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ABSTRACT

An understanding of the global biogeochemical cycle of carbon is fundamental to an

evaluation of global climate change. One important aspect of the global carbon cycle is the

relationship between carbonate particlesand the dissolved carbon chemistry of the worldoceans.

The carbon-carbonate system of the open ocean is still not completely understood today. This

investigation incorporated both sediment trap data and measurements of the concentration and

distributionof marine carbon species in the water column in an attempt to evaluate some of the

fundamental questions of the marine carbon system. These include the relationship between

particulateand dissolved inorganic carbon and the importance of bank-derived carbonate particles

on the carbon chemistryof the open ocean. The marine carbon-carbonate system, monitored for

15 months at the Hawaii Ocean Time-series station, ALOHA, was predominantly controlled by

the decomposition of organic matter in the upper 700 m of the water column and by the

dissolution of aragonite between 700 and 2200 m. Calcite particle dissolution does not appear

to be significant at depths shallower than 3200 to 3500 m. Although mixed layer pC02

calculations suggest that the central North Pacific waters are a very small sink for anthropogenic

CO2, this CO2 has penetrated to a depth of 700 m at Station ALOHA and may already be

dissolvingaragonite particles at thisdepth. Magnesian calciteparticles comprise as much as 15%

of the carbonate flux at 400 m at Station ALOHA and may also be reacting with anthropogenic

CO2 in the water column. Dissolution of these magnesian calcites may contribute to the

alkalinity maximum observed in the North Pacific.

Carbonate fluxes near banks of the Hawaiian Archipelago were up to two orders of

magnitude greater than open ocean fluxes withsignificantcontributions of bank-derived material.
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The magnitude and composition of the near-bank fluxes suggest that significantpercentages of

the benthic carbonate production are transported to the open ocean where they may dissolve or

accumulate as slope sediments. Alkalinity anomalies near the banks indicate that dissolution of

highly soluble magnesian calcite particles can occur at depths shallower than the aragonite

saturation horizon and may be acting as a small sink for anthropogenic CO2 .
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CHAPfERI

PROBLEMS OF THE MARINE CARBON SYSTEM

INTRODUCTION

The ocean is the second largest reservoir for carbon in the exogenic system, yet the

biogeochemical cycling of carbon in the ocean is still poorly understood. Rising CO2 levels in

the atmosphere and interest in the enhanced greenhouse effect have recently prompted

researchers to study more intensively the natural carbon cycle and the ocean's ability to act as

a sink for anthropogenic CO2, The burning of fossil fuels released nearly 5900 milliontons of

carbon (MTC; one million tons equals 1012 g) to the atmosphere in 1988, marking the fifth

consecutive year that global CO2 emissions have increased (Marland et al., 1989). The

measured rate of atmospheric CO2 increase in recent years, however, suggests that only about

half of that stays in the atmosphere. In 1979 Broecker et al. estimated that the oceanic sink for

anthropogenic CO2 was about 1900 MTC y-l, leaving about 15% of the anthropogenic CO2

unaccounted for. This difference is even greater if the terrestrial biosphere is a significant net

source of CO2 to the atmosphere. For the past ten years, researchers have attempted to

determine where the "missing CO2'' is going; however, no one has been able to explain this

discrepancy. The magnitude of the oceanic sink for CO2 is still uncertain. Recently, Tans et

al. (1990) estimated that the oceans are a net sink for only 1000 MTC v'. leaving an even

larger discrepancy between the known sources and sinks for anthropogenic CO2, However,

tracer-calibrated models of the ocean suggestthat the oceanic sink should be closer to 2000 MTC



y-l, much closer to Broecker's 1979 estimate (Sarmiento and Seigenthaler, in press). Table 1

summarizes the anthropogenic COz balance problem.

In response to increased interest in global climate change and greenhouse warming,

measurements of the marine carbon system (i.e., dissolved inorganic carbon, titrationalkalinity,

pH and pCOz) have been included in several global research programs such as the World Ocean

Circulation Experiment (WOCE) and the Joint Global Ocean Flux Study (JGOFS). The aims of

the JGOFS program, for example, are lito observe and understand the biogeochemical cycles of

the ocean sufficiently well to predict the interaction between the oceanic, atmospheric, and

sedimentary cycles of the biologically active elements such as carbon, nitrogen, oxygen, and

sulfur" (Brewer et al., 1986). There are at present two hydrographic time-series stationsfunded

as part of the JGOFS program. One is located in the AtlanticOcean near Bermudaand the other

in the PacificOcean near Oahu, Hawaii. The Hawaii Ocean Time-series (HOT) program began

in October 1988, and conducts monthly cruises to Station ALOHA, located 100 km north of

Oahu, at 220 45' N, 15800' W (Karl and Winn, 1991). A suite of hydrographic, biological, and

chemical measurements are made throughout the water column at this site. These time-series

programs provide excellent opportunities to study the temporal variability of the carbon system

over several years. They providevaluable information on open ocean cyclingof carbon that can

be used to constrain models of the oceanic sink for CO2 ,

Most of the present day models, however, only consider the simple dissolution of

atmospheric COz into the seawater. There are several additional potential sinks for

anthropogenic CO2 in the oceans, including nutrient fertilization and increased organic carbon

burial, increased fluxes of river-derived particulate organic carbon (POC) and dissolved organic

carbon (DOC) to the oceans, increased dissolved inorganic carbon (DIC) flux from increased

weathering, and increased invasion of CO2 and dissolution of carbonate minerals (Table 1).
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Table 1. Estimated sources and sinks for anthropogenic CO2

CARBON DIOXIDE SOURCES

Fossil fuel burning"

Deforestation

Total

CARBON DIOXIDE SINKS

Atmosphere

Invasion of CO2 gas into ocean

Increased stream derived POC and DOC to the oceans

Nutrient fertilization in the oceans and increased organic carbon
burial .

Increased dissolution of CaC03 in the oceans

Increased DIC flux to the oceans from increased weathering

MTC y-l

5890

1210

7100

MTC y-1

3000

1000-2340

400

280

50

30

Increased carbon fixation in terrestrial biosphere ?
-----------------------------------------------------------------------------------------

Total 4760-6100
t from Marland et aI., 1989; remaiOlng values from Sabine and Mackenzie, 1991

Mackenzie (1981) examined some of these additional sinks in an attempt to determine whether

they play a significant role in resolving the missing CO2 dilemma. He concluded that the

contribution of these minor sinks may perhaps be as much as 500 MTC y-l; however, they" .

. . bear further investigation as to their nature and the magnitudes of increased carbon fluxes to

them." To date very few researchers have studied the potential magnitude of these additional

sinks. Recently, Wollast and Mackenzie (1989) and Sabine and Mackenzie (1991) reexamined

some of these fluxes and concluded that these additional sinks may account for as much as 760

MTC y-l. Together, these minor oceanic sinks are three fourths the size of the sink estimated

by Tans et al. (1990), and may become even more important in the future. More work is

required, however, to evaluate the future role of these sinks.
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One particular sink that may become much more important if anthropogenic CO2

emissions continue to increase is the dissolution of calcium carbonate. Unlike the sink owing

to the simpledissolution of CO2 into the water, the dissolution of carbonate particles may be one

of the ultimatesinks for anthropogenic CO2, If atmospheric CO2 were to decrease in the future,

the CO2 that is currently being stored in the ocean by the simple invasion of the CO2 into the

water would begin to evade from the oceans back into the atmosphere. For this reason oceanic

invasion cannot be the ultimate sink for this CO2, In nature, however, the only way the

carbonate dissolution reaction is reversed is by the precipitation of biogenic carbonate particles.

Because biological production in the oceans is generally either light limited or limited by

nutrients such as nitrogen or phosphorus (Sverdrup et aI., 1942), the anthropogenic CO2 fixed

in the oceans will not increase carbonate precipitation rates and that CO2 will remain in the

ocean. Therefore, the sink for anthropogenic CO2 owing to the dissolutionof calcium carbonate

particles in the oceans may be one of the ultimate sinks for anthropogenic CO2 in the future.

However, the potential fixation of anthropogenic CO2 from the dissolution of carbonate particles

is stillpoorly understood. This lack of understanding stemsfrom an even more fundamental lack

of knowledge of the relationship between the particulate and dissolved inorganic carbon in the

oceans (the marine carbon-carbonate system) and the role of benthic carbonate particles in the

global carbon cycle.

Many investigators have examined the production and sinking flux of pelagic carbonate

particles in the open ocean (Milliman, 1974, 1975; Edmond, 1974; Takahashi, 1975; Broecker

and Takahashi, 1977, 1978; Morse and Berner, 1978; Berner and Honjo, 1981; Broecker and

Peng, 1982; Betzer et aI., 1984b; Byrne et aI., 1984; Feely et aI., 1984). The relationship

between these fluxes and the carbon chemistry of the waters, however, is still not clear. One

poorly understood region, for example, is the North Pacific. Fiadeiro (1980) observed an
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alkalinity maximum at intermediate water depths, around 2500 m, in the North Pacific. To date

this maximum has not been adequately explained. The alkalinity maximum cannot be completely

accounted for by the settlingand dissolution of pelagic calcite (Betzer et ai. 1984a). In addition,

Fabry (1990) determined that the production rates of pteropod and heteropod aragonite in the

North Pacific are not large enough to account for most of the published carbonate dissolution

rates based on changes in alkalinity or calcium concentrations.

Few investigators have evaluated the importance of benthic particles on the carbon

chemistry of oceanic waters. Although much smaller in area, shallow bank environments (0-100

m) may support carbonate production rates orders of magnitude higher than open ocean rates

(Milliman, 1974; Smith, 1978; Agegian et aI., 1988). In addition, carbonate particles produced

by benthic organisms, unlike pelagic carbonates, contain a spectrum of magnesium bearing

calcite compositions including phases withas much as 30 mole% MgC03, as wellas pure calcite

and aragonite. These benthic forms of magnesian calcite and aragonite are more soluble than

pelagic carbonates (e.g., Chave et aI., 1962; Mackenzie et aI., 1983; Urmos et al., 1986;

Busenberg and Plummer, 1989). Thus, the mixed mineralogic assemblages of shallow bank

carbonates are compositionally very different from open ocean carbonate particles and may

dissolve at depths much shallower than those of pelagic carbonates. The dissolutionof bank

derived particles in near surface waters may result in carbon chemistry distributions (e.g., Ole,

titrationalkalinity, pCOz) in the waters surroundingthe banks distinctly different from the open

ocean.

The transportand subsequent dissolution of shallowbank particles in the open ocean are

an additional source of alkalinity which may help to explain the discrepancies between the

particle flux estimates and the alkalinity of the North Pacific. Many studies have demonstrated

that shallow bank sediments can be transported to the open ocean ( Mackenzie et aI., 1965;
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Friedman, 1965; Chave and Suess, 1967; Berner et al., 1976; Schlager and James, 1978; Hine

et al., 1981; Heath and Mullins, 1984; Boardman and Neumann, 1984; Pilskaln et al., 1989).

Magnesian calcite particles have been identified hundreds of kilometers from the nearest source

(Chave and Suess, 1967; Berner and Honjo, 1981). Land (1979) determined that 79% of the

total gross production of reef sediments on the north coast of Jamaica was transported offshore

into the open ocean.

Particles that do not dissolve may accumulate as sediment wedges adjacent to the shoal

water source. Only recently has the potential importance of bank slope sediments been realized.

Wilber et al. (1990) determined that the volume of Holocene sediments accumulating on the

western slopes of the Great Bahama Banks is 80% of the sediment volume found on the top of

the bank. The vertical accumulation rate of the slope sediments is 11-15 m ky-l, 10 to 100times

greater than that previously known for periplatform sediments. Glaser and Droxler (1991) also

discovered large sedimentary wedges near two banks on the Nicaragua Rise that were previously

thought to be "drowned." They determined that the banks actually produce large volumes of

periplatformsediments, which are transported off the bank to the deep surroundingslopes. The

depth of the banks (20-30 m) and the lack of sediments on the bank top led previous investigators

to conclude erroneously that the banks were "drowned." Thus, researchers today are still only

beginning to understand the fundamental concepts of sediment production and transport on

carbonate banks, much less the relations of these sediments to the carbon chemistry of the

surrounding waters.

The location of the Hawaiian Archipelago in the central North Pacific Gyre provides an

unique opportunity to evaluate the effect of particle transport and dissolution on the carbon

chemistry of ocean waters. Little is known about the export of carbonate particles from banks

in the Hawaiian Archipelago or whether sediment wedges are forming on the slopes of these
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banks. The waters of the North Pacific are much more corrosive towards carbonates than the

waters of the Atlantic Ocean, largely due to the age of the Pacific waters and the accumulation

of total CO2 from the oxidation of organic matter in these waters. Thus, the distribution and

depth range of carbonate sediments and the influence of particle dissolution on the carbon

chemistry of the waters may be significantly different near the Hawaiian Archipelago than in the

Atlantic.

The stability of the open ocean and the isolation of the Hawaiian bank environments

allow a direct interpretationof any differences observed in water chemistry or sediment flux rates

between the open ocean and the banks. In addition, the presence of a JGOFS time-series station

near the archipelago provides an opportunity to study the open ocean marine carbon system and

to establishthe oceanic distributions of the dissolved inorganic carbon species. When comparing

two systems; such as the open ocean and the shallow bank environments of the archipelago; it

is important to determine the variability of the systems to evaluate whether observed differences

in carbon chemistry are long term or simplydue to diurnal or inter-annual variability. The time

series station near Hawaii provides the opportunity to evaluate the temporal variability of the

marine carbon-carbonate system of the central North Pacific.

This investigation incorporated both sediment trap data and carbon chemistry

measurements in the water column in an attempt to evaluate some of the fundamental questions

of the marine carbon system, such as the relationship betweenparticulateand dissolved inorganic

carbon and the importance of bank-derived carbonate particles to the carbon chemistry of the

open ocean. As will be shown in detail later, the marine carbon-carbonate system, monitored

for 15 months at the Hawaii Ocean Time-series station, ALOHA, was predominantly controlled

by the decomposition of organic matter in the upper 700 m of the water column and by the

dissolution of aragonite between 700 and 2200 m. Calcite particle dissolutiondoes not appear
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to be significant at depths shallower than 3200 to 3500 m. Anthropogenic CO2 has penetrated

to a depth of 800 m at StationALOHA and may already be dissolvingaragonite particles at those

depths. Magnesian calcite particles also comprise as much as 15% of the carbonate flux at 400

m at Station ALOHA and may also be reacting with anthropogenic CO2 in the water column.

These magnesian calcites may also help to explain the alkalinitymaximum observed in the North

Pacific.

Horizontal and vertical carbonate fluxes near the banks were up to two orders of

magnitude greater than the open ocean fluxes with significant contributions of bank-derived

material. The near-bank fluxes were large enough to suggest that much of the benthic carbonate

production is transported to the open ocean where it may dissolve or accumulate as slope

sediments. Alkalinity anomalies near the banks indicate that dissolution of highly soluble

magnesian calcite particles can occur at depths shallower than the aragonite saturation horizon

and may be acting as a sink for anthropogenic CO2,

PREVIOUS WORK

Most studies of benthic carbonate particle influences on the carbon chemistry of the

ocean were made in the Bahamas. Pilskaln et al. (1989) examined off-bank transport of

carbonate sediments using a sediment trap moored at 500 m in the Northwest Providence

Channel, Bahamas. They determined that bank-derived magnesian calcite and aragonite

constituted 39% of the total annual carbonate mass flux. Mostof these particles were in the < 65

J.tm size fraction. Comparison of the mineralogical composition of the sediment trap particles

with the bottom carbonate sediment composition indicated that the flux and deposition of bank

derived carbonates are temporally variable, with much higher fluxes of bank-derived material
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occurring during seasonal storms and hurricanes. They suggested that some portion of these

very soluble benthic particles may reach waters where they can dissolve; thus, they concluded

that this off-bank transport"... has important implications for the global CO" cycle and marine

calcium budget." If this transport and dissolution were a globally important process, one would

expect to see high alkalinity and calcium values in the area. Unfortunately, Pilskaln et aI. did

not include any water chemistry data from their studysite to determine if particledissolution was

affecting the carbon chemistry of the waters associated with the banks.

