the standard solution for the

same dissolved species. The standard error ot the mean was
calculated to represent the reproducibility of the
measurement. The accuracy of sample measurements was

limited by the capabilities of the measuring instruments and

the sensitivity of ion selective membranes.

Analyses Performed in Jamaica

Set=Up

Speed and accuracy were required tor measurements
performed 1in Jamaica's Discovery Bay Marine Laboratorye.

Combining the Corning pH/Temp Meter 4 and the Fisher Accumet
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Electrode Switch provided the versatility to make the
necessary measurements on a single sample within 15 minutes;
thus, measurements of the 10-11 samples from each retrieval
were completed before the next retrieval. The results are

recorded in Appendix B.

pH

A Ross R combination pPH sensitive electrode was
calibrated with Fisher bufters of pH 10.4 and pH 6.86 before
analyses began. The temperatures of the samples and buffer
solutions were within 2 degrees Celsius of each other. All
samples equilibrated with the electrodes within ten seconds.

The absolute accuracy was determined to be 0.01 pH units.

Oxygen

Calibration of the Orion R oxygen electrode was made
assuming a barometric pressure of 1 atmosphere. Corrections
for salinity variations were determined according to Orion
fmodel 97-08). As changes in temperature atfect both the
permeability of the electrode membrane to oxygen and the
solubility of oxygen in water, a scheme of
thermocornpensation is incorporated into the oxygen
electrode. The absolute accuracy obtained for oxyjen

measurements was 3% of the reading.
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Temperature

The temperature probe did not reguire calibration.
However, as a result of the high lab temperatures, some
samples may have been affected while waiting to be measured.
Over the first +thirty minute period ot measuring, the
samples measured between 1200 and 1500 hours may have warmed
up by as much as 2 degrees Celsius. These sample
temperatures were assumed to have increased linearly with
time and were corrected by monitoring the first sample
again, noting the change which had occurred over time. The

precision of temperature is 0.1 degree Celsius.

Analyses Performed at The University of Oklahoma

Set-Up

Conservative properties otf seawater which were of
interest in this study were analyzed at the University of
Oklahoma. The dissolved species investigated were calciunm,
magnesium, chloride, and the carbonate species, carbonate
ion and bicarbonate ion. Two different set-ups were used to
facilitate the necessary measurements. In contrast to the
Jamaican analyses, speed was not as important during either
of the two set-ups, more emphasis was directed toward
absolute accuracy. The results are recorded in Appendix B.

The first phase of measurements was similar to the
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analyses pertormed in Jamaica {i.e., measurements of
dissolved ionic constituents by potentiometric analysis).
The Fisher R Accumet Model 750 Selective Ion Analyzer was
used in conjunction with a multiple Electrode Switch
mentioned reading to the nearest millivolt. Thawed samples
of approximately 15 ml were stirred with a magnetic stirrer
and analyzed while the remaining sample was again trozen and
stored until the second phase of measurements.

The second phase of measurements performed at The
University of Oklahoma was arranged for the determination of
total alkalinity. For this a Ross R combination pH
electrode together with the Fisher R Titrimeter II Titration
System, a Hewlett Packard R HP-97S calculator, the Fisher R
Balance/Calculator Interface Kit, and the Houston Instrument
R Series B-5000 Omniscribe Recorder were used for automated

titrations.

Calcium, Magnesium, and Chloride

The standard used for comparison in potentiometric
titrations was an "average" seawater collected from the open
Jamaican sea area. For this water, several aliquotes were
titrated for determination of chloride, calcium, and
magnesium ionic concentrations. Concentrations were
converted to activity  using activity coetficients for

"average" seawater. The procedure followed the standard




B/

methods ot potentiometric titration proscribed by Strickland

and Parsons [1968). The results were as follows:

fCl) = 563.5 mM/1 +/- 3 n =4
(Ca) = 9.805 mM/1 +/- 0.5 n =>5
{Mg) = 55.08 mM/1 +/- 1.6 n=>5

Laboratory-prepared solutions of CaCl2 and KCl were
used for the calibration of the <calcium/magnesium and
chloride electrodes, respectively. Three solutions were
used for each of the three -electrodes for an accurate
determination of the Nernstian response (see Appendix 4).
Using the above results of f'average" seawater as standards,
samples were measured. Electrodes were recalibrated with
the standard every 15 samples. Such precautions minimized
errors due to the inherent drift in the electrodes.