Droxler et al. (1988) examined the carbonate mineralogies of surface Bahamian

periplatform ooze sediments as a function of depth and the carbon chemistry of the waters

overlying these deposits. They used core samples from different depths to determine the

carbonate compensation depths (CCD) for aragoniteand magnesian calcite. They concluded that

the aragonite and magnesian calcite (4 mole% MgC03) Cf'Ds were 5000 to 5200 m and 3700

to 4000 m, respectively. These depths are deeper than CeDs observed elsewhere in the Atlantic

Ocean. The one major drawback to using core samples to determine a depth relationship is the

assumption that the input is the same to all cores despite the fact that deeper cores are farther

away from the source than the shallower cores. The use of sediment traps would have helped

to evaluate the validity of this assumption. Droxler et aI. also calculated the saturation depths

of aragonite and a 13 mole% magnesian calcite using pH and total alkalinity data from samples

taken near the Bahama Banks. The estimated 100% saturation depths are 3800 to 4500 m and

900 to 1500 m, respectively. The periplatform aragonite saturationdepths are 500 mdeeper than

the saturation depths calculated from the GEOSECS data in the Sargasso Sea. They concluded

that the depressions in the saturation depths were due to the dissolution of bank-derived

magnesian calcites and aragonites, which increases the alkalinityand the saturation state of the

waters. Thus, Droxler et al. suggested that there is an "island effect" on the marine carbon
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chemistry of the waters surrounding the Bahamas. The GEOSECS station used for their

comparison, however, is over 1000miles to the northeast of the Bahamas. It is not known how

far this "islandeffect" extends from the Bahama banks and whetheror not this observation is due

to differences between the GEOSECS station and the Bahama Banks in temperature, density, or

age of the water masses.

Little is known about the transport of sediments from carbonate banks in the Hawaiian

Archipelago. The importance of benthic carbonate production becomes apparent when the

average carbonate production in the Hawaiian Archipelago, estimated in the study by Agegian

et al. (1988) to be approximately 3.9 x 1012 grams CaC03 y-I, is compared with the average

global open ocean carbonate production for an equivalent area, estimated to be 4.9 x 1011 grams

CaC03 y-I. There have been no thorough studies of slope sediments even though calcareous

production on the banks is an order of magnitude higher than production in the open ocean.

Calcareous organisms that produce very soluble magnesian calcite and aragonite phases are

abundant throughout the archipelago. The abundance of corallinealgae and bryozoans (producers

of magnesian calcites) increases northwestward on the banks relativeto that of hermatypic corals,

the dominant producers of aragonite on the banks (Agegian and Mackenzie, 1989). The

sediments produced on the banks in the archipelago, therefore, should increase in magnesian

calcite concentrations towards the northwest. Mid-depth banks in the archipelago, with depths

between 40 and 100 m, have assemblages of organisms different from those of shoal-water

banks, with greater abundances of bryozoans, calcareous green algae, and red algae (Agegian

and Mackenzie, 1989). The sediments of these banks, therefore, are dominated by magnesian

calcites.

Agegian et al. (1988) were the first to evaluatethe potential influence of benthic particles

on the marine carbon chemistry of the North Pacific. They presented preliminary results of a
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carbonate production and transport study for a mid-depth bank, Penguin Bank, Hawaii. Using

in situ incubation techniques and sediment traps, they evaluated the production and flux of

carbonate particles from the bank. Very soluble benthic carbonate particles composed a

significant portion of the inorganic flux near Penguin Bank. Thus, a portion of the benthic

production in the Hawaiian Archipelago is advected away from the banks intowaters where they

may dissolve or accumulate on the bank slopes. Seismic surveys of Penguin Bank indicated that

most of the bank surface is devoid of sediment except for veneers too thin to be recorded

(Moberly et al., 1975). Thus, a majorityof the sediments produced by the calcareous organisms

on the bank must be transported to the open ocean. The conclusions of this preliminary report

were that mid-depth banks may be an important component in the carbonate-carbon cycle of the

oceans, and that future research efforts shouldfocus on biogeochemical cycles withinthe coastal,

and shoal-waterocean boundaries. The data and interpretations presented in this dissertationare

an extensionof the PenguinBank research that includes an evaluation of the influence of Penguin

Bank on the marine carbon chemistry of the waters, and an examination of the chemistry of the

open ocean and other bank environments of the Hawaiian Archipelago.
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CHAPfERll

FIELD AND ANALYTICAL METHODOLOGY

This investigation used two approaches to examine the flux of benthic-derived carbonate

particles and determine the potential int1uence of benthic particle dissolution on the carbon

chemistry of the waters around the Hawaiian Archipelago. First, the particle flux near several

representative carbonate banks in the Hawaiian Archipelago was measured and compared with

the flux at an "open ocean" site (ALOHA) approximately 100 Ian north of Oahu, Hawaii.

Particles collected near the banks were compared with those from Station ALOHA to evaluate

the benthic particle flux magnitude and particle mineralogy. Second, the chemistryof the waters

at each station was characterized and compared with the chemistry of the open ocean waters to

determine if differences in the particle flux were reflected in the marine carbon chemistry.

BANK MEASUREMENTS

Particleflux andwater chemistry measurements were madeduring three cruises near four

carbonate banks along the Hawaiian Archipelago. The banks studied are underlined in Figure

2.1. The first cruise was to Penguin Bank, Hawaii in October 1987 (hereafter referred to as

PB87). Penguin Bank is a mid-depth bank extending approximately 45 km southwest of the

western end of the island of Molokai (Figure 2.2). Unlike the well described shallow reef

systems of the Hawaiian Archipelago (Gross et aI., 1969), with average depths less than 30 m,

the average depth of this bank is approximately 60 m. The location of this and other mid-depth
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Figure 2.2 Bathymetric map of Penguin Bank, Hawaii showing locationof sediment trap array.
Bathymetric contours are in meters (adapted from Agegian et aI., 1988).
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banks in the deep euphotic zone results in development of benthic communities different from

those of shallowreef systems (Agegian and Mackenzie, 1989). In June 1988, a cruise was taken

to the Northwestern Hawaiian Islands. Water chemistry measurements were made at Necker,

Raita, and Maro reefs, and sediment trap samples were collected at Necker and Maro reefs

(Figure 2.1). The bank crests of the three Northwestern banks extend nearly to the surface and

have extensivecoral and corallinealgae reef structures. The slopes of the banks (30-100m) may

also have calcareous communities similar to those found on Penguin Bank (Agegian and

Mackenzie, 1989). A second cruise to Penguin Bank was made in December 1988 (hereafter

referred to as PB88). Sediment trap samples were collected from the same location as PB87 in

an attempt to evaluate any temporal variability of the particle flux from the bank.

Particle Flux

The near-field particle tluxes from Penguin Bank, and Necker and Maro Reefs in the

Northwestern Hawaiian Islands were measured using a bottom-moored sediment trap array

patterned after the drifting MULTITRAPS first described by Knauer et al. (1979). The array

was moored for 6-10 days at 550 m (Figure2.3). Current strength and directionwere measured

throughout the deployment by an Aandera model 2 current meter located on the trap line at 125

m. Twelve individual traps of area 0.00385 m2 were placed at each of seven depths: 50, 100,

150, 200, 250, 350, and 450 m. Two traps per depth were prepared and processed by Dr. D.

Karl (Univ. of Hawaii) to determine the organic carbon, nitrogen, ATP, and biomass carbon

fluxes using the methods of Karl and Knauer (l984a). Although this method of carbon analysis

can potentially include a contribution of carbon from carbonate particles, this contribution is

minimal,because the carbon/nitrogen salinetrap solutionswere prepared from distilled water that

was determined to be wel1 undersaturated with respect to any carbonate phase. These solutions
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would have dissolved any carbonate particles, thus removing them from the flux. Both the

carbon/nitrogen and the ATP traps were fitted with 335 Jlm Nitex screens at the base of the

baffles to prevent "swimmers" from entering the traps.

Ten traps at each depth were filled with a high density salt solution prepared by filtering

seawater through a 0.4 Jlm Nuclepore filter, then adding 16.7 g NaC!, 6.7 g MgClz . 6HzO, and

0.47 g KCl per liter (density = 1.04 g cm-3) . The trap solution was preserved by adding 10 ml

of formaldehyde to every liter of solution. The saturation state of the trap solution was

calculated from pH and alkalinity to confirm that the solution was slightly oversaturated with

respect to marine calcite and aragonite minerals.

To evaluate the effect of screening on the size distribution and mass of particles

collected, two traps at each depth prepared for PB87 were fitted with 202 Jlm Nitex screens at

the base of the baffles, four traps were fitted with 335 Jlm Nitexscreens, and the remaining four

traps contained no screen below the baffles. The Necker, Maro, and PB88 traps were prepared

with 335 Jlm Nitex screens on two traps per depth, while the remaining eight were left open.

The traps were recovered on the last day of the cruises PB87 and PB88. Upon return

to the laboratory, the traps were stored at 4°C until they could be processed. The Necker and

Maro traps were transferred to 4-1 polypropylene containers upon recovery, preserved with 2 ml

of formaldehyde, and stored at room temperature for the duration of the cruise. Upon return to

the laboratory, the trap solutions were stored at 4°C until they could be processed.

Before processing, thebaffles were removed from the traps and the top 15 em of solution

above the density interface were removed. The trapped material was filtered onto preweighed

47 mm Nuclepore filters witha 0.4 Jlm pore size, rinsed three times with deionized water, dried

overnight at 60°C, and reweighed to determine the total mass flux. The filter and organic

material were removed by etching in a Bio-Rad RF Plasma Barrel Etcher PT7100 for 4 hours
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with a forward power of 200 watts. A chamber pressure of 0.1 mbar was maintained with a

diffusion pump while introducing pure 02 to the chamber. After etching, the samples were

placed in 25 ml of 5.35% sodium hypochlorite solution at 60°C overnight. After the

hypochlorite treatment, the samples were centrifuged and the overlying solution was removed.

The samples were washed twice with 50 ml of distilled-deionized (dd) H20 and centrifuged

again. The remaining pellet of material was then transferred to a preweighed plastic weighing

boat, dried in a 60°C oven, and cooled overnight in a desiccator. The percent weight loss from

this method was found to be comparable to the weight loss from the standard method of

combusting the sample at 500°C for 4 hours, but it has the advantage of removing the filter and

organic material while maintaining a specimen temperature less than 200°C. Temperatures

greater than 200°C are a concern for the treatment of carbonate material, because it has been

demonstrated that lossof CO2 from magnesian calciteminerals may occur at temperatures as law

as 250°C (Koch, 1989). The standard method of removing the organic material with a 30%

solution of hydrogen peroxide was not used, because sample weight loss was three to four times

higher than that when combusting the samples at 500°C, even when the peroxide was buffered

to a pH of 8.0. The higher weight loss was the result of resuspension of sample material by

bubbles generated from the peroxide, even after centrifuging. The resuspended sample was

subsequently siphoned off and lost.

Once dry, the sample was weighed to obtain the inorganic mass flux. Some of the trap

particles were visually examined with a light microscope and scanning electron microscope

(SEM) to identifyskeletal particles present and to detect evidence of dissolution in the carbonate

particles. Elemental analyses were conducted on selected samples withan ISI-DS-130 SEM and

a Kevex 7000 energy dispersive X-ray analyzer (EDAX) at the University of South Florida.

Both the SEM and the EDAX system were computer controlled by a LeMont image analysis
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system. At least 1000particles were analyzed from each sediment trap sample for the presence

of 32 elements and categorized usinga chemical classification scheme. Other trap samples were

size fractionated by wet sieving through a 41 Jlm mesh to determine the size distributionof the

particles. Mineralogy of the two size fractions was determined witha ScintagPad V powder x

ray diffractometer (XRD). Smear slide samples were prepared on zero background slides with

a fluorite internal standard to correct the X-ray peak d-spacings for instrumental and sample

aberrations. Both size fractions from three representative depths from each bank (50, 200, and

450 m) were scanned from 2 to 700 28 at a rate of 50 per minute to determine if minerals other

than carbonates were present. Those samples that did not contain other minerals were scanned

at a rate of 2 0 per minute from 18 to 33a 28, the range of the major carbonate peaks.

Calcite to aragonitecomposition ratios were determined using a standard curve generated

from the peak area ratios of known mixtures of aragoniteand calcite. AlthoughX-ray diffraction

techniques are generally of very limited success in determining absolute masses of the minerals

present in a sample (Van der Gaast, 1991), they have been used successfully to determine the

ratio of minerals such as calcite to aragonite using a standard curve (Berner and Honjo, 1981;

Droxler, 1983). Three replicate analyses were made of 15 calciteand aragonite mixturesranging

from 10 to 98% aragonite. Areas of the 111 aragonite peak and the 104 calcite peak were

determined using a Scintag profile fitting program. A double exponential fit was made of the

peak area ratio (PAR) of aragonite to calcite versus the weight percent of aragonite (%ARAG)

with a coefficient of determination of 0.988:

%ARAG = 97.711 - 25.145 . e(-O.455PAR) - 68.791 . e(-4.952PAR)
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The relative percentages of calcite, clay mineral, and feldspar were also determined for trap

samples containing detectable quantities of these components. The weight percentage of each

phasewas determined from XRD analysisusinga standard curve generated fromknownmixtures

of the three components.

The molepercentages of MgC03 of the magnesian calcite phases were determined from

the offset of the d-spacing of the 104 peak from the d-spacing of pure calcite using equation 2.2

below (Bischoffet al.,1983):

%MgC03 = (d104 - 3.035) I - 0.291667 (2.2)

Water Chemistry

The marinewaters associated with PenguinBank, Hawaii, as well as Necker, Maro, and

Raita Banks in the Northwestern Hawaiian Islands were analyzed for conductivity, temperature,

dissolved oxygen, alkalinity, pH, phosphate, nitrate, and silicate to a maximum depth of 1000

m. Water samples were collected in 5-liter Niskin bottles attached to a rosette. The

conductivity, temperature, and pressure at each Niskin trip depth was determined with a Plessy

system conductivity-temperature-depth sensor (CTD).

Oxygen samples were collected in 250 ml biological oxygen demand (BOD) bottles

immediately upon retrieval of the rosette. Each sample was fixed with alkaline iodide and

manganese chloride solutionsafter collection. Three replicate 50 ml aliquots from each sample

were titrated using a 635 Dosimat following the procedures of Grasshoff et al. (1983). The

sodium thiosulfate titrant was calibrated before each cruise with an iodate standard prepared
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following the methods of Grasshoff et al. (1983). The precision of this method was generally

better than ± 1 j.Lmol r'.

Nutrient samples werefiltered through Gelman glassfiber filters (GFF)and stored inwell

rinsed', acid washed 125ml polypropylene bottles. Samples were frozen uprightuntil they were

returned to the laboratory for analysis. The dissolved inorganic nutrients phosphate, ammonia,

nitrate+ nitrite,andsilicatewere measured witha Technicon AutcAnalyzer-Il usingmodifications

of standard techniques (parsons et al., 1984). The coefficient of variation for these

measurements was estimated as ±0.5%.

Samples for pH were collected after the oxygen samples in 20 ml polycarbonate tubes.

The samplecontainers were completely filled and capped immediately after collection to prevent

degassing and placed in a water bath to bring all samples to room temperature. As soon as the

samples reached room temperature (not more than half an hour after collection), the sample pH

was measured as a miIlivolt(mV) potential witha Corning semi-micro pH electrode and an Orion

model EA920 ion analyzer. After the potential was determined, the sample temperature was

measured to the nearest tenthof a degree and recorded. A two-point calibration of the electrode

was made before each cast with fresh buffers. Two Fisher brand NBS-traceable buffers withpH

values of 7.00 (±0.02) and 10.00 (±0.02) were used for the calibration. The electrode was

equilibrated in seawater at least half an hour before sample mV readings were made. Sample

mV readings were converted to pH using the measured electrode slope corrected for sample

temperature. The precision of the pH measurements was estimated to be ±0.02 pH units.

Alkalinity samples were filtered through GFF filters into well rinsed250 ml BODbottles

to remove any carbonate particles and poisoned with 500 j.LI of saturated mercuric chloride

solution. Ground glass stoppers were coated with Apiezon M grease, and then taped shut. The

samples were stored at roomtemperature in the dark for analysis in the laboratory. Once in the
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laboratory, the samples were titrated with a 0.1 N HCl solution using an automated

potentiometric titrationsystem comprised of a personal computer, a model 665 Dosimat and an

Orion EA920 ion analyzer. At least three 25 g replicates were weighed and titrated for each

sample. Titrationalkalinities were calculated usingthe Gran titrationmethod of Edmond (1970)

modified for automated analysis. Exact acid normality was determined by titratingfour separate

freshly prepared sodiumcarbonate solutions. The sodium carbonate solutions were prepared by

adding a known quantity of N~C03 (dried for four hours at 280°C, cooled overnight in a

vacuum desiccator, and weighed on a microgram balance) to one kilogram of distilled water.

The acid was restandardized every two weeks whilesamples were being titrated. The precision

of the replicate alkalinity titrations was ±3 JLeq kg'.

OPEN OCEAN MEASUREMENTS

Sediment trap and water samples were collected in cooperation with the Hawaii Ocean

Time-series (HOT) program from January 1989 to March 1990. Two stations are occupied by

the HOT program roughly on a monthly basis. One station, Kahe, is located approximately 10

km from Kahe Point on the west-southwestern end of Oahu, Hawaii, and the other (Station

ALOHA) is located at 220 45' N latitudeand 1580 0' W longitude, approximately 100 km north

of Oahu (Figure 2.4). The HOT program is a cooperative effort between the World Ocean

Circulation Experiment (WOCE) and Global Ocean Flux Study (GOFS) programs.

Particle Flux

Twelve traps were deployed at 200 and 400 meters at Station ALOHA on the GOFS free

floating sediment traparray for three to four days. Specific sediment trap design anddeployment
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Figure 2.4 Map of the Hawaiian Islands showing locations of Hawaii Ocean Time-series
stations. Depth contours in meters.
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protocols are published in the Hawaii Ocean Time-series Program Data Report 1 (Chiswell et

al., 1990). Samples were collected over a one year time period on five separate cruises: March

1989 (HOT-5), June 1989 (HOT-7), August 1989 (HOT-9), October 1989 (HOT-II), and March

1990 (HOT-IS). The individual sediment traps were identical to those used to measure the near

field flux on the banks. They were filled with a 1% formaldehyde, high-salinity solution. The

trap solution was prepared by filtering seawater through a 0.4 JLm pore size Nuclepore filter and

adding 23 g NaCI and 10 ml formaldehyde per liter of solution (density = 1.04 g em"). The

traps were deployed without screens. As with the bank traps, the saturation state of the trap

solutions was monitored to ensure that the trap solutions were slightly oversaturated with respect

to aragonite and calcite. Upon return to the laboratory, the traps were stored at 4°C until they

could be analyzed. Before processing, the baffles were removed from the traps and the top 15

cm of solution above the density interface were removed. The trapped material was filtered

onto a preweighed 25 mm Nuclepore filter with a 0.4 JLm pore size, rinsed three times with

deionized water, dried overnight at 60°C, and reweighed to determine the total mass flux. The

filter and organic material were removed by etching in a Bio-Rad RF Plasma Barrel Etcher for

2 hours following the methods described earlier.

Some of the trap particles were visually examined with a light microscope and a scanning

electron microscope (SEM) to identify skeletal particles and to look for evidence of dissolution

in the carbonate particles. Elemental analyses were conducted on selected samples with a Kevex

individual particle analysis system used in conjunction with an energy dispersion detector on the

SEM. Mineralogy of the inorganic fractions was determined with a Scintag Pad V powder X-ray

diffractometer. In order to obtain enough sample for X-ray analysis, the material from two

replicate traps at a given depth was combined and prepared as smear slides on zero background

slides. One sample from each depth was scanned from 2 to 70° 28 at a rate of 5° per minute
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to determine if minerals other than carbonates were present. Those samples that did not contain

other minerals were scanned at a rate of 2 0 per minute from 18 to 330 28, the range of the

major carbonate peaks. Calcite to aragonite composition ratios were determined from the ratio

of thecalcite to aragonite peak areas using equation 2.1 above. Magnesian calcite compositions

were determined from the d-spacing offset as described by Bischoffet al. (1983) using equation

2.2 above. The mass of calcium carbonate in the traps was determined by leaching the sample

with 4 ml of 25% v/v acetic acid in ddH:P, as described by Betzer et aI. (1977) for sediment

trap samples. The acetic acid leachate was analyzed for Ca and Mg content by inductively

coupled plasma atomic emission spectroscopy (ICP/AES).

Additional sediment traps deployed and analyzed by the GOFS Program were placed on

the array at 150, 300, and 500 m. These traps were analyzed for C, N, P and mass flux.

Specific trap preparation and analysis methods may be found in Chiswell et al. (1990).

Water Chemistry

Water samples were collected approximately every other month for 15 months at Station

ALOHA from January 1989 to March 1990. Samples for pH and alkalinity were collected from

12-1 Niskin bottles in a series of back-to-back casts from 4600 m to the surface. Control of the

rosette and the Seabird CTD system was managed by the WOCE program. Calibration and

quality control protocols may be found in Chiswell et al. (1990).

Samples were collected for pH from the Niskin bottles as soon as possible after the

oxygen and DIC samples were collected. At least two volumes of water were flushed through

the 125 ml polypropylene sample bottles before they were capped tightly and placed in a water

bath to bring all samples to room temperature. The pH of the samples was measured aboard

ship using the same methods outlined above for the bank samples.
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Alkalinity samples were filtered throughGFF filters into well rinsed 250 mI BODbottles

and poisoned with 500 JLI of saturated mercuric chloride solution. Ground glass stoppers were

coated with Apiezon M grease, then taped shut. The samples were stored at room temperature

in thedark for analysis in the laboratory. Once in the laboratory, samples were titrated using

the methods outlined above for the bank samples. The Hel titrant was standardized between

each cruise with at least four sodium carbonate solutions. To ensure that the acid

standardizations were consistent between the titrations of the bank and open water samples,

selected bank alkalinity samples were titrated along with the open ocean alkalinities. During

HOT-9 (Aug. 1989) several replicatealkalinitysamples were collected at selected depths to serve

as secondary standards for subsequentcruises. On each cruise after HOT-9, at least two HOT-9

replicates were titrated and the values compared to the original value for that sample to evaluate

the month to month reproducibility of the standardization. Analysis of these standards

demonstrated that the month to month precision of the alkalinities was only slightly larger than

the precision of replicate titrations (± 3-4 JLeq kg").

The month to month precision was also verified by comparing the monthly vertical

alkalinityprofiles. By plottingthe alkalinity profiles from all cruises together on a single plot,

an increase in alkalinity wasobserved between HOT-3,5,7 and HOT-9,1l,13,15. The difference

between the three earlier cruises and the four later cruises was approximately 25 ueq kg-I,

compared to a precision within either group of approximately (±3-4 JLeq kg'"). Furthermore,

the offset between the two sets of cruises was constant throughout the profile. It was decided,

therefore, that there was a contamination of the standards used after HOT-7, and that those

cruises should be adjusted to eliminate the offset in the deep waters. This decision was made

based on the assumption that the variabilityof the waters at 4600 m was not detectable over the

15 month sampling period, much less over two months. This correction was also verified by
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calculating DIC from measured alkalinity and pH values and comparing the calculated DIC

profile to the measured DIC profile. The calculated DIC values from the three earlier cruises

were within 5 ~mol kg' of the measured values; however, the calculated DIC values from the

latter cruises were consistently too high. After the alkalinity values were corrected, the

calculated DIC values were consistent with the measured values.

Samples for pH and alkalinity were collected at the Kahe station on the October 1989

cruise (HOT-I I) following the methods described above. In addition, samples were collected

on this cruise at Kahe and ALOHA for calcium determinations. Calcium samples were drawn

from the Niskins into well-rinsed, acid-cleaned 125 ml polyethylene bottles and stored at 4°C

until the waters could be analyzed in the shore based laboratory. The titrations were

accomplished with a Brinkman titroprocessorand 665 Dosimatusing an Orion calcium-selective

electrode. The water samples were titrated with an EGTA solution using a modification of the

methods developed by Kanamori and Ikegami (1980). Triplicate aliquots were prepared

gravimetrically and titrated for each sample. The coefficient of variation for this method was

determined to be less than 0.1 %.

The dissolved inorganic carbon (DIC) values presented in this work were collected as

part of the standard Hawaii Ocean Time-series sampling program. The 250 ml Pyrex sample

bottles were filled directly from the 12 I Niskins immediately after the oxygen samples were

collected. The DIC samples were preserved with 100~I of saturated mercuric chloridesolution,

stoppered and taped shut until analysis. The DIC samples were returned to the laboratory and

analyzed using a modification of the coulometric procedures described by Johnson et aI. (1985).

The model 5011 coulometer (VIC Inc.) used for this technique was standardized with bothdried

anhydrous Nil:!C03 and a solution of Nil:!C03 in distilled water. The precision of this

measurement was approximately ±2-3 limol r'. The measured DIe values used in this
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manuscript were compiled from both published and unpublished sources (Chiswell et aI., 1990;

C. Winn and D. Karl, personal comm.).

The results of additional chemical measurements made at Station ALOHA and Kahe

reported in this work were compiled from the Hawaii Ocean Time-series data reports for year

one and year two (Chiswell et aI., 1990; Karl et al, 1990; Winn et aI. 1991). The methods for

determining these values are described therein.

CALCULAnONS

Particle Flux

The mass fluxes of the sediment traps were calculated from the difference between the

original weight of the filter and the weight after filtrationof the entire contents of a single trap.

Mass flux was calculated as:

where:

M = mass flux (mg m-2 d-1)

Sa = filter weight after filtration (mg)
Sb = filter weight before filtration (mg)
A = cross-sectional trap area (0.00385 m2)

T = deployment period (day)

(2.3)

The inorganic mass tlux was determined after the filter and organic material were removed by

etching using the same equation, where:

M = inorganic mass flux (mg m-2 d-1)

Sa = weigh boat mass with remaining trap material (mg)
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Sb = weigh boat mass before addition of sample (mg)
A and T are as defined above.

The flux of CaC03 was determined by measuring the calcium and magnesium leached from the

trap material and using these weights to calculate the weight of calcium carbonate in the sample

using the following equation:

M = (CCa . Va / MWCa) . MWcal / (A . T)
+ (CMg . Va / MWMg) . MWmag / (A . T)

where:

M = CaC03 flux (mg m-2 d-I)

CCa = concentration of Ca in acetic acid (mg r I
)

CMg = concentration of Mg in acetic acid (mg r I )

Va = volume of acid analyzed (I)
MWCa = molecular weightof calcium (40.08 mg mrnole'")
MWMg = molecular weight of magnesium (24.31 mg mmole')
MWcal = molecular weight of CaC03 (100.08 mg mmole')
MWmag = molecular weight of MgC03 (84.31 mg mmole")
A = cross-sectional trap area (0.00385 m2)

T = deployment period (day)

Water Chemistry

(2.4)

The apparent oxygen utilization (AOU)values presented in this work were calculated as

the difference between the measured oxygen concentration and the oxygen concentration at

saturation. The saturated oxygen concentration was determined as a function of salinity and

potential temperature using the relationship described by Weiss (1970).

The interrelationships of the marine inorganic carbon species are such that the

concentration of all the species can be calculated if the values of any two carbon parameters are

known. The samples collected for this project were analyzed for pH and titration alkalinity;
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however, selected samples from Station ALOHA were also analyzed for dissolved inorganic

carbon by the GOFS program. The analysis of three carbon parameters on these samples

provides the opportunity to evaluate the accuracy of all the measurements by comparing the

measured values to values calculated from the other two parameters. For example, the pH of

a Station ALOHA water sample can be calculated from the TA and DIC values. If the calculated

pH agrees with the measured pH of that sample, then all three of the measured values are

consistent with each other. Such a consistency suggests that either all of the measured values

are correct or that the errors of two measurements have completely cancelled each other. By

comparing several values over a range of pH, TA, and DIC values, the possibility of cancelling

errors is greatly reduced. The calculations were made with a computer program written by Dr.

J. W. Morse following the procedures outlined in Morse and Mackenzie (1990), and using the

carbonate and borate dissociation constants of Millero (1979) and the CO2 solubility of Weiss

(1974).

The constants used to calculate the carbon species from pH and alkalinity were

determined for samples at 25° C and I atrn pressure. The pH values measured at sea, however,

were rarely taken at exactly 25° C. Therefore, the pH values were corrected from the

temperature at which they were measured to the pH at 25° C using the equation given by Millero

(1979). In addition, the most recent and accurate dissociation constants for the carbonate system

are determined on the "total" hydrogen ion concentration scale (Hansson scale). The pH values

recorded at sea, therefore, were converted from the NBS scale at 25° C to the Hansson scale

(sws) using the following equation (UNESCO, 1983):

pH(swS) = pH(NBS) + 10g(fH(sws»)
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Here fH(sws) is the apparent total hydrogen ion activity coefficient. The value for fH(sws) was

determined at 25° C as a function of salinity (S) witha linear interpolation of data from Merbach

et al. (1973) for salinities between 31 and 36 psu:

fH(sws) = 0.6135 + 2.2392 x 10-3 . S (2.6)

The number of corrections that must be applied to the pH value before it can be used to

calculate the carbon speciesdistribution gives pH the greatest potential for error among the three

measured parameters. The accuracy of the NBS-to-Hansson pH scale conversion was evaluated

by plotting the measured pH values (corrected to the Hansson scale) collected from the surface

to 4000 m at Station ALOHA in January 1989, against the Hansson pH values calculated from

TA and DIC determined at the same depths (Figure 2.5). When evaluating the measured values,

it is important to bear in mind that pH has the lowest estimated accuracy and precision of the

three measured parameters. The coefficient of variation for pH values determined for this

project was 0.25%, compared to coefficients of variation of 0.1 % for both TA and DIC.

The high coefficient of determination for a model one linear regression of the data

(0.994) shows that there is a consistent relationship between the measured and calculated values.

The slope of 1.01 for the regression line suggests that there is nearly a 1:1 relationship between

the measured and calculated values; however, the measured pH values are slightly lower than

the calculated ones. The average offsetfor all of the data is 0.017 (±0.017) pH units. Although

this difference is small, less than the reported accuracy of the buffers (0.02 pH units), it can

make a difference of nearly 20 1!atm in the calculation of pC02.

Mixed layer pCOz values calculated from DIC and TA at StationALOHA varied around

the atmospheric value of approximately 350 1!atm, but the pCOz values calculated from measured
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pH and TA were closer to 400 JLatm in the mixed layer. Mixed layer pC02 values reported in

the literature for the North Pacific suggest that the surface waters of the North Pacific are very

close to equilibrium with respect to the atmosphere (e.g., Keeling, 1968; Weiss et al., 1982;

Tans et aI., 1990). To make the three measured values at StationALOHA consistent with each

other, the log(fH(sws) values used in equation 2.5 for this project were increased by 0.017 units.

The measured pH values were increased, because the mixed layer pC02 values calculated from

DIC and TA are more consistent with the values in the literature, and the offset between the

measured and calculated pH values appears to be constant over a wide range of values.

Because DIC values were only available for a limitednumberof samples, the distribution

of the carbon species at all stations was calculated from corrected pH and alkalinity values. The

measured titration alkalinityand pH at 25°C and 1 atm were used to calculate the DIC of the

waters, because the values of DIC and alkalinity are not affected by changes in temperature 'or

pressure. The alkalinity and DIC values were then used to calculate the in situ concentrations

of co,>, HC03-, H2C03, pC02, pH, and the saturation state of the water with respect to

aragonite and calcite. The equations used for these calculations, as well as the dissociation

constants employed, were taken from Morse and Mackenzie (1990).
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CHAPfERm

PARTICLE FLUX RESULTS

This chapter presents the results of four sediment trap deployments made near three

carbonate banks in the Hawaiian Archipelago, and one year of sediment trap data from the

Hawaii Ocean Time-series station, ALOHA. The traps at each station were analyzed to

determine the t1uxes of total mass, organic mass, inorganic mass, carbon, nitrogen, and ATP.