Variations 1in ambient 1laboratory temperatures also
caused disturbances in potentiometric measurements. The
dependency of electrode response on temperature variations
was determined and the results are shown in Figure 5.
Potentiometric measurements were Nernstian corrected so that
all measurements were consistent with lab temperatures of 25
degrees Celsius. The absolute error for the Cl, Ca, and Mg
potentiometric measurements were 0.58%, 4.4%, and 2.9% of

these measured activities, respectively.
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Alkalinity

In preparation of alkalinity measurements, a measured
solution of sodium hydroxide (NaOH) was titrated with
hydrochloric acid fHC1) to determine the normality of the
acid. This acid was wused as the titrant for sample
measurements for total alkalinity. Also, to ensure
alkalinity measurements were representative of only
dissolved species, sample waters were tiltered to eliminate
the possibility of dissolution of fine grained solid phase
carbonates.

Absolute accuracy of approximately 3 percent of the
measured alkalinity was determined for sample measurements.
The evaluation of the end point for alkalinity measurements
was enhanced by the plotting of the first derivative of the

titration curve by the plotter.




CHAPTER IV
CARBONATE CHEMISTRY

Introduction

i the systenr of CO2-H20-metal <carbonate were
simplified so as to contain a single mineral, and if the
solubility of that mineral varied with only pressure and
temperature, then the chemical problems encountered in
dealing with the <carbonate environment would be few.
Instead, the natural environment presents numerous
complications. In order to better understand the processes
that culminate in the synthesis of a carbonate environment,
the dynamics of the simple system, CO2-pure H20-calcite must
be understood.

The interaction between water, C02, and calcite can pe

appropriately described by
H20 + CO2 + CaC03 = Ca’ + 2HCO3 . eqg. 1

When the equilibrium of this equation moves to the right, as

in a forward reaction, the dissolution of both CO2 and CaCC3
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OCCUES. The reverse reaction requires precipitation of
CaCO03 and CO2 removal. The etfects of naturally occurring
phenomena on such a simplified system can then be
illustrated. The phenomenon of dilution is an addition of

H20 which drives the equilibrium to the right; evaporation
is a subtraction of water which drives the equilibrium to
the left. Thus, we associate dilution and evaporation to
dissolution and precipitation, respectively. Another
naturally occurring phenomenon important to this environment
is biogenic productivity. Photosynthesis of aquatic plants
removes CO2 from the system and shifts equilibrium to the
left. Carbon dioxide removal during photosynthesis should
be accompanied by the precipitation of <carbonate minerals.
On the other hand, respiration should accompany dissolution.

Numerous authors have evaluated the complexities of the
natural environment relative to the simple system described
above. Bathurst [1975), Berner {1971), Berner and Morse

(1974) , Berner and Wilde (1972) each contributed a thorough

review of carbonate chemistries in natural and ideal
settings, and although not everything is understood
regarding carbonate chemistraes, empirical relationships

between these tvo settings have been determined by Edmond
and Gieskes (1970). These empirical relationships represent
the state of equilibrium of equation 1 as it varies with the
temperature, pressure, and chlorinity ot the natural

environment.
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Dissolved carbon dioxide dissociates by the series of
reactions:

coz + H20 = H'+ HCO3 = 28*+ c032  eq. 2

to produce hydrogen, bicarbonate, and carbonate ions.
Because the 1ionization reactions equilibrate very rapidly
{Kern, 1960), changes in the activity ot dissolved carbon
dioxide are reflected almost immediately by changes in pH,

even 1n well-butfttered solutions such as seawater.

Parameters Governing Aguatic Chemistry

Chlorinity

Chlorinity measurements on the sample waters of
Discovery Bay were used primarily for the determination of
the solution ionic strengths, and subsequently the activity
coefficients of the carbonate species as they varied. The
activity of chloride was the actual measured parameter and
chlorinity was determined by converting these activities to

concentration (indicated by "()"), molality, and then to

chlorinity. Activity coefficients of chloride ion were
determined from the experiments ot Neese (personal
communication, 1983) for ditferent ionic strengths, and

seawater densities were calculated assuming consisteut
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temperatures of 30 degrees Celsius (from Riley and Skirrow,
P4t N303). The empirical relationship between {Cl1”} and Ci%.

ascribed from these precedents is:

Cl% = {(62.3) {Cl-}m. eq. 3
Edmond and Gieskes {1970) related ionic strength to
chlorinity:
I = 0.00%47 + 0.03592 x Cl% + 0.000068 x Cl%o . eg. 4
Both Ionic strength [(I) and chlorinity are used for

determination of apparent dissociation constants of
carbonate and borate species

Chlorinity also provides information concerning the
total concentration of boron (boron 1is assumed constant for
a constant chlorinity; Culkin, 1965). This relationship is

suggested to be:

Bsum =423 xf 10" xeCl%c. eg. 5

Boron concentration will be required for the calculation of
borate alkalinity.

Aside from the geochemical necessities of <chlorinity
measurements, chlorinity measurements also provide insight
into the hydrodynamic events {eeg., fresh-water mixiug)
occurring within Discovery Bay.

Temperature and pressure are physical parameters which

also govern the thermodynamic properties of seawater. Both
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are used in the calculations of dissociation constants,
although for such shallow waters, temperature is the more

important variable.

Alkalinity and Carbonate Speciation
Carbonate alkalinity is defined as:
Alkc = 21C03=) + (HCO3") eq. 6

and is calculated from measurements of total alkalinity, pH,
temperature, and chlorinity using apparent dissociation
constants empirically derived by the work of Edmond and

Gieskes (1970):
Alkc = Alkt - Bsum/[{[H/K'B) + 1) eq. 1

where Alkt = total alkalinity;
= carbonate + borate alkalinities;
Bsum = total boron concentration;
H = hydrogen activity;

and K'B = apparent borate acidity constant.

Carbonate speciation is determined using the apparent
acidity constants of the respective carbonate species, the

PH, and the carbonate alkalinity:
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(CO37) = Alkc/([HVK'2) + 2); eq. 8
(AC03") = Alkc - 2 (CO37); eq. 9
(H2CO03*) = Hf(HCO3—)/K'1; eg. 10

= (H2C03) + (Cco024). eq. 11

By definition, the total CO2 { Co2) can be determined
by adding the concentrations of the above carbonate species.
Another measurement common in literature regarding
agueous CO2 is the partial pressure of C02 (pC02). pC02 is

related to H2C0O3% by Henry's Law:
K'H = {H2CO03*}/pCo2. €g. 12

The solubility constant ot CO?2 1s also reviewed by Edmond

and Gieskes (1970).

Activity Coefficients of Carbonate Species

As stated previously, potentiometric analysis with ion-

selective electrodes eliminates the need for calculation of

activity coefficients which relate concentrations to
activities, Thus, the direct measurements ot calcium and
magnesium ion activities were performed. However, the

activities of carbonate species cannot be directly measured
at present and must he derived from alkalinity measurements
whick are expressed as concentrations. It is therefore

necessary to derive the activity coefficients of the

R e ——
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carbonate species as they may vary from each sample.