The inorganic particles collected were further analyzed to determine their size distribution and

mineralogy.

A bottom-moored sediment trap array was deployed for 7-10 days on the northern slopes

of Penguin Bank in November 1987, Necker Reef in May 1988 and Maro Bank in June 1988.

Although the intention of the trap deployment was to measure the lateral flux of carbonate

particles off of the banks, the flow patterns of water across the banks were not known prior to

the trap deployment. The traps were placed on the north side of all banks, but depending on the

current directions at the time of deployment, the measured t1uxes may represent a minimum

estimate of the bank-derived particle flux to the open ocean for that time period. A second

sediment trap experiment was conducted on Penguin Bank in December 1988 at the same

location as the first deployment (Figure 2.2).

Each of the three banks sampled represents an unique environment of the Hawaiian

Archipelago system. Penguin Bank is a submerged carbonate platform extending from the

southwestern end of Molokai, Hawaii with an average depth of approximately 60 m. The bank 

occupies an area of approximately 550 km2 at depths less than 100 m. The depth and
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morphology of Penguin Bank classifies it as a mid-depth bank (Agegian et aI., 1988). Mid-depth

banks (50-100 m) comprise an area six times that of shoal-water reefs (0-50 m) in the Hawaiian

Archipelago. Their location in the deep euphotic zone and their open morphology provide an

unique setting for carbonate production that is distinct from other ecosystems (Agegian et aI.,

1988).

In contrast, Necker Reef is representative of the shoal-waterreef systemsof the Hawaiian

Archipelago. Shoal-water reefs are located in the shalloweuphotic zone and may exhibithigher

production rates than mid-depth banks. Hermatypic coraIs, not commonly found on mid-depth

banks, are the dominant aragonitic organisms in shoaI-water environments. Necker Reef is

representative of shoal-water reef environments in the archipelago that are associated witha smaIl

predominantly carbonate island. Necker Island is located at 23° 34' N, 164° 42' Wand is less

than 0.5 km2 in area. Approximately 1500 km2 of Necker Reef are shallower than 100 m. The

presence of an island on the bank may complicate the flowof water across the bank affecting the

particle distributionand transport.

Maro Reef represents the third carbonate bank environment studied. Mara is a large

(> 2000 km2 shallower than 100 m), shoal-water carbonate bank with a well developed reef

structure, but is not associated with any type of island. The shallow reef structure occupies

approximately 20% of the area near the center of the bank. Mara Reef is the northwestern-most

study site for this project and is located at 25° 25' N, 170° 40' W. Each of the three banks

studied represents a potentially different environment for carbonate production and transport in

the Hawaiian Archipelago. They not only includea variety of different bank morphologies, but

cover nearly 4° of latitudeand 14° of longitude along the archipelago (Figure 2.1). These banks

should provide a tentative estimate of interbank variability in particle flux along the archipelago

and of the quantity of bank-derived particles that may be transported to the open ocean.
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Particle flux measurements were also made at an open ocean station (ALOHA), located

approximately 100 km north of Oahu, Hawaii, using the Hawaii Ocean Time-series floating

sediment trap array. Particle fluxes collected at this station should represent the open ocean

oligotrophicflux for this part of the North Pacific. Six 72-hour trap deployments were made at

this station approximately every other month for a year to evaluate the mass and mineralogy of

carbonate particles exported from the euphotic zone of the oligotrophic North Pacific. Samples

were collected for an entire year to establish the temporal variability of the open ocean flux.

The particle fluxes at each of the bank sites will be compared with the open ocean fluxes

to evaluate the potential export of particles from the banks to the open ocean. An understanding

of the potential flux of particles off of the carbonate banks of the Hawaiian Archipelago and the

expected variability of the open ocean flux will aid in evaluation of the influence of these

carbonate particles on the carbon chemistryof Hawaiian Archipelago waters.

OPEN OCEAN RESULTS

Sediment trap fluxes were measured at Station ALOHA over a one year time period,

from March 1989 (HOT-5) to March 1990 (HOT-15). Sediment traps for this project were

deployed on the Hawaii Ocean Time-series sediment trap array at depths of 200 and 400 m.

Trap samples were analyzed for total, inorganic, and organic mass fluxes. The mineralogy of

the inorganicflux was also determined. Pteropods which contained observablesoft tissue in the

tests were removed from the samples before analysis, because they may have been alive when

they entered the trap and therefore should not be included as part of the sinking particle flux.

The total mass fluxes in the 200 m traps were generally larger than those in the 400 m

traps, averaging 204 mg m2 d-1 and 141 mg m2 d-1, respectively (Table 2). A decrease in total
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Table 2. Hawaii Ocean Time-Series sediment trap data

CRUISE

HOT-5

HOT-5

HOT-7

HOT-7

HOT-9

HOT-9

HOT-II

HOT-II

HOT-IS

HOT-IS

DEPTH TOTAL MASS STANDARD CaC03 FLUX
FLUX DEVIATION

(m) (mg m2 dol) (mg m2 dol) (mg m2 dol)

200 226.28 88.75

400 140.51 34.31 25.49

200 209.20 57.14 40.34

400 157.98 55.60 39.00

200 192.32 28.22 40.66

400 94.40 29.28 18.76

200 97.28 20.39 39.39

400 104.97 19.60 24.38

200 293.36 49.63 40.79

400 205.65 50.51 54.53

mass flux with depth was also observed in the GOFS traps located at 150, 300, and 500 m.

Mass flux was not determined in the GOFS traps prior to HOT-8 (July 1989), but the average

fluxes from HOT-8 to HOT-15 were 80.13,58.19, and 52.45 mg m2 dol for the 150, 300, and

500 m traps, respectively. The mass fluxes of the 200 and 400 m traps of this study were

considerably higher than the fluxes determined for the GOFS traps. This discrepancy can be

explained, in part, by the presence of swimmers, other than pteropods, that may have been

caught in the unscreened 200 and 400 m traps. Some of the discrepancy may also be due to the

elimination of particles in the GOFS traps because of the screens. Foraminifera tests were

observed on many of the GOFS trap screens and were not included in the mass flux calculations.

The actual mass flux, therefore, probably has a value somewhere between the GOFS estimates

and the values determined for this project. The highest mass fluxes at 200 m were in the HOT-5
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(March 1989) and HOT-15 (March 1990) traps. Although there is some temporal variability in

the mass fluxes, the study period was too short to determine if there is a seasonal trend.

Individual particle analyses of the 200 and 400 m traps using the SEM-EDAX system

were performed for the March 1989 (HOT-5) and the August 1989 (HOT-9) cruises. On the

HOT-5 cruise, carbonate particles comprised 37% of the inorganic flux at 200 m and 15% of the

flux at 400 m. The remaining inorganic flux was dominated by biogenicsilica, iron-bearing and

aluminosilicate minerals. On HOT-9, the carbonate flux was 31% of the inorganic flux at 200

m, and 21.5% of the flux at 400 m. In all cases, carbonate particles were not the dominant

mineral collected in the traps. The flux of calcium carbonate was determined for all samples

with a standard calcium leach method (Betzer et al., 1977). Results of this method indicate that

the carbonate flux ranged from 14 to 40% of the total mass flux at Station ALOHA (Table 2).

These results are reasonably consistent with the individual particle analysis. In every cruise

except HOT-15, the carbonate flux calculated from the leach analysis at 200 m was higher than

the flux at 400 m.

The mineralogy of the carbonate fraction of the inorganic flux was determined by XRD

analysis. There are three carbonate polymorphs commonly found in this area of the Pacific:

aragonite, calcite, and magnesian calcite. Magnesian calcite is defined here as a calcite mineral

that contains greater than 7 mole% MgC03 as determined by XRD analysis. Aragonite

comprised 25 to 80% of the carbonate flux at 200 and 400 m (Table 3, Figure 3.1). Calcite

comprised 20 to 60% of the carbonate flux. There were magnesian calcite particles present at

both depths on every deployment. They comprised as much as 15% of the carbonate flux at

either depth. The highest percentage of magnesian calcite particles was observed on the March

1989 and 1990 cruises, which also had the highest total mass fluxes of the year. The mole%

MgC03 in the magnesian calcite particles found ranged from 10to 16 mole%. The compositions
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Table 3. Time-series trap mineralogy

CRUISE DEPTH PERCENT PERCENT PERCENT MOLE %
ARAGONITE CALCITE MAGNESIAN MgC03

(m) CALCITE mean (SO)

HOT-5 200

HOT-5 400 63.9 25.4 10.7 13 (3)

HOT-7 200 31.6 58.2 10.2 12 (2)

HOT-7 400 78.4 18.3 3.3 13 (3)

HOT-9 200 54.9 36.1 9.0 12 (3)

HOT-9 400 34.5 56.2 9.24 16 (3)

HOT-II 200 74.0 24.5 1.5 II (I)

HOT-II 400 74.3 21.7 4.0 10 (2)

HOT-15 200 26.0 57.2 16.7 14 (4)

HOT-15 400 55.9 29.2 14.9 13 (5)

of magnesian calcite minerals precipitated by marine organisms range from pure calcite to

approximately 30 mole% MgC03 (Chave, 1962; Agegian and Mackenzie, 1989). Not only do

different organisms precipitate different magnesian calcite compositions, but a range of

compositions may be precipitated by a single magnesian calcite-producing organism depending

on a number of environmental factors such as temperature, saturation state of seawater, and

skeletal growth rate (Agegian, 1985). In addition, the mole percentages of magnesian calcite as

determined by XRD analysis may represent a range of magnesian calcite compositions depending

on the abundance and distribution of the magnesian calcite compositions in the sample. The

mole percentages of magnesian calcite particles observed at Station ALOHA, however, clearly

indicate that these particles were precipitated by a magnesian calcite-producing organism. It has

been difficult to determine the source of these magnesian calcite particles. However, there are

no known open-ocean pelagic organisms that secrete magnesian calcite tests in the Pacific. The
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only known local sources for these particles are the benthic organisms found on the shoal-water

and mid-depth banks of the Hawaiian Archipelago.

There are several possible explanations for the presence of magnesian calcite particles

at Station ALOHA. The first, and most likely, possibilityis that these particles were transported

to the stationeither by surface ocean currents or as air-borne dust particles from the archipelago.

As mentioned in the introduction, bank-derived carbonate particles (including magnesian calcite

compositions) have been found by several investigators in the Atlantic and Caribbean hundreds

of kilometers from their nearest source. It is also possible that these particles were produced at

or near the station by bank-derived larvae which were lost to the open ocean, but began

precipitating magnesian calcite before their demise. These larvae, however, still would have

been derived from the archipelago. A recent study in the Sargasso Sea demonstrated that

bryozoans attached to floating Sargassum are a source of magnesian calcite particles found.in

sediment traps in that area (Fabry and Deuser, 1991). There is very little pelagic Sargassum in

the central North Pacific; however, a similar source of magnesian calcite particles at Station

ALOHA could be from benthic organisms attached to flotsam or ship bottoms at the site. Given

the frequency and quantityof magnesian calciteparticles found in the traps together with the fact

that the HOT cruises employed several different ships with varying degrees of bottom growth

throughout the year, it is unlikely that this source could account for the magnesian calcite flux.

Finally, there is also the possibility that there is an open ocean pelagic organism that produces

a magnesian calcite test and has not yet been described. A more detailed study of the organisms

contributing to the carbonate flux in the central North Pacific must be made before the exact

origin of these particles can be determined. No matter where these particles come from,

however, the consistent presence of magnesian calcite particles every month in the Station

ALOHAsediment traps suggests that magnesian calcite particles may be an importantcomponent
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in the marine carbon-carbonate system. Magnesian calcite particle fluxes are not commonly

evaluated, either because these very soluble carbonate phases dissolve in the sediment traps or

because they are not represented by an easily identifiable organism like the foraminifera or the

pteropod.

Examination of the sediment trap particles with a scanning electron microscope revealed

the presence of bivalves tentatively identified as Nuculidae in several of the traps (Figure 3.2).

Although not very abundant, averaging about 20 individuals m-2 d-1, bivalves were observed on

almost every deployment. This family of bivalves is commonly found on banks in the

archipelago, and, like all 31,000 described species of bivalves, is benthic (Lalli and Gilmer,

1989). The presence of these bivalves provides further support for the possible input of bank

derived material to StationALOHA. The numerous ridges observed on the bivalve shells (e.g.,

Figure 3.2) generally indicate that the shells were secreted from their mantleedges, and that the

bivalves had metamorphosed intotheir benthic form (Dr. A. Kay, personalcomm.). This finding

suggests that the bivalves were swept off of the banks after they had completed any pelagicstage

in their development.

The bivalve pictured in Figure 3.2b has undergone extensive dissolution, even though

it was recovered in waters that are oversaturated with respect to calcite and aragonite. This

finding may be explained if the sheIl were at one time buried in the carbonate sediments on the

archipelago, where pore waters may be undersaturated with respect to some carbonate phases.

It is possible that this particle was resuspended from the sediments after it began to dissolve and

was transported to StationALOHA. It is also possible, however, that the observed dissolution

could be the result of micro-niche dissolution arising from the decomposition of organic matter

in the shell. The same mechanisms mentioned previously for the transport of magnesian calcite

particles to StationALOHA may also apply to these bivalves. Regardless of the mechanism that
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Figure 3.2 SEM micrographs of bivalves observed in the 400 m Station ALOHA sediment
traps.
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transports theseorganisms to the station, theymusthave been originallyderived from theshallow

banks of the Hawaiian Archipelago.

Total carbon fluxes were determined in the GOFS traps. Averaged over the timeperiod

of this study, the fluxes were 38.9, 21.7, and 15.9 mg C m-2 d-l at 150, 300, and 500 m,

respectively. Variability of these fluxes with time, however, was as much as three-fold. The

atomic C:N ratio of the sinkingmatter at 150 m ranged from a low of 4 to a highof 12 with an

average C:N of about 8. This value is somewhat higher than the average ratio predicted for

organisms living in the ocean by Redfield et al. (1963). It should be noted, however, that the

total carbon fluxes may also include carbon from carbonates. To evaluate how significant this

influence may be, the carbonate carbon can be subtracted from the total carbon and the ratio

redetermined. The average carbonate flux for the time period of this study was 35.9 mg m-2 d-l,

resulting in a flux of approximately 4.3 mg C m-2 dol. The atomic C:N ratio of the average

carbon (38.9 mg C m-2 dol) and nitrogen (5.61 mg N m-2 dol) flux at 150 m was 8.09. If the

carbon flux is corrected for carbonate, the C:N ratio is 7.20 which is closer to the expected value

of 6.6 (Redfield et al., 1963).

The duration of this experiment was not long enough to resolve any seasonal cyclicity

in the open ocean carbonate fluxes; however, it is evident that the flux of CaC03 in the central

Pacific Ocean varies between 20 and 50 mg m2 d-l and that magnesian calcites are present in

some percentage throughout the year. These flux values should be kept in mind for comparison

with the bank fluxes presented in the next section and carbonate dissolution calculations in the

discussion chapter.
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BANK RESULTS

Penguin Bank

Sediment trap fluxes were measured on Penguin Bank in October 1987. Samples were

collected at seven depths between 50 and 450 m. The sediment trap array was moored for 10

days on the north slope of the bank in 550 m of water, approximately 15 km from the 60 m

contour. Temperature, pressure, current strength, and current direction were measured

throughout the deployment with a current meter located on the trap line at 125 m depth. Trap

samples were analyzed for total mass, inorganic mass, organic mass, carbon, nitrogen, and ATP

fluxes. In addition, the mineralogy and particle size distribution of the inorganic flux were

determined.

Current meter results indicate that the currents at 125 m during the time of deployment

averaged 18.9 em s·l with a standard deviation of ± 9.8 em s'. Current speeds ranged from

2.1 to 56.9 em s·l, but currents of greater than 40 em s·l occurred less than 4% of the time

(Figure3.3a). The current speeds did not generally correlate with the tides, because they varied

on timescales that were much shorter than thatof the tidal cycle (Figures 3.3b,c). The strongest

currents, however, as well as the greatest daily fluctuations in current speed, occurred between

November 8-11 (days 310 to 313) which were also the days with the greatest tidal range. The

current direction progressively rotated clockwise throughout the deployment averaging two

complete revolutions each day. Although the current speed did not directly correlate with the

tides, the current direction was related. The correlation between current direction and the tidal

cycle on Penguin Bank was also observed by Wyrtki et al. (1969). A histogram of percent time

versus currentdirectionshows that the current spentnearly equal time tlowing in every direction
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(Figure 3.3d). The highest current speeds, however, were associated with easterly currents

resulting in a net current direction and speed, respectively, of 89° true and 3.5 em s-1. Thus,

the net water movement for the duration ofthe deployment was from the bank towards Molokai.