Edmond and Gieskes {[1970) empirically evaluated the
dependence of apparent carbonate dissociation constants on
temperature, chlorinity, and pressure. The first and second

acidity constants are defined by:

K1 = (H'} {HCO37}/{H2C03%}, eq. 13
K*1= {H*} (HCO37) /(H2CO03%), eq. 14
K2 = {H"} {C037}/(HCO37}, eg. 15
and K'2= ({H*} (C037)/(HCO3T). eq. 16

Activity is defined as the product of concentration and
the activity coefficient so that {1} = X(i) ~ Therefore,

from:

s ‘H*i]HCO3'!{H2C03*] - WHCO3™ eqg. 17
K'1 = [H¥} (HCO3~) (H2CO3%} — SH2CO3*
K2 _ {H*} {C037} fHCO3~) _ ¥CO03" eq. 18
K20~ T 03" WEHL03 "7 ~ ‘HAt03
E1 K2 . ¥HCO3™ %co3"™ _ ¥C03° eq. 19
K*1 K'2 — ¥H2C03*% ¥HCO3™ ~ EH2C03*

the activity coefficient of carbonate ion is derived:

¥CO3 = (KI1/K'1) (K2/K'2) { H2CO3*). eq. 20

In this way, the data of Fdmond and Gieskes can be used to
express relative changes in activity coetficients of the
carbonate ionic species with respect to temperature,
chlorinity, and pressure. From one activity coefficient the

others may be determined.
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Randall and Failey (1927) and later Markam and Kobe
{1947) derived empirical eguations which represent tne
solubility of carbon dioxide in various salt solutions over
wide ranges of concentration and temperature. The activity

coefficient is defined as:

?S < Dl gi= ahy
= 1 + bm €g. 21

where a and b are empirical constants dependent wupon the
particular solute present, and m is the molality of that
solute. Using their data activity coefficients for
dissolved carbon dioxide.

For these salt solutions, ionic strength equals the
molality of the solute. The 1ionic strengths of seawater
samples can be approximated fron chlorinity. Substituting
these ionic strengths for molality, the activity
coetficients of dissolved CO2 may be determined tor each

-————_———_———-—-—-——-—--——--——_—-——-——.—_—-———-..

Values of a and b in Equation 21 for CO2

Soln. Tenp ,’C a b Co2
NaCl a2 -0.0181 U= 2815 129
" 25 ={<0934 =229 123
A 40 =G0 3 D217 Ve 22
KCL D=2 0.0207 0.216 1.18
L 25 0.0201 0.168 1.4
i 40 0.0380 0«190 1.4

___-——————.—-—-—-_-———————_--—_—_---—--—_-- -—— e —— -

Table 1: Values ot a and b in equation 21 for
solutions of sodium and potassium
chloride at varying temperatures
from Markam and Kobe, 1941).
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sample. For example, for normal seawvater (I = 0.724) in a
solution of KCl at Zb‘b, the calculated activity coetficient
pf €02 is 1.10. Calculations in this thesis for tne
activity coefficient of carbonate use CO2 derived trom KC1
because it 1is the basis for the Lean salt method.
Deviations from 25 C +/- 7 °C change these activity
coefficients less than 1%.

For a chlorinity of 19.37% , this method Calculates a
§co3 of 0.02. Direct calculation wusing the mean-salt
equation {Garrels and Christ, 1965), the Davies equation
(Stumm and Morgan, 1981) , and the extended Debye-Huckel
equation !Stumm and Morgan, 1981), yield, instead, values of
0.20, 0.317, and 0.19, respectively. Note that the activity
coetficients calculated from these equations appear to
differ by approximately one order of magnitude from those
Calculated using the acidity constants determined by Edmond
and Gieskes [1970). However, the latter value and method is
the approach adopted here as it is internally consistent
with the disassociation constants, and furthernore, agrees
favorably with the 0.021 value determined experimentally by

Berner [1971).