Total and inorganic fluxes were determined between 50 and 450 m at Penguin Bank.

Figure 3.4 shows the vertical profiles of total, organic, and inorganic mass fluxes in the Penguin

Bank traps. Organic fluxes were determined from the difference between the total and the

inorganic flux values. The profiles of total and organic flux may be influenced by the presence

of "swimmers" other thanpteropods and should be considered as maximum fluxes. The removal

of pteropod swimmers from the traps, however, should prevent any biasing of the inorganic flux

measurements. Therefore, the flux values givenshould be reasonable estimates of the inorganic

flux at that site. Values for the inorganic flux ranged from a minimum of 376 mg m-2 d-1at 150

m to a maximum of 937 mg m-2 d-1 at 450 m. The inorganic mass fluxes observed close- to

Penguin Bank were between one and two orders of magnitude higher than the carbonate fluxes

observed at StationALOHA or at other open ocean locations in the Pacific (e.g., Honjo et al.,

1982; Tsungai et al., 1982; Noriki and Tsunogai, 1986). Furthermore, the shape of the

inorganic flux profile, with a minimum value at 150 m and maximum fluxes at the surface and

450 m, is not typical of open ocean flux profiles. The high flux values, as well as the increase

in flux with depth, suggest that the fluxes of inorganic particles at this site are significantly

influenced by the presence of Penguin Bank. The most likely mechanisms for generating the

higher fluxes are lateral inputof material into the water column from the bank top sediments, a

resuspension of sediments at the station from the bank slopes, or enhanced in situ production in

the waters associated with the bank.

Initial particle classification was made using a SEM-EDAX individual particle analysis

system. The SEM-EDAX system is a useful tool for determining the general composition of the
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trap particles. Although the system can only detect the elements present in a particle and not the

mineralogy, certain mineral compositions can be inferred from the ratio of elements present in

a particle. The SEM-EDAX system, for example, can be used to identify the pure silicaparticles

of biogenic opals or thesmall quantities of aluminosil icate particlesof clay minerals thatare very

difficultto detect with an XRD. Byexamining the ratioof elements detected by the SEM-EDAX

system, particles can be grouped into categories representing certain mineral compositions. The

results from the Penguin Bank sediment traps indicated that 94% of the particles analyzed

contained calcium and 49% of theparticlescontained measurable quantities of magnesium. Less

than 1.5% of the trap particles analyzed were aluminosilicates and only 2%of the particles were

greater than 50% silica. Thus, the inorganic flux near Penguin Bank was almost exclusively

comprised of calcium carbonate particles. Several large carbonate shells were identified withthe

SEM. The dominant pelagic species were pteropods (i.e., Limacina bulimoides, Creseis~,

and QiQ sp.) and foraminifera (i.e., Orbulina universa, Globigerinoides ~, and

Globigerinoides sacculifer). The shells of benthic gastropod larva (l.e., Muricacea) and benthic

bivalves(i.e., Nuculidae and Tellinidae) were also identified at all depths (Figure3.5a,b). Many

small particles were determined to be magnesian calcites with the EDAX system, but they were

too fragmented to identify the species of the organism from which they were derived (Figure

3.5c,d).

The size distribution of the inorganic particles was determined by wet sieving. One trap

from each depth was sieved through a series of six sieves ranging from 500 to 45 JLm (Figure

3.6a). Most (40 to 65%)of the inorganic particles in the traps at all depths were in the less than

45 JLm fraction. The only observable trend in the granulometric distribution as a function of

depth was a general increase in the percentage of particles in the <45 I-'m fraction with depth.

The size distribution of trap particles indicates that the particles were poorly sorted. The mean
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particle sizes ranged from 100 J.Lm at 50 m to 73 J.Lm at 450 m. Three additional traps analyzed

for inorganicflux at each depth were separated intotwosize fractions with a 41 J.Lm sieve (Figure

3.6b). These traps also confirmed that the <41 J.Lm fraction comprised a large portion (35 to

50%) of the inorganic flux.

Because a majorportionof the particle flux is comprised of particles smaller than 41 J.Lm,

a significantportion of the bank-derived material may be transported away from the bank into

the open ocean and dissolve before reaching the bottom. For example, the Stokes settling

velocity for a 41 J.Lm carbonate particle in seawater is approximately 6 m h-1 (Garrels and

Mackenzie, 1971); thus the particles collected in the 50 m trap could have taken 3.5 days to

reach the ocean bottom at the site. However, given the average current speed during the time

of the deployment of approximately 19 em s", these particles could have been transported 57

km away from the bank before reaching that depth. If these fluxes do represent a loss of

material from either the top of the bank or the flanks of the bank, these bank-derived particles

may significantly influence the chemistry of the waters surrounding the bank.

The mineralogy of the inorganic flux was determined at each depth for the >41 J.Lm and

the <41 J.Lm size fractions (Figure 3.7). The inorganic flux at all depths was dominated by

carbonate minerals based on XRD analysis. Amorphous silicaand aluminosiJicate particles were

present in undetectable concentrations « 10%). Three carbonate polymorphs were present in

the traps: aragonite, calcite, and magnesian calcite(> 7 mole% MgC03) . The mineralogy of the

trap material was very similarto the carbonate mineralogy of the sediments on the bank (Agegian

and Mackenzie, 1989). Magnesian calcite particles are produced exclusively by the benthic

communities on the bank and are the dominant mineral in the Penguin Bank sediments. The

mineralogical compositions of the dominant organisms on the bank are magnesian calcite,

aragonite, or a mixtureof the two phases (Table 4). The presence of aragonite in coralline algae
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Table 4. Mineralogy and magnesium content of dominant organisms on Penguin Bank
(adapted from Agegian and Mackenzie, 1989)

ORGANISM

Coralline Algae
Lithothamnium
Mesophyllum

Foraminifera

Brissid Urchins

Bryozoan #1

Bryozoan #2

Bryozoan #3

Halimeda

PeysoneIlia

PERCENT PERCENT MOLE %
MAGNESIAN ARAGONITE MgC03
CALCITE

95.5 4.5 16.3
67.7 32.3 14.7

100.0 14.3

88.2 11.8 12.3

83.2 16.8 6.9

100.0 9.9

100.0 10.3

100.0

3.5 96.5

and magnesian calcite in Peysonellia is a result of either detrital contamination or secondary

precipitation of cements (Agegian and Mackenzie, 1989). The composition of the magnesian

calcites produced on Penguin Bank ranges from about 7 to 16.3 mole% MgC03. Magnesian

calcite particles comprise approximately 30% of the carbonate flux in bothsize fractions near the

bank. The concentration of magnesian calcite in the trap material is slightly lower than that of

the bank sediments, owing to dilution of bank-derived material by pelagic aragonite and calcite.

The high percentage of magnesian calcite in the traps demonstrates that bank-derived material

is a significant contributor to the inorganic flux near Penguin Bank. Although the magnesian

calcite particles found in the sediment traps may represent a continuous range of compositions,

the X-ray diffractogram patterns generally exhibited between two and four distinct peaks in the

magnesian calcite range for peak 104. These patterns indicated that there were several distinct

magnesian calcite compositions present in the traps. The average mole percentages of MgC03
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for the distinct magnesian calcite peaks identified in each of the traps are listed in Table 5.

Traps with only two compositions listed had two distinctmagnesian calcite peaks, and those with

four compositions listed had four distinct peaks. The mole% MgC03 of the magnesian calcite

particles collected in the sediment traps is very similar to the mole% MgC03 of the magnesian

calcite of the sediments and that produced by the dominant benthicorganisms on the bank (fable

4). The similarity between the compositions of the magnesian calcite minerals in the sediment

traps and the compositions of the dominant organisms on the bank suggests that the sediment trap

particles are skeletal debris derived from these organisms.

The dominant carbonate mineral in all the sediment trap samples was aragonite. The

highest percentage of aragonite was at 50 m in the >41 J,Lm fraction (Figure 3.7a). This

aragonite could potentially be derived either from pelagic or benthic sources. The flux of all

three carbonate mineral components in the > 41 J,Lm and the <41 J,Lm size fractions as a function

of depth are very similar except for the >41 J,Lm aragonite particles (Figure 3.8). Using the

profiles of the magnesian calcite flux as an indicator, the flux of bank-derived material is

relatively constant between the surface and 150 m. Between 150 and 450 m, the flux of bank

derived material increases as a function of depth. The shape of the flux profile suggests that the

mechanism for introducing benthic material into the water column is most likely resuspension of

particles from the bank slopes. If material were transporteddirectly from the bank top at 60 m,

the highest fluxes should have been at shallower depths.

Unlikethe other components, the >41 J,Lm aragonite flux at 50 and 100 m is significantly

higher than at 150 m (Figure 3.8). The fact that none of the other components show this trend

suggests that the aragonite in the shallow water column is derived from another source. The

mostlikely source for this aragonite is frompelagic pteropods, althoughbenthicgastropod larvae

introduced intothe waters from the bank top may also contribute to the flux. Abundant pteropod
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Table S. Magnesium content of the high magnesian calcite particles collected in sediment
traps near Penguin Bank

DEPTH PARTICLE SIZE (jLm) MOLE % MgC03
(m)

50 < 41 11.0, 13.8, 16.5

50 > 41 11.2, 13.5, 20.6

100 < 41 11.1, 13.6, 16.0, 22.0

100 > 41 12.6, 15.9, 23.9

150 < 41 10.7, 13.0, 16.9, 23.4

150 > 41 8.0, 11.8, 13.7, 16.4

200 < 41 8.4, 12.7, 16.8

200 > 41 8.7, 10.8, 13.9, 17.9

250 < 41 10.8, 14.1

250 > 41 10.6, 12.8

350 < 41 II.7, 15.8, 22.9

350 > 41 11.2, 13.8, 19.3

450 < 41 7.6, 12.1, 15.4, 26.2

450 > 41 10.5, 12.6, 15.9

and protoconch shells were observed in the shallow traps with SEM.

To prevent contamination of the samples from the introduction of zooplankton swimmers

that are not sinking through the water column, the carbon, nitrogen, and ATP samples were

analyzed from traps fitted with 335 JLm Nitex screens at the base of the baffles. This is a

common technique used to prevent swimmers from entering the traps (Karl and Knauer, 1984a,b;

Karl et aI., 1988; Karl and Knauer, 1989). To evaluate the effect of screening on the size

distribution and mass of particles collected, four traps at each depth were fitted with 335 JLm

screens, and two traps at each depth were fitted with 202 JLm screens. These traps were

processed in the same manner as the open traps. A comparison of the inorganic flux between
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the open and screened traps can be used to evaluate the effect of screens on the determination

of particle flux. There is a dramatic reduction in the inorganic fluxes between the open and

screened traps (Figure 3.9a). The inorganic fluxes from 335 J-tm traps were only 30 to 50% of

the open trap fluxes. The grain size distribution of the open trap inorganic particles, however,

indicated that less than 20% of the mass was greater than 335 J-tm (Figure 3.6).

The discrepancy between the screened and open traps is further complicated by the fact

that the inorganic flux of the < 41 J-tm size fraction in the screened traps is significantly less than

the <41 J-tm fraction of the open traps (Figure 3.9b). Thus, the screens not only exclude

swimmers and those particles larger than 335 J-tm, but also some of the material in the smaller

size fractions as well. The most probable explanation of this observation is the abundant

presence of marine snow in the Penguin Bank samples. Marine snow can be a significant

contributorto the material flux in some areas (Asper, 1987; Aldredge, 1979; Aldredge and Cox,

1982). These particles settle as large aggregates that may be trapped by the screen material in

the traps preventing particles that subsequently fall onto the screen from entering the trap. Many

of the screens from the Penguin Bank traps were coated with this marine snow after they were

recovered.

There is no perfect remedy for the sediment trap "swimmer" problem. Although

screening prevents swimmers from entering the sediment traps, it may also prevent particles that

are part of the sinking flux from entering the traps as well. It was decided for this project that

the potential errors from the introduction of swimmers into the organic carbon, nitrogen, and

ATPtraps far outweighed the potential errors from screening, so these traps were fitted with 335

J-tm screens. The fluxes determined from these traps, therefore, represent minimum values.

The organic carbon and nitrogen fluxes measured near Penguin Bank may also be used

to evaluate the contribution of bank-derived material to the near-field particle flux. The organic
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carbon and nitrogen fluxes from Penguin Bank (Figure 3.10a) are similar in magnitude to those

reported for the Pacific Ocean from the vertical transport and exchange (VERTEX) experiment;

however, the PenguinBank C:N ratiosare much higher than the observed open ocean C:N ratios

of sinking material (Karl and Knauer, 1984b). The C:N ratio of the trap material increases from

a near normal oceanic value of 7.9 at 50 m to a maximum of 28.6 at 450 m (Figure 3. lOb). The

Penguin Bank C:N ratios are significantly higher than ratios observed at any depth in the open

ocean, including mesopelagic (8:1 to 9: 1) or bathypelagic (10:1) sediment trap samples and

sediments (Honjo et aI., 1982; Honjo, 1980). Many benthic marine macroalgae, however, have

significantly higher C:N ratios than those of pelagic phytoplankton (Atkinson and Smith, 1983).

Atkinson and Smith reported a mean C:N ratio of 20:1 for five phyla of benthic plants, with

values ranging from 6: 1 to 60:1. They also pointed out that higher C:N ratios were observed

in species collected from relatively low nutrient regimes such as Hawaii. The high C:N ratios

observed at Penguin Bank, therefore, suggest an input of bank-derived organic material to the

water column. The highest C:N ratios occur in the 450 m traps further suggesting that

sedimentary material was resuspended from the bank slope. If there were a significant input of

bank-derived material intothe water column, one might expect the magnitude of the carbon and

nitrogen fluxes to be higher than open ocean fluxes. It is likely, however, that the carbon and

nitrogen fluxes near the banks may be underestimated owing to the exclusionof particles by the

screens as described previously. This potential problem, however, should not influence the C:N

ratio of the organic matter that does enter the trap.

Figure 3. lOb also shows the flux of ATP at the station, which can be used as an indirect

measure of the livingbiomass of microorganisms associated with the sinkingparticlesat the time

of collection (Karl and Knauer, 1984b). This ATP profile is typical of those observed in the

Pacific, with a dramatic decrease in biomass below the euphotic zone. It is interesting to note
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Figure 3.10 Flux profiles for nitrogen and carbon (A) and ATP and C:N ratio (B) as a function
of depth at Penguin Bank. Error bars for carbon and nitrogen flux values are one
standard deviation based on replicate analyses.
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that the C:N ratio is lowest at the surface where most of the living biomass is located. Deeper

in the water column, however, as the C:N ratio increases dramatically, the biomass decreases.

Karl et al. (1988) reasoned that the degradation of organic matter as it sinks in the open ocean

is not' controlled by microorganisms attached to the particles, because there is a significant

decrease in ATP fluxes at the base of the euphotic zone where microbial activity should be the

highest. Instead they proposed that the net loss of organic matter as particles sink is due to

abiotic particle fragmentation and solubilization, which should not increase the C:N ratio of the

sinking particles. Using a similar reasoning, the observed decrease in microbial biomass with

depth at Penguin Bank does not support a hypothesis that the high C:N ratios of the sediment

trap particles are the result of particle degradation, with preferential utilization of nitrogen,

resultingfrom microbial growth on the particles. The depth range with the greatest decrease in

biomass (50-150 m) is the range with the least change in the C:N ratio. Conversely, the depth

range with the greatest change in the C:N ratio (250-450 m) is the range with the least change

in biomass. The lack of correlation between the ATP flux and the C:N ratios provides further

support that the high C:N ratios are most likely the result of refractory bank material, and not

the result of in situ processes.

The results of the first sediment trap deployment near Penguin Bank demonstrated that

the near-field flux of carbonate particles was nearly two orders of magnitude larger than open

ocean fluxes. The mineralogy of this tlux was also very different from that of the open ocean,

with magnesian calcite comprising as much as 35% of the carbonate flux. The additional

material in the water column was primarilyderived from resuspension of particles from the bank

slopes. The processes that result in the resuspension or horizontal advection of material from

the bank are likely to be temporally variable. Thus, it is unknown whether the fluxes observed

from a single trap deployment near Penguin Bank are representative of the average fluxes from
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the bank. To evaluate the potential variability of the Penguin Bank fluxes, a second cruise was

made to the bank in December 1988. The sediment array was deployed at the same site as the

1987deployment, on the northern slope of Penguin Bank. Twelve traps were deployed at seven

depths and analyzed for the same components as those of PB87.

The total mass flux of the open traps on PB88 was nearly constant with depth at a value

of approximately 850 mg m-2 dol (Figure 3.lla). The 50 m total flux was the largest of all the

PB88 traps at 980 mg m-2 d-l, more than 400 mg m-2 dol lower than the PB87 total flux at 50

m. Although the 50 m organic flux for PB88 was only two thirds the PB87 50 m flux, the

organic flux below the euphotic zone was nearly identical for the two cruises, averaging

approximately 200 mg m-2 dol. The inorganic fluxes for PB88had a similar range as PB87 (300

625 mg m-2 dol), but the shape of the flux profile was very different (Figure 3.l1b). A mid

depth maximum in the PB88 inorganic flux was observed between 150 and 250 m, in sharp

contrast to the minimum in flux observed at 150 m on PB87. The mid-depth inorganic flux

maximum and the very high flux values relative to the open ocean fluxes suggest that the Penguin

Bank near-field flux was still strongly influenced by the input of material from the bank.

However, the lack of a deep maximum in the inorganic flux (like PB87) suggests that the PB88

inorganic material may be derived from a shallower depth than that on PB87.

If there is a relatively steady input of material into the water column, the largest particle

fluxes should occur closest to the source of that material. In the open ocean, particulate material

is derived from the euphotic zone; therefore, the largest fluxes are observed in sediment traps

located just below the euphotic zone. The largest fluxes on the PB87 cruise were in the 450 m

traps, suggesting that the source of material was close to that depth. The most likely mechanism

for generating the deep source of material is a resuspension of slope sediments. The largest
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Figure 3.n Profiles of total, organic, and inorganic mass fluxes as a function of depth for the
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inorganic mass fluxes as a function of depth from the first and second Penguin Bank
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inorganic fluxes on PB88 were between 150 and 250 m, suggesting that there was a different

source of material to the water column than on PB87.

The PB88 source of material to the water column also had a different inorganic flux

composition than that of PB87. Individual particle analysiswith the SEM-EDAX system showed

that carbonate particles comprised only 70% of the inorganic flux at 50 m and 62% of the flux

at 450 m. Other minerals present in the 50 m trap included aluminosilicate minerals (27%), iron

rich particles (2%), and silica (l %). Aluminosilicate minerals also comprised 27% of the flux

at 450 m, but the iron-rich particles increased to 10.5% and silica decreased to 0.5% of the

inorganic flux. These aluminosilicate and iron-rich particles are most likely derived from a

terrigenous source where these minerals are in great supply. Analysis of the Penguin Bank

sedimentmineralogy by Agegian and Mackenzie (1989), as well as the sedimenttrap results from

PB87, suggests that clay and iron-bearing minerals are not common over mostof the bank. The

higher fluxes of iron-bearing and aluminosilicate minerals on PB88, therefore, suggest that the

trap material may have been derived from the eastern end of Penguin Bank, closer to the island

of Molokai. Current meter data was notavailable from the PB88deployment, but the net current

from PB87 was from the bank towards Molokai. This may explain why very few a1uminosilicate

minerals were found in the PB87 sediment traps.

Despite the differences in the composition and shape of the inorganic profiles, the size

distributionof the particles was very similar between PB87 and PB88. Between 30 and 45% of

the inorganic flux was comprised of particles less than 41 /Lm in diameter (Figure 3.12). As

suggested earlier, the small particle size of the bank-derived material may allow a large portion

of the particles to remain in suspension long enough to be transported well away from the bank

before they sink to significant depths.
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As observed in PB87, the dominant carbonate mineral at all depths in the sediment traps

was aragonite. Aragonite comprised 84% of the >41 JLm carbonate flux at 50 m (Figure 3.13a).

The high aragonite concentrations at these shallow depths may indicate a pelagic source as

observed in the > 41 JLm fraction of PB87. The concentrations of magnesian calcite, which can

be used as an indicator of the contribution of benthic material to the flux, increases with depth

between50 and 150 m. The inorganic mass flux increased over this same range, suggesting that

the maximum inorganic flux values between 150 and 250 m may be the result of a lateral

injection of bank-derived material. The aluminosilicate particlesobserved with the SEM-EDAX

system were identified as feldspar and clay minerals using XRD analysis. These minerals were

exclusivelyfound in the < 41 JLm size fraction when the samples were sieved, indicating that the

minerals were very fine grained. Feldspar comprised approximately 3% of the inorganic flux

below 50 m (Figure 3.13b). The highest concentrations of clay minerals, approximately 35%

of the <41 JLm inorganic flux, were observed between 100 and 250 m. The highest

concentrations of clay minerals in the <41 JLm size fraction correspond with the highest

inorganic mass fluxes, further supportingthe idea of a lateral injection of material into the water

column. The percentage of magnesian calcite and aragonite in the <41 JLm carbonate flux also

increases between 50 and 150 m to values very similar to the carbonate percentages observed

in the PB87 sediment traps (Figure 3.13c).

The PB88 50 m carbon and nitrogen fluxes were much lower than the PB87 values (24

and 4.5 mg m-2 d-1 for PB88 carbon and nitrogen, respectively, versus 40 and 6 mg m-2 d-1 for

PB87) (Figure 3.14a). This observation confirms the earlier finding that there was less organic

matter in the mixed layer on PB88 than there was on PB87. Below a slight maximum in the

carbon and nitrogen flux at 100 m, both fluxes decrease with depth. The fluxes of both carbon

and nitrogen at 350 m were 14 and 1.4 mg m-2 d-1, respectively. These fluxes are very similar
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to the fluxes of 17and 1.3 mg m-2 d-1 observed for carbon and nitrogen, respectively, on PB87,

suggesting that the magnitude of the organic flux in the deep waters was similar between the two

deployments. The atomic C:N ratio on PB88, however, was consistently lower than the PB87

ratios: There is a steady increase in the C:N ratio from 6.2 at 50 m to 11.5 at 450 m on PB88.

The C:N ratio at 450 m is significantly lower than the ratio at that depth on PB87 (28.6), but still

much higher than the ratio of 6.6 predicted by Redfield et al. (1963) or that observed for open

ocean C:N ratios at that depth (Karl and Knauer, 1984b). As suggested for the PB87 cruise, the

high C:N ratios observed on PB88 indicate that the organic mattercollected in the sediment traps

may contain benthic marinemacroalgae from the bank. The PB88 C:N ratios are lower than the

PB87 ratios, however, suggesting that there was either less bank-derived organic matter in the

water column relative to the pelagic material, or that the benthic material was derived from

another location on the bank that had a different assemblage of macroalgae. If high C:N, bank

derived material was a signiticant component of the organic matter flux, the shape of the C:N

profile might be expected to mimic the inorganic flux profile with maximum values between 150

and 250 m. Because the organic matter profile does not exhibit that shape, it can be concluded

that the lower C:N ratios on PB88 are the result of lower percentages of bank-derived organic

matter. The increase in C:N ratios with depth may be due to a decrease in pelagic organic

matter relative to the bank-derived material. This decrease could occur if the pelagic material

was a better substrate for microbial degradation.

The ATP flux at 50 m on PB88 was twice that on PB87 (Figure 3.14b). This suggests

that the PB88 organic material may have been a better substrate for microbial growth than the

PB87 organic matter. The PB88 ATP flux decreased rapidly with depth, but remained higher

than the PB87 fluxes at every depth. If the PB87 organic matter did contain a large portion of

slope-derived material, as suggested by the high C:N ratios and the high inorganic fluxes at 450
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m, the material should have been more refractory than organic matter that was freshly generated

in the euphotic zone. The higher microorganism abundances and the lower C:N ratios of the

PB88 organic material, therefore, support the conclusion that the PB88 organic matter contains

a greater percentage of recently produced pelagic organic matter than the material from PB87.

The inorganic mineralogy and profile shape suggest that there was a significant input of

bank-derived material to the water column between 150 and 250 m; however, this material

apparently contained relatively little bank-derived organic matter compared to PB87. The lower

organic matter content is further evidence that the source of bank-derived material to the water

column on the PB88 cruise was different than the source of material on PB87.

The resultsof the second sedimenttrap deployment near Penguin Bankdemonstrated that

the near-field flux of carbonate particles was over an order of magnitude larger than open ocean

fluxes. The mineralogy of this flux was also very different from that of the open ocean, with

magnesian calcite particles comprisingas much as 30% of the carbonate flux. The results also

indicated that the primary source of inorganic material to the water column was from lateral

injection from the bank. This bank-derived material, however, contributed less organic matter

than the source of material for the PB87 cruise. The maximum inputof inorganic material was

between 150 and 250 m. The mineralogy of the inorganic flux at these depths indicated that the

ratios of calcite, aragonite, and magnesian calcite minerals were very similar to the ratios

observed in the sediments. Significantquantitiesof clay and feldspar minerals were also found

in the < 41 JLm size fraction between 100 and 250 m. These minerals are thoughtto be derived

originally from the island of Molokai and provide further evidence of a lateral injection of

material. Although both cruises demonstrated that bank-derived particles were an important

source of material to the water column, they also demonstrated that the exact origin and flux

magnitude of the particles can vary.
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The temporal variability of the inorganic flux, coupled with an inability to evaluate

simultaneously the flux of material off other areas of the bank without numerous sediment trap

arrays, makes it very difficult to estimate the true export of material from the carbonate banks

into the open ocean. Despite thisvariability, however, carbonate fluxes were consistently orders

of magnitude higher than open ocean fluxes, with significant contributions of very labile benthic

carbonates at every depth. These measurements provide a valuable guideline for the potential

magnitude of the particle flux from carbonate banks and an understanding of the relative

contributionof benthic material to the particle flux. The constant resuspension of bank particles

into the water column increases the time that the sediments are exposed to the water, potentially

allowing dissolution of carbonate particles that otherwise would have been buried in the

sediments.

Necker Reef

Sediment trap fluxes were measured on Necker Reef in May 1988. Samples were

collected at seven depths from 50 to 450 m. The array was moored for 8 days in 550 m of

water on the north slope of the bank, at 23034.5' Nand 164042' W, approximately 5 krn from

the 60 m contour. Temperature, pressure, current velocity, and current direction were measured

throughoutthe deployment with a current meter located on the trap line at 125m. Current meter

results indicate that the currents during the time of deployment averaged 26.1 em s-1 with a

standard deviation of ± 8.1 em s-l. Current speeds ranged from 3.5 to 48.0 em s", but 70%

of the time the currents were between 15 and 35 em s-1 (Figure 3.15a). Current direction was

consistently towards the southwest (Figure 3.15b). The consistency of the currents at Necker

Reef at the time of sampling is in contrast to the tidally driven currents at Penguin Bank that

resulted in flow from every direction. The result of the very constant current direction was a
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net water movement for the time of the deployment of 24.61 ern s-l towards 2180 true. The

predominant particle transport, therefore, would most likelyhave been off the southwestern side

of the bank. Because the traps were deployed on the northernside of the bank, the flux intothe

traps may represent a minimum flux of bank-derived sediments.

The total open trap flux at 50 and 100 m on Necker Reef was extremely large (Figure

3.16). Most of this flux was the result of large numbers of copepods that swam into the

poisoned trap solution and were killed. The total and organic fluxes reported at those depths,

therefore, are not representative of the true sinkingflux. At depths greater than 100 m, the total

mass flux was well below the values observed on Penguin Bank and exhibited a typical open

ocean flux profile with decreasing values as a function of depth. The organic fluxes below 150

m were approximately 25% lowerthan thoseat Penguin Bank. The primary reason for the lower

total mass fluxes at Necker was much lower inorganic flux values. The Necker Reef inorganic

flux values ranged between 100and 200 mg m-2 dol. Although the inorganic fluxes on Necker

were much lower than those at Penguin Bank, they were still considerably higher than the open

ocean fluxes from this study as well as other studies in the Pacific (Honjo et al., 1982; Tsungai

et aI., 1982; Noriki and Tsunogai, 1986). The inorganic flux was relatively constantwithdepth.

The highest inorganic flux (200 mg m-2 d-l) was observed at 100 m, and the lowest flux (120

mg m-2 d-l) was observed at 200 m (Figure 3.17a). The profile of inorganic flux from the traps

fitted with 335 J£m screens was similar in shape to the open trap profile, but the flux values were

30 to 50% of the open trap inorganic flux. The lower fluxes at Necker as a result of screening

were very similar to the reduction in flux observed on Penguin Bank.

The inorganic particles from the open traps were wet sieved through a 41 J£rn sieve to

determine the size distribution of the sinking particles. The percentage of fine particles in the

traps generally increased with depth from a minimum of 6.6 % in the 50 m traps to a maximum
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of 35.8% in the 450 m trap (Figure 3.17b). The <41 J1.m particles comprised less than 17% of

the inorganic mass flux in all but the deepest trap, much lower than the 35 to 50% observed in

the Penguin Bank traps. The percentage of < 41 J1.m particles in the screened traps was higher

than that of the open traps in all but the 450 m traps, resulting in similar inorganic mass fluxes

in the < 41 J1.m fractions of the open and screened traps. The similar < 41 J1.m fluxes between

the screened and open traps are in contrast to results from Penguin Bank, which had much lower

percentages of < 41 J1.m particles in the screened traps. The similarity of the fine particlefluxes

between the open and screened traps suggests that the screens were not eliminating particles

other than swimmers and thoseparticles> 335 J1.m. UnlikePenguin Bank, marine snow was not

observed in the Necker traps, which may have allowed the screens to function as they were

intended. If the marine snowobserved in the Penguin Bank traps were derived from the bank,

it is possible that the current direction prevented the material from entering the Necker Reef

traps.

Analysis of the inorganic particles from Necker Reef using the SEM-EDAX system

showed that silica and aluminosilicate minerals comprised only 1.5% and 6% of the inorganic

flux, respectively. Most of the inorganic flux at Necker Reef was due to carbonate minerals.

The mineralogy of the < 41 J1.m and the > 41 J1.m inorganic size fractions was determined using

XRD analysis. The traps from 50 and 100 m contained very few magnesian calcite particles in

either size fraction (Figure3.18). Below 100 m, however, the percentage of magnesian calcite

particles increased to approximately 15% in both fractions. Aragonite accounted for

approximately 60% of the > 41 J1.m carbonate flux throughout the water column. The percent

aragonite generally increased with depth in the <41 J1.m fraction while calcite decreased.

High percentages of aragonite are typical of shoal-water sediments (e.g., Chave, 1962;

Gross et al. 1969). Therefore, it is not surprising that aragonite was a major component of the
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Figure 3.18 Profiles of the relative percentages of three carbonate polymorphs in the > 41 p.m 
(A) and <41 p.m (B) size fractions as a function of depth in the Necker Reef sediment
traps.
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flux near a shoal-water bank such as Necker. Despite the fact that currents were flowing from

the traps towards the bank, there were significant contributions of aragonite and magnesian

calcite particles to the inorganic flux. This finding demonstrates that bank-derived particles can

be present in the water column on all sides of a carbonate bank, not just down current from the

source.