Saturation Indices of Carbonate Minerals

Previous studies (Plurmmer and Mackenzie, 1974,

Thortenson and Plumner, V0T T Y have 1investigated the
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solubility of magnesium Calcites. Assuming congruent
dissolution, stoichiometric reactions i1nvolving magnesiua

calcite minerals can be written:

Ca, , Mg, CO3(s) = (1-x)ca? + (x)ng*2+ co3= eq. 22

1—x

where x denotes the mole percent magnesium within the solaid
phase carbonate mineral. The solubility product of tne

above reaction is defined by

e ™ (ng*y*  (co3®)

K’sp

{Cay_,Mg, CO3} €qd. 23

Assuming the activity of any solid phase carbonate mineral
1s unity, the solubility product is the product of the iouic
activities which are at stoichionmetric equilibraium with that
carbonate mineral within the solution. Equilibrium
constants were established from kinetic dissolution studies
by Plummer and Mackenzie (1974) to represent the
solubilities for a spectrum of magnesium calcites.

The saturation state, ), defines the product of ionic
activities (I.A.P.) of a solution relative to the product of

ionic activities at equilibrium fK'sp). Theretore,

{0

= (l.A.P.)/K'sp. eq. 24
A saturation state greater than one {supersaturation)
implies that the reverse reaction of eéuation &1

(precipitation) is preferred, while a saturation state less
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than one fundersaturation) implies that the forward reaction
(dissolution) is preferred.

Saturation states tor calcite, aragonite, and magnesiunm
calcites ranging from 2 mole percent to 26.7 mole percent
magnesium were calculated tor each water sample retrieved

from Discovery Bay and are recorded in Appendix C.

Field Observations

The eastern region of the bay displayed more stable
chemistries with chlorinity varying 7 parts per thousand
between 16% and 23% . Total alkalinities varied 1 meq/1
from 1.8 to 2.8. The pH varied 0.15 pH units from 8.15 to
8530, For comparison, the western region varied in
chlorinity 21 ppt (3% to 24 % ), 1in alkalinity 2.5 meq/1l
{0.5 meq/1l to 3.0 meqg/l), and in pH 0.35 PH units (7.95 to
8.20 pH units). Calcium and magnesiun both varied
conservatively with respect to chlorinity.

Diurnal variations were observed in the measurements of
temperature and oxygen (F1gs. 6 and 7). Waters in Discovery
Bay attain maximum concentrations of oxygen between 3:00 pam
and 6:00 pm and minimum concentrations between 3:00 am and
5:00 am. At these bpeaks oxygen measurements are generally

0.25 parts per wmillion {PPE) greater in the eastern region
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than the western region. Average diurnal variations of
oxygen are from 6.75 ppm to 8.5 ppn.

Temperature differences Letween the eastern and vestern
regions of the bay also suggest the occurrence of treshwater
influence. Although both regions vary diurnally in
temperature by roughly 3 °Celsius, the range ot temperatures
for the western region was noticeably cooler than ‘the
eastern region (26.5°C - 29.5 °C versus 28.7°C - I3 L) s
This observation is related to the greater advection of cool
groundwaters within the western region of Discovery Bay.

In the western region of the bay, PH values show
significant fluctuations (Fig. 8), although different from
the expected diurnal variations discussed by Schmalz and
Swanson {1969) tor waters occasioned by photosynthetic
extraction of C02. All three locations display maximum pH
values at 2:00 am to 3:00 am and 2:00 pm to 3:00 pnm.
Minimum pH values were displayed between 10:00 am and 11:00
am and 10:00 pm and 11:00 pm. These observations tend to be
more consistent with the findings of Davies (1974) , who
noted the interesting variation of pHd at One Tree Island and
Heron Island, where an increase in pH occurred in the nigjht
as well as the day. However, comparison ot pH and tidal
data suggests that PH values of the western region of
Discovery Bay are related to tidal incursion (Fig. 8) .

Owing to a lack of Sample density, 1t 1is not possible to
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constrain fluctuations in pH values on the eastern side of

the bay at this time.