The flux of organic carbon and nitrogen at Necker was very similar to the carbon and

nitrogen fluxes at Penguin Bank. Both the nitrogen and carbon profiles generally decreased with

depth, except for unusually high fluxes in the 200 m traps (Figure 3.19a). ATP fluxes at Necker

did not show the typical decrease in flux with increasing depth, but rather decreased to a

minimum at 200 m then increased again with depth (Figure 3.19b). The 50 m ATP fluxes were

very low, less than half of the 50 m flux at Penguin Bank. The 350 m ATP flux at Necker,

however, was higher than the deep tlux at Penguin Bank. The C:N ratio at Necker generally

increased with depth from a low of 5.9 at 50 m to a maximum of 14.5 at 450 m; however, there

was an unusually high C:N ratio at 200 m. This high C:N ratio corresponds with high fluxes

observed for both nitrogen and carbon in the 200 m traps. A distinct minimum at 200 m was

observed in the ATP and inorganic fluxes. The 200 m trap fluxes were anomalous in four

independent measurements relative to the fluxes at other depths, suggesting that this anomaly

was, in fact, real. Although difficult to explain, there must have been a lateral injection of

refractory organic carbon at this depth accompanied by very little inorganic carbon. As

suggested for Penguin Bank, the high C:N ratios in the deepest traps and at 200 m indicate that

benthic macroalgae are contributing to the organic flux. The increased fluxes of the macroalgae

in the deepest traps are consistent with the increase in magnesian calcites with depth. These

findings suggest that bank-derived material is being resuspended from the bank slopes, similar

to the finding of the PB87 cruise.
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Figure 3.19 Flux profiles for nitrogen and carbon (A) and ATP and C:N ratio (B) as a function
of depth from Necker Reef. Error bars for carbon and nitrogen flux values are one
standard deviation based on replicate analyses.
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Maro Reef

Sediment trap fluxes were measured on Maro Reef inJune 1988. The array was moored

in 550 m of water for 7.8 days on the north slope of the bank at 25° 25' N and 170° 35' W,

approximately 5 km from the 60 m contour. Temperature, pressure, current velocity, and

current direction were measured throughout the deployment with a current meter located on the

trap line at 125 m. Current meter results indicate that the currents at 125 m during the time of

deployment were the slowest of the four deployments, averaging 10.6 ern s-1 (± 6.0 em s-I).

Current speeds ranged from 1.5 to 31.7 em s' (Figure 3.20a). A histogramof current direction

reveals that the current flowed in every direction, but was dominated by a southeasterly flow

direction (Figure 3.20b). The net current direction and speed were 162° true and 2.2 cm s-l,

respectively. Thus, the net water movement for the duration of the deployment was from the

northwest towards the southeast. As with the Necker trap data, the flux measurements at Mara

may represent minimum fluxes, because the traps were deployed on the north side of the bank.

The currents did flow at timesfrom the bank, however, so some bank signal should be expected.

The total flux in the open traps at Maro Reef exhibited high values in the shallowestand

the deepest traps, with a minimum total flux at 200 m (Figure 3.21). The shapes of the flux

profiles from Mara Reef were very similar to the profiles from PB87, but the flux values were

about half of the Penguin Bank values. The organic flux profile exhibited typical high fluxes

near the surface, decreasing with depth. The organic flux values in the deep waters at Mara

Reef were very similar to Necker, but about 25% lower than those of Penguin Bank. These

lowervalues may reflectthe lower inputof bank-derived organic matter at Necker and Mara reef

owingto the directionof the currents. The inorganic fluxes were relatively constant between 50

and 250 m, with values between 100 and 150 mg m-2 d-1. The highest inorganic fluxes were
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observed in the two deepest traps. Thus, the shallow maximum in the total flux was the result

of higher organic fluxes, and the deep maximum in the total flux was the result of increased

inorganic fluxes. As suggested for the PB87 data, the increase in inorganic flux withdepth may

be due to a resuspension of material near the location of the trap array. The inorganic fluxes

in the traps screened with 335 ]Lm mesh were lower than the open trap flux values at most

depths, but the differences between the flux values were not as great as those observed for the

screened and open trap samples from Penguin Bank (Figure 3.22a).

Analysis of the inorganic particles from Maro Reef using the SEM-EDAX system

indicated that silica and aluminosilicate minerals comprised approximately 4 and 8% of the

inorganic flux, respectively. Iron-rich particles also comprised 1-2% of the flux. Most of the

inorganic flux at Maro Reef, however, was due to carbonate minerals. The inorganic samples

from both the screened and open traps were wet sieved through a 41 ]Lm sieve to determine the

size fractionation of the inorganic particles. The majority of particles from the screened traps

were in the >41 ]Lm size fraction at all depths except 450 m. Lower fluxes in the <41 ]Lm

screened samples indicate that the screens may have influenced the particle distribution in the

traps. The effect of the screens on the small size fraction has been observed on all deployments

where there was a significant input of material from the bank. On Necker Reef, where fluxes

were low and the inputof bank-derived material was low relative to other banks, the screens did

not affect the small particle flux. The effects of screening on the small particle flux appear to

be related to the presence of marine aggregates in the traps. These aggregates were most

prevalent when refractory material from the bank top or slopes was resuspended. Thus, the

greatest errors in the screened trap particle flux measurements were associated with the stations

that had the highest input of bank-derived material. This evidence lends further support for the

use of open sediment traps for the examination of inorganic fluxes near the banks.
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The relative percentages of the open trap inorganic particles in the > 41 1Lm size fraction

and the < 41 1Lm fraction from Maro Reef are shown in Figure 3.22b. There is an inverse

relationship between the < 41 1Lm particles and the total inorganic flux. The lowest percentage

of < 41 1Lm particles was observed in the 450 m trap (13%), which also had the highest

inorganic flux. The highest percentage of < 41 1Lm particles was in the 200 m traps (40%),

coincident with the depth of the lowest inorganic flux.

As observed at the other stations, aragonite is the dominant mineral in the > 411Lm size

fraction at most depths (Figure 3.23a). Aragonite is not the dominantmineral, however, in the

150 and 200 m traps. The flux of aragonite in the >41 1Lm size fraction decreases to a

minimum of 25 mg m-2 d-1 between the surface and 200 m, then increases to a maximum flux

of 160 mg m-2 d-1 at 450 m. The depth with the lowest aragonite flux corresponds to the depth

which had the lowestpercentage of >411Lm particles. A maximum in the flux of calcite at 150

m results in calcite percentages greater than those of aragonite at 150 and 200 m. Magnesian

calcite in the > 41 1Lm size fraction increases linearly with depth to a maximum of 30% at 450

m. A similar increase in percent magnesian calcite with depth is observed in the <411Lm size

fraction (Figure3.23b). The <411Lm aragonite percentages also increase as a function of depth,

whilethe percent calcitedecreases. The maximum magnesian calcite and aragonite fluxes at 450

m suggest that bank material has been resuspended from the bank slopes. Evidence for this

process is present in both the large and small size fractions.

The fluxes of carbon and nitrogen generally decrease with depth, except for a small

increase in carbon between 200 and 250 m (Figure 3.24a). The ATP profile exhibits a typical

decrease with depth indicating a decrease in the livingbiomass with depth (Figure 3.24b). The

C:N ratio, however, is not typical. It exhibits a minimum value of 5.8 at 100 m, increases to

a maximum of 10.6 at 250 m, then decreases as a function of depth to the sea floor. The higher
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C:N ratio at 250 m is a result of the increase in the carbon flux at 250 m withoutan associated

increase in the nitrogenflux. The maximum in the C:N ratio at Maro Reef is very similar to the

mid-depth C:N maximum at Necker. As with Necker Reef, there appears to be lateral injection

of refractory organic material at this depth. The high C:N ratios suggest that this material is

derived from the bank; however, inorganic material does not appear to be injected at the same

depth. The inorganic material in the water column appears to be from the resuspension of

particles from the bank slope. This process is very similar to the processes injecting bank

material into the water column at Penguin Bank.

The mid-depth inputof bank-derived organic matter at both Necker and Maro Reef may

illustratethe potential source of material from the bank tops. The average wind speeds for both

trap deployments were less than 2.5 m s", resulting in very calm sea conditions. In this sea

state the organic matter on the top of the bank, with a density much closer to that of seawater

than carbonate minerals, may have been the only material entrained in the water column long

enough to fall into the traps. The maximum in inorganic tlux observed in the deepest traps, in

contrast, may be derived from a source much closer to the trap location.

FLUX RESULTS SUMMARY

The results of four sediment trap deployments on three carbonate banks in the Hawaiian

Archipelago demonstrate thatbank-derived particlesare a significant portionof the inorganicflux

within a few kilometers of the bank. These fluxes are consistently one to two orders of

magnitude higher than open ocean fluxes. Furthermore, the mineralogy of the carbonate flux

near the banks is distinctly different from that of the open ocean fluxes. The near-field fluxes

are dominated by very soluble bank-derived aragonite and magnesian calcite particles. The
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resuspension of the bank sediments provides longer interaction times between the carbonate

particles and the waters associated with the bank. The more soluble particles may begin to

dissolve, while others may be transported away from the bank into the open ocean where they

may eventually sink into waters that are undersaturated with respect to these phases and dissolve.

Those particles that do not get transported into deep waters may accumulate on the bank

slopes. Although detailed surveys of slope sediments in the Hawaiian Archipelago have not been

performed, the large fluxes throughout the water column several kilometers from the bank tops

suggest that large quantities of carbonate sediments may be accumulating on the slopes of these

banks. Evidence of resuspension of bank-derived material from the slopes was obtained for

every bank studied in the archipelago. The potential significance of these slope sediments will

be discussed further in Chapter V.

It is difficult to quantify the net flux of particles from a large carbonate bank.

Heterogeneity in the distribution of sediments and the effect of currents and storms on the

resuspension of particles require that sediment traps be distributed all around the bank for

extended periods to get an accurate tlux value. Furthermore, the idealized view of a sediment

trap that measures the downward flux of particles does not hold true near the banks. In all of

the bank deployments, particles were derived from sources other thandirectly above the sediment

traps. In these cases, it is not necessarily true that the sediment traps are measuring only the

downward flux of material. The primary purpose of the sediment trap deployments near the

banks was to demonstrate that significant quantities of bank-derived material can be transported

off the carbonate banks of the Hawaiian Archipelago. These highly reactive particles may

potentially be a significant source of alkalinity and calcium to the surrounding waters and may

act as a potential sink for anthropogenic CO2, The significance of this source will be discussed

further in Chapter V.
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In the next chapter (Chapter IV), the carbon chemistry of the waters associated with the

banks will be discussed and compared with the chemistry of the open ocean. Determination of

the carbon chemistry of the waters in which the previouslydiscussed fluxes were measured will

allow 'an evaluation of the relationship between dissolved and particulate carbon in the marine

system.
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CHAPfERIV

WATER CHEMISTRY RESULTS

This chapter presents the results of carbon chemistry measurements made over a 15

month period at the Hawaii Ocean Time-series station, ALOHA, as well as water chemistry

measurements made near four carbonate banks in the Hawaiian Archipelago. Titrationalkalinity

and pH determinations were made at Station ALOHA approximately every two months for 15

months. These values, in conjunction with the standard Hawaii Ocean Time-seriesdata set, may

be used to examine the temporal variability of the open ocean marine carbon system, and the

factors influencing this system.

Measurements of titration alkalinity, pH, dissolved oxygen, and nutrients were made in

the waters surrounding four carbonate banks in the Hawaiian Archipelago: Penguin Bank,

Necker Reef, Raita Bank, and Mara Reef. Penguin Bank, as described in the previous chapter,

represents the mid-depth banks of the Hawaiian Archipelago. The average depth (approximately

60 m) and open morphology of Penguin Bank allow more water to remain over the top of the

bank than do shoal-water banks. This may result in larger volumes of water interacting with the

sediments, potentially influencing the water chemistry. Necker Reef is a large shoal-water reef

associated with a small carbonate island. The flow regime across this bank, and hence the water

chemistry, is likely to be very different from Penguin Bank. Raita bank, not previously

described, represents the small individual banks that are not associated with any islands in the

Archipelago. It occupies an area of approximately 640 km:! and is located about 70 km east of

Maro Reef. Raita Bank is indicative of deeper shoal-water banks in the Archipelago. The
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shallowest depth on Raita Bank is 20 m; however, mostof the bank top has a depth of 30 to 40

m. Maro Reef is a much larger shoal-water bank, approximately 3.5 times the size of Raita

Bank. The reef structure of Maro is much more developed than Raita, nearly reaching the sea

surface in some areas. Maro Reef represents the fourth carbonate bank environment, in which

the large size of the bank allows water to interact very closely with the sediments for relatively

long time periods of time as it travels across the bank.

Each of the four banks represents a potentially different environment in the Hawaiian

Archipelago that may affect the carbon chemistry of the waters associated with the banks. They

not only cover several different bank morphologies, but nearly 4° of latitude and 14° of

longitude along the archipelago. These banks will provide an idea of the variability in marine

carbon system parameters throughout the archipelago. Furthermore, comparison of the carbon

chemistry of the bank waters with that of the open ocean waters will demonstrate the influence

of the banks on the oceanic carbon system.

OPEN OCEAN CHEMISTRY

In addition to the standard Hawaii Ocean Time-series measurements, alkalinity and pH

samples were collected on seven time-series cruises between the months of January 1989 and

March 1990: HOT-3 (January 1989), HOT-5(March 1989), HOT-7 (June 1989), HOT-9 (August

1989), HOT-II (October 1989), HOT-13 (January 1990) and HOT-IS (March 1990). When

possible, samples were collected in a vertical profile from the surface to 4600 m. The bottom

depth at Station ALOHA is 4750 m. The data discussed in this section are summarized in

Appendix A. This 15 month time-series will be used to evaluate the temporal variability of the
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open ocean carbon system. This analysis will provide some insight into those factors that are

most significant in controlling the distribution of carbon species in the open ocean.

Water Mass Structure

The water mass structure of the North Pacific is very complicated, as demonstrated in a

section of salinity along 150° W compiled by Chen et aI. (1987) (Figure 4.1). The salinity

structure at Station ALOHA includes a strong maximum at approximately 150m and a minimum

at around 500 m. A typical plot of potential temperature versus salinity (T-S diagram) at

ALOHA readilyshowsthe mixing curvesof five distinct water masses (Figure4.2). Thesewater

masses are identified by Chen et aI. (1987) as the North Pacific Bottom Water (NPBW), North

PacificDeepWater (NPDW), the low salinity North PacificIntermediate Water (NPIW), and the

North Pacific Subtropical Waters which, at the latitude of Station ALOHA, can be subdivided

into the Subtropical Salinity Maximum Water (STSMW) and the Subtropical Surface Water

(STSW).

The shallow, high salinity water observed at approximately 150 m (STSMW) forms in

an area of excess evaporation near the subtropical front at 25° to 30° N, then flows south along

isopycnal surfaces. The mechanisms for the formation of this water mass and a description of

its movement are thoroughly discussed by Tsuchiya (1968). At Station ALOHA, the salinity

values at the maximum are variable with time, ranging from 34.95 to 35.35 psu.

Below the salinity maximum is a prominent minimum at approximately 500 m. This

salinity minimum water, designated as the North Pacific Intermediate Water (NPIW), has been

extensively studied by Reid (1965). Reid proposed that this water mass originated in the

Northwest Pacific, north of 45° N, and that it is associated with the 26.8 I1s surface. This

density surface is located at approximately 500 m at Station ALOHA. Upon closer inspection
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of the T-S diagram in the area of the salinity minimum, however, it is apparent that the shape

of the T-S curve does not represent a simple mixing between the STSMW, NPIW, and the

NPDW. If portions of the T-S diagram are fit with idealized straight line mixing relationships,

there has either been a complicated mixing history in the shallow portion of the salinity minimum

(mixing line A on Figure 4.3), or an additional water mass is located between the NPIW and

STSMW at a potential temperature of approximately 14° C and a salinity of 34.3 psu (intercept

of mixing line B with the STSMW mixing line on Figure 4.3). The first line of evidence

supporting the idea of an additional water mass is that the intercept of mixing line B with the

NPDW-NPIW mixing line would place the NPIW on the 26.8 (18 surface as Reid (1965)

proposed, whereas, the intercept of NPDW mixing line with line A would place the NPIW on

a lower (18 surface. Mixing along line A wouldalso require an asymmetrical mixing relationship

between the STSMW and NPDW, and a change in salinity from the original water mass of at

least 0.4 psu. The data support the conclusion that there is an additional water mass; however,

it is difficult to infer definitely water mass structure from a single station.