Significance of Freshwater Advection

A preliminary analysis of the data gathered from
Discovery Bay (Appendix B) indicated substantial difterences
in water chemistries between the eastern and western regions
due to the influence of freshwater invasion. Chlorinities
fell below 8% 1in some waters on the west side of Discovery
Bay indicating tresh water invasion. Despite the fact that
rain may have influenced these chlorinity readings (rain
events occurred at 3:30 pm of diurnal 1 and at 1:30 pm and
4:15 pm of diurnal 2 during the sample retrievals from the
west bay area) fresh water wupwelling was still believed to
be more influential on the west side of the bay than the
sasits This reasoning was supported by an observed
continuous flow of cool water of low density from the
shallow sediments north of the lab.

The complexities encourtered due to the mixing of
Discovery Bay waters with freshwater make this study quite
difterent from any previous work. Smith (1973) and Schmalz
and Swanson f1969) do not discuss variations in chlorinity,
owing to the stability of +this variable at theif locations.

Davies (1974) and Broecker and Takahashi (1966) present
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salinities that vary only as a result of evaporation. 1In
order to reveal the small changes in water chemistries which
result from biomass activity and carbonate solution and
precipitation, corrections must be made for the larger
changes in water chemistries (1.6 alkalinity) resulting
from the mixing of bay waters with other waters ({primarily
groundwaters).

Waters that flow into Discovery Bay via a large
unconfined aquifer originated from rains occurring in the
watershed to the south. These waters pick up additional
soil C02 as they percolate downward and begin to approach
equilibrium with the surrounding carbonate rocks (1.,
increase in Alkc) as they flow toward Discovery Bay. Figure
9 schematically represents the hydrologic setting of the
Discovery Bay area.

O'Neil {1974) analyzed groundwaters from the north

coast of Jamaica for various lonic concentrations in an

—----—-—————-—---——-—-_-—--——-—_—-—-—_-_—--_-----_-----—_-—-_—

Ca Mg C1 HCO3 pH T
SW-avg 9% 750 5543 533.1 2.295 8. 17 217.2
HG-avg 1.108 ba 77 1.177 4,426 7.60 25.9
FM>48 4.053 15.6 149.8 3,406 S 29.8
FM<ug 2.039 5.48 50.44 2.393 TolD 28.5

*Concentrations are in moles per kilogram.
**Temperatures are in °C. {From O'Neil, 1974)

——_—_————--—————-—---—_--——_-——-—.—_-——_—--—--—_-——---—_——-_—--.

Table 2: Average observed values for measurements of Hope
Gate (HG-avg) , Falmouth (FM>48 and FM<48), and
seawater (SW-avg). Average values tor Falmouth
waters measured less than 48 hours after heavy
rainfall are listed Separately (FM<48).
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investigation of the geochemical processes occurring during
subsurface mixing of meteoric and marine waters (see Table
2) . Fluctuations 1in water chenmistries of O0'Neil's study
appear to be linked to the intermittent rains which created
increased groundwater flow into the area of interest.

In order to eliminate the influence of meteoric-marine
water mixing on alkalinity, alkalinity measurements must be
normalized to the concentration of some conservative
property of the water before variations through time can be
monitored. In the present study, all results were
normalized to the average chlorinity of seawater 119. 3 7% Js
This was accoamplished by plotting total alkalinity versus
chlorinity for each sample, applying statistical regression
to determine the dilution curve resulting from the influence
of meteoric waters on bay wvaters, and correcting
algebraically for the observed decrease in alkalinity. This
dilution curve (Fig. 10) has a slope which represents a
dilution of 35% groundwater. The two data points falling
below 4% chlorinity and 1 meq/1l alkalinity were surface
samples affected directly by rainwater. An important
assumption for using this method of alkalinity correction is
that the invading freshwaters maintain a constant chemistry
during the sampling period relative to the associated
dilution curve.

As a result of freshwater invasion, pH values were also
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slightly lowered, and a slight trend was observed relating
PR to chlorinity. This trend was compensated for by
correcting the 1linear regression of {H*} VS Cl%. to zero
slope. The corrected value ot {8%} will be abbreviated {H;}
and was estimated to vary less than 0.15 pH units from {5t} .

Activity measurements of both calcium and magnesium
responded as expected with the dilution of Sseavaters.
Concentrations of these ionic species were determined using
the original Davies eguatior for calculation of activity
coefficients. Figures 11 and 12 indicate the direct
relationship between the concentrations of these cations and
chlorinity during dilution. These concentrations were also
normalized to correspond to a chlorinity of 1Y.37%.

Using the corrected values of total alkalinity, pH,
calcium, and mhagnesium, the estimated values of carbonate
alkalinity (Alkccl), total CO02 (£Co2cl), calcium
concentration fCacl), and magresium concentration {Mgcl) aay
be calculated for an environment without an intluence of
freshwater invasion.

The effects ot freshwater invasion on the above
bparameters 1is calculated by subtracting these corrected
measurements from the original uncorrected measurements.
For example, the change in total €02 attributable to
freshwater invasion (£CO2fw) during the period t1 to t2 may

be calculated:
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d (£C02) /4t S CO2/¢Y =~ ECD2/7¢2

d{£C02c1) /4t = £CO2cl/t1 - £CO2cl/t2

thus, d{ZC02fw) /4t d {£C02) /dt - d(ZCo2cl)/dt. eg. 25

change in ZC02 due to

freshwater invasion.

where ¥C02/t1 and £C02/t2 are the measured CO02 values frona
the same sample 1location and depth but at different times,
and where £C02cl/t1 and ZC02cl/t2 are the same CO2 values

corrected for freshwater invasion.

Dissolution-Precipitation

The amount of CaCo03 precipitated from Discovery Bay
waters can be estimated by comparing the concentration of
Calcium or alkalinity at one time with the concentration of
the same ionic species at another time. Having been
normalized with respect to chlorinity, <changes 1in either
concentration will represent either precipitation or
dissolution. Carbonate alkalinity should be depressed by 2
milliequivalents for each mMole of CaC03 precipitated
according to the reaction in Table 3. Calcium concentration
should be depressed by 1 nMole for each mMole of CaCo03
precipitated. Dissolution, on the other hand, shouid

increase the concentrations of these species in sample
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() (2)

D T T S T S S A o g S s et e e S e i e e e < s ' A s S s o

(1) a2lkc = 0 equiv (2) AAlkc = 2 equiv
8Ca = 0 Mole ACa = 1 Mole
AEC02 = 1 Mole AXZC02 = 2 Mole
DYS SO 198 =521 Precip (2= 1)
AAlkc = +2 equiv AAlkc = -2 equiv
ACa = #+1 DMole ACa = -1 Mole
AXCO02 = 41 Mole AZCO2 = -1 Mole

Table 3: Stoichiometry ot the dissolution and
precipitation reactions.

waters.

Carbonate alkalinity variations are conveniently both a
larger and a more accurately resolvable indicator of CaCy3
precipitation than are changes in calciunm content.

Consequently, carbonate alkalinity is the modus operandi

used to gquantity this chemical reaction. The eftect of
precipitation on total CO02 concentration (ZC02c) is to
decrease this value 1 Mole for each Mole CaCO03 precipitated.
Therefore, changes in total C0o2 attributable to
precipitation-dissolution during a period of time (dt) with
the effects of chlorinity variations removed can be

calculated's

d (ZCO02c/)dt = 1/2 d{Alkccl) zdt eq. 26

where df{Alkc/cl)/dt 1is the change in carbonate alkalinity

corrected for «chlorinity variations over a period of time
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(dt) .

Production and Respiration

Marsh and Smith {1975) discuss the methods of measuring
the productivity of coral reefs using oxygen as the primary
indicator. This method was similarly used by Sargent and
Austin (1949) and Odum and Odum {(1855) and is advantageous
due to the relative ease of 02 determinations and the
possibility of continuous monitoring (Kinsey and Donn,
1974) . Marsh and Smith (1975) also point out that a
disadvantage of using 02 as an indicator of productivity is
the speed with which this gas exchanges across the air-sea
interface when partial pressure differences exist between
these two media.

The use of 02 as an indicator of CO2 variations related
to photosynthesis and respiration 1is based on the
Stoichiometry of the oxidation and reduction reaction in
Table 4. The following equation represents the changes in
total C02 that are attributable to productivity variations

(ECO2p) during a period of time {dt):

d(ZC02p) /dt = -A(p02/32 (K'H) (1 + K*'1/H + K'1 x K'2/H )) /4t

Qe 217

where p02/32 (32 being the molecular weight of 02) converts

parts per million to mMoles/liter (equivalent to pC02) and
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S — i —————— ————— —— —— —— —————————

CH20 + 02 s H20 + CO0O2
2
1) Photosynthesis (Production)

2) Respiration or Aerobic Decay

1) 0 =1 =1, +1
2) 0 +1 +1 -1

Table 4: Stoichiometry of the photosynthesis and
respiration reactiors.

K'H is Henry's Law constant which converts pCO2 to H2C03x*,
The remaining part ot the equation converts H2CO3* to total

CO02 and is derived by rearranging equations 14 and 16:

K'1/(HY)

HCO3™ /H2CO3*

CO3~ /H2CO3* K'Y x K12/7(8%).

Therefore, the product of H2C03* and (1 + K*1/HY + g1 g

K*'2/8% ) is H2C03%* + HCO3~ + C03~, or $C02.

Gas Exchange

As previously stated, total CO0Z2 changes 1in the
Discovery Bay system can be accounted for by precipitation-
dissolution, production, groundwater seepage, decay of

organic waste, and gas exchange across the air-sea
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interface. Having quantitied the changes resulting from the
first four of the above processes leaves us with only gas

exchange. Thus,

dZCO02ev/dt = dZC02/dt - dZCO2fw/dt

- dZC02cy/dt - dZCo2p/dt eg. 28

where dZCO2ev/dt is the total CO2 change resulting from
evasion while the others represent changes in measured C02,
and changes in total CO02 resulting from freshwater invasion,
dissolution-precipitation, arnd productivity, respectively.
This equation summarizes the effects of gas exchange on

total CO2 changes during the period of time (dt).

Saturation Indices of Discovery Bay

Saturation indices of Discovery Bay were calculated for
a spectrum of solid phase carbonate minerals and are
recorded 1n Appendix C. The results indicated that ail
samples were undersaturated with respect to magnesium
carbonates greater than 17.9 @mole percent magnesium.
However, the mole percent Ragnesium carbonate with whicha
these waters were supersaturated appears to be dependent
upon the location of the sample, or more specifically, the
amount of dilution experienced by the sample. The combined
effects of freshwater invasion of cold, COZ-chdrged waters

and the dilution of bay water alkalinities, calciua
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activities, and magnesium activities lower the maximum mole
percent of magnesium carbonate that is at stoichiometric
equilibrium with the sample water Chemistries.

Locations 1 and 2 were nearest the freshwater spriangs

and, therefore, experienced the greatest effects of
freshwater invasion and dilution (Pig. 13). Saturation
states of these samples indicate that aragonite and

magnesium calcites greater than 8 @mole percent magnesiun
were below saturation at various times during the 24 hour
study.

Measured saturation states from 1location 3 appeared to
fluctuate 1less than those measured from the first two
locations. Water chemistries remained supersaturated with
respect to aragonite throughout the study period while the
maximum magnesium content of magnesium calcite remaining
Supersaturated was less than 10.4 mole percent magnesium.

The stability of the water chemistries trom the east
side of the bay, locations 4, 5, and 6, was represented by
the lack of fluctuations in saturation states. Virtuaily
all samples measured from these locations Wwere
supersaturated with respect to 12.7 mole percent magnesiun
Calcite. FWater chemistries were supersaturated with respect

to aragonite throughout the study period.
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Figure 13: Variatioa of mear saturation states through
tize. Log saturation is plotted against tirze so
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