The water mass indicated by the intersection of mixing line B with the STSMW mixing

line is most likely the Shallow Salinity Minimum water (SSM) described by Talley (1985) as a

feature of ventilated, wind-driven circulation. It forms in the eastern North Pacific. The shallow

salinity minimum forms along a range of densities from 25.0 0'8 in the eastern-most outcrop to

26.2 (18 on the western end of the minimum. Salinity at the minimum also increases from west

to east, thus resulting in a minimum where both isopycnal and isohaline surfaces cross. This

structure makes simple flow interpretations impossible. However, the density range of the SSM

(around 26.2 0'8 at Station ALOHA) would place this water mass at the proper depth to explain

the intersection of line B with the STSMW mixing line.
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The temporal variability of the water mass structurescan be evaluated witha contourplot

of a conservative tracer, such as salinity, as a function of depth and time (Figure 4.4). The

shallow salinityvalues, down to a depth of approximately 300 m, are variable with time. The

temporal variations in salinitybetween the surface and the STSMW, at 150 m, suggest that there

may be a seasonal cycle of salinity at Station ALOHA, with high salinity values in the winter

months and low salinity values in the summer months. Surface salinity values can change by

more than 0.4 psu between winter and summer. The salinityvalues at the core of the STSMW,

-500 m, exhibit some variability as well, but the changes in salinity at this depth are much

smaller than that of the surface waters. The lowest surface salinity values were in the summer

months of June and July. This time of year consequently exhibits the most stratification between

the STSMW and the surface. The temporal variability of the waters shallower than 300 m

explains the scatter of points at higher temperatures on the T-S diagram, and may be the result

of seasonal oscillations in the formation of the STSMW. The waters below the salinity

maximum, between the depthsof 300 and 1000 m, show less variability than the surface waters,

but still show some variation with time. The deep waters, below 1000 m, exhibitno discernable

variability in salinitywith time.

In conclusion, the structure of a T-S diagram at Station ALOHA can be adequately

explained by the presence of six water masses: the Subtropical Surface Water, the Subtropical

Salinity Maximum Water, the Shallow Salinity Minimum Water, the North Pacific Intermediate

Water, the North Pacific Deep Water, and the North Pacific Bottom Water. The deeper waters

of the Pacific, particularly the NPBW and the NPDW, exhibit no major temporal variability in

salinityon a time-scale of months or season. The shallow waters, by contrast, particularly the

STSMW and the STSW, exhibit a relatively large temporal variation in salinity.

99



-(/J
'-
Q)-Q)

E-

APR 90JAN 90aeT89JUL89APR 89
1000 L..-....J..._.l-----I..._.l.-.-.I-_..l----l.._...J...---l._~__I._ _'______''____'_____l

JAN 89

..c-a.
Q) 600o

MONTH

Figure 4.4 Contour plot of salinity as a function of depth (from a to 1000 m) and time (from
January 1989 to April 1990) at Station ALOHA. Contour intervals are 0.1 psu.

100



Titration Alkalinity

Titration alkalinity is defined as the number of equivalents of strong acid required to

titrate one kilogram of seawater to the bicarbonate end-point (Edmond, 1970). Titration

alkalinity has been recommended as one of the master variables to use for determination of the

marine carbon system speciation, because it is independent of the in situ temperature and

pressure of the sample (Dyrssen and SiIlen, 1967). Titration alkalinity is also useful as a tracer,

because changes in open ocean alkalinity are primarily due to the precipitation or dissolutionof

calcium carbonate (Fiadeiro, 1980; Chen, 1982). The deep waters of the Central North Pacific

are the oldest and have the highest alkalinity values of all the major ocean basins. The high

alkalinity values in the Pacific are the result of hundreds of years of dissolution of calcareous

tests.

A profile of alkalinityas a function of depth at Station ALOHA exhibits a local alkalinity

maximum at approximately 150 m, an alkalinity minimum at around 400 m, and then increasing

alkalinity with depth (Figure 4.5a). The alkalinityof the deep waters, between 2000 and 4600

m, is essentially constant. The typical alkalinity profile is very similar in structure to a profile

of salinity at the same site (Figure 4.5b). The similarity of these two profiles suggests that the

primary factors controlling the shape of the alkalinity profile are physical (i.e., water mass

movements and mixing). One notable difference between the two profiles is the depth of the

alkalinity minimum which is centered at 400 m, approximately 100 m shaIlower than the salinity

minimum. A possible explanation for this phenomenon and its implications will be discussed

later.

Figure 4.6 is a plot of titration alkalinity as a function of depth for the entire 15 month

time-series. The range of alkalinity values at anyone depth for the seven profiles is much

smaller than the range of alkalinity values observed between the surface and deep waters. The
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small temporal variability of this open ocean site results in a vertical alkalinity structure that

consistently exhibits an alkalinity maximum at 150 m and an alkalinity minimum at 400 m.

These are the first high precision time-series alkalinity measurements made in the Central North

Pacific which demonstrate temporal consistency in the alkalinity profile at a single station.

The small scale temporal variability in alkalinity can be further evaluated with a contour

plot of titration alkalinity as a function of depth and time (Figure 4.7). The surface waters to a

depth of approximately 250 m are more variable with time than are the deep waters. Temporal

variability of the titration alkalinity between the surface and 150 m results in high alkalinity

values in the winter months and low alkalinity values in the summer months. Surface alkalinity

values can change by more than 35 J!eq kg-1 between winter and summer. The values at the

alkalinity maximum exhibit some variability as well, but the changes in alkalinityat this depth

are much smaller than that of the surface waters. The highest surface alkalinityvalues were in

the winter months of December and January, resulting in the least difference between the

alkalinityvalue at the maximum (- 150 m) and the alkal inityof the surface. The lowestsurface

alkalinityvalues were in the summer months of June and July. This time of year consequently

exhibits the most stratification in alkalinity between the maximum and the surface. The waters

below the alkalinity maximum, between the depths of 250 and 600 m, show less alkalinity

variability than the surface waters, but still show some variation with time. This variability

appears to correlate with the variability of the alkalinity maximum, but the temporal variability

in alkalinity at depths greater than 250 m is not much larger than the precision of the

measurement. The deep waters, below 600 m, exhibit no discernable variability in alkalinity

with time.

Comparison of the alkalinity and salinity contour plots (Figures 4.7 & 4.4) reveals that

the two properties not only exhibit similar profiles, but also a very similar pattern of temporal
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variability. The similarityof the alkalinity and salinityprofiles suggests that these two properties

are correlated. This correlation can be investigated by examining changes in the ratio of

alkalinity to salinity. The alkalinity to salinity ratio, termed the specific alkalinity, was first

proposed by Koczy (1956) for comparison of alkalinity values from different localities and

depths. This ratio has been used by several investigators since that time (e.g., Turekian et al.,

1970). However, Dyrssen and Sillen (1967) suggested that alkalinity normalized to a constant

salinity would be a better value to use, particularlywhen considering mass balance calculations.

Normalized alkalinity is determined using the following equation:

NA = (TA IS) . NS

where:

NA = normalized alkalinity (meq kg")
TA = titration alkalinity
S = sample salinity (psu)
NS = normal salinity (usually 35 psu)

(4.1)

The profile of normalized alkalinity has a very different structure from the titration alkalinity

profile (Figure 4.8). The normalized alkalinityprofile is relatively constantfrom the surface to

approximately 300 m. Between 300 and 2000 m the normalized alkalinity increases by more

than 120JLeq kg". Below 2000 m the normalized alkalinity values show littlechange withdepth.

The structure of the normalized alkalinity profile resembles a typical nutrient type profile, with

a surface depletion in alkalinityand regeneration at depth. The surface waters are depleted in

alkalinity because of precipitation of calcium carbonate by foraminifera, pteropods, and

coccolithophoridae in the euphoticzone. When these organisms die, their tests sink into waters

that are undersaturated with respect to the carbonate mineral phase of their skeletons. -

Subsequent dissolution of these tests at depth increases the alkalinity of the deeper waters,
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resulting in the observed normalized alkalinity profile. Titration alkalinity does not exhibit a

nutrient type profile prior to normalization, suggesting that the physical processes of water mass

formation and mixingoccur on faster timescales and are more importantthanparticle dissolution

in determining the distribution of alkalinity in the open ocean. This observation can be further

corroborated by examining a contour plotof normalized alkalinity as a function of depthand time

(Figure 4.9). Normalizing the alkalinity to a constant salinity eliminates virtually all of the

temporal variability observed in the contour plot of titration alkalinity. The constancy of the

normalized alkalinity values in the surface waters demonstrates that virtuallyall of the temporal

variabilityobserved in the upper 300 m of the water column is the result of changes in the water

mass structure, and not biological or chemical changes such as calcification.

A further evaluation of the correlation between salinity and alkalinity can be made with

a property-property plot of alkalinity versus salinity(A-S plot). Although it is true that alkalinity

in the deep ocean is not a true conservative tracer, because of the potential dissolution of

carbonate particles in the water column, the A-S plot does exhibit mixing lines between all the

major water masses (Figure 4.10). The fact that these water masses and mixing lines can be

identified suggests that the mixingprocesses that generatethese phenomena are occurringon time

scales much shorter than changes in alkalinity owing to carbonate dissolution. The A-S plot,

similar to a T-S diagram, shows the mixing lines between the NPBW, NPDW, NPIW, and the

shallow, highsalinitywaters (STSMW). The surface water massobserved with the T-S diagram

(STSW) is not readily obvious from the A-S plot, because it doubles back along the mixing line

for the NPIW and the STSMW. This feature makes the two mixing lines (the NPIW-STSMW

and the STSMW-STSW) almost indistinguishable from each other. The two mixing lines were

identified by considering only data within certain depth ranges (those points shallower than the

salinitymaximum or the pointsdeeper than the salinitymaximum), and fittingthem individually
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with linear regressions. The slopes of the two lines were slightlydifferent from each other, but

not statistically different. This result indicates that although the T-S diagram shows that there

are two distinct water masses shallower than the salinity minimum, these two water masses are

not distinguishable with alkalinity.

The intercept of the mixing line between the surface and salinity maximum waters was

not statistically different from zero. As mentioned in the previous section, the source of the

salinitymaximum waters is thought to be a band of excess evaporation northof StationALOHA.

Evaporation of a given body of water without calcium carbonate reaction will increase the

alkalinity proportionally with the salinity. Therefore, if the only factor that distinguishes the

salinitymaximum waters from the surface waters is evaporation, then the interceptof the mixing

line between those two water masses should be zero. The constant alkalinity to salinity ratio

explains why the profile of normalized alkalinity was constant between the surface and 300 m.

All of the structure observed in the titration alkalinity profile in the first three hundred meters,

therefore, is the result of evaporation. The intercept of the mixing line between the salinity

maximum and salinity minimum waters (down to a salinity of 34.3 psu), however, is 0.189

(±0.081) meq kg-I. The positive intercept suggests that the salinity minimum waters have a

higher ratio of alkalinity to salinity (specific alkalinity) than the salinity maximum waters. The

higher ratio may be attributed to eithera differentspecific alkalinity presentwhen this water mass

formed or to the addition of alkalinity from the dissolutionof carbonate particles in the water

mass after formation.

The question of the sixth water mass discussed in the previous section (proposed to be

the shallow salinityminimum water mass described by Talley, 1985) can also be addressed with

the A-S plot. One possibility is that the only water mass present in the area of the salinity

minimum is the NPIW, which would result in mixing line A on the A-S plot (Figure 4.11). The
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intercept of the NPDW-NPIW mixing line with mixing line A indicates an initial water mass

salinity of about 33.5 psu. This result is inconsistent with the intercept of mixing line A and the

NPDW-NPIW mixing line in the T-S diagram which is 0.2 psu higher (33.7 psu). The more

likely 'situation is the presence of an additional water mass and a mixing line along B, resulting

in the intercepts of the NPDW and STSMW mixing lines with line B at the same salinity values

as the T-S diagram. The presence of an additional water mass also could explain the apparent

difference in the depths between the salinity minimum and the alkalinity minimum. The change

in salinity between the NPIW and the SSM is reasonably large (0.3 psu), such that the salinity

minimum is obviously associated with the deeper NPIW water mass. The alkalinity of the

NPIW, however, is 15 to 20 peq kg-1 higher than the alkalinity of the SSM water mass. This

means that the alkalinity minimum is actually associated with the SSM waters. This relationship

creates the difference in profiles.

pH

The pH of oceanic waters is an important indicator of biotic and physical processes

occurring in the water column. Measurement of a solution'S pH is a direct determination of its

hydrogen ion activity. Hydrogen ion activity indicates the status of all acid-base equilibria in

solution (Dickson, 1984). The pH of a solution provides one master variable for determination

of the distribution of carbon species.

The profiles of pH have a very different structure than the alkalinity profiles (Figure

4.12a). Surface values for pH, determined on the NBS scale at 25°C, are approximately 8.2

at Station ALOHA. The pH values are essentially constant in the mixed layer, but exhibit a

sharp monotonic decrease with depth to approximately 700 m. Below 700 m, pH continuously

increases with depth to the ocean bottom. Temporal variability in pH is very small relative to
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variation in pH with depth. The sharp pH minimum at 700 m is coincident with a minimum in

dissolved oxygen at Station ALOHA (Figure 4.12b). Neither the oxygen nor the pH profile

exhibits a correlation with salinity, and the strong minimum observed in both profiles occurs

between the NPIWand NPDWwater masses. It is known that pH is nota conservative property

of ocean water (Sugiura, 1969). Therefore, it cannot be used to observe conservative mixing

behavior of water masses. Many factors may influence the pH of ocean waters including

temperature, salinity, biotic activity, alkalinity, and air-sea exchange of CO2, The lack of

correlation between pH and salinityor temperature indicates that these latter properties are not

the primary factors in determining the shape of the pH profile in the ocean. It is not likely that

air-sea exchange of CO2 is a primary factor controlling pH below the mixed layer, because this

exchange can only occur at the surface. The shape of the pH profile and its similarity to the

profile of dissolved oxygen suggests that the primary factor influencing the distribution of pH

in the water columnat Station ALOHA is biotic. Bioticproductionand decomposition affect pH

and dissolved oxygen according to the following equation (Stumm and Morgan, 1981):

106C02 + 16N03- + HP04-
2 + l8H+ + 122H20 ~

(CH20)106(NH3)16H3P04 + 13802 (4.2)

Thus, as organic matter is produced in the euphotic zone, hydrogen ions are consumed,

increasing the pH. Although the decomposition of organic matter releases dissolved inorganic

nitrogen in the form of NH4+ and not N03-, this equation is still applicable, because the NH4+

generally oxidizes (nitrifies) almost completely to N03- in the open ocean. When the organisms

die, organic matter settles out of the euphotic zone and is oxidized. Oxidation of the sinking
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organic matter consumes oxygen and produces protons, resulting in a decrease in the pH and

dissolved oxygen content of the water.

The relationship between pH and organic matter oxidation can be shown with a plot of

pH versus apparent oxygen utilization (AOU) (Figure 4.13). AOU is the difference between the

measured dissolved oxygen content of the water and the oxygen content that water would have

if it were in equilibrium with the atmosphere. This difference is a measure of oxygen

consumption from the decomposition of organic matter and is negatively correlated with the

dissolved oxygen concentration of the water (Redfield, 1942; Jenkins, 1982; Chen et al., 1987).

The oxygen minimum zone at approximately 700 m is, therefore, also an AOU maximum. The

surface waters on the pH-AOU plot have a high pH and a low AOU value. Between the bottom

of the mixed layer and the pH minimum at 700 m there is a strong, linear, negative correlation

between pH and AOU. The pH decreases withdepth to the minimum, which occurs at the same

depth as the AOU maximum. Below 700 m the pH increases and the AOU decreases

continuously to the ocean bottom. The slope of the deep water trend and the shallowwater trend

are nearly identical, but the deep water trend is offset toward higher pH values compared to the

shallow water trend.

There are two primary reactions that can influence the profileof pH in the water column.

The first, as described earlier, is the decomposition of organic matter resulting in a decrease in

pH and an increase in AOU. Park (1968) determined that changes in oxygen utilizationcan be

related to the changes in pH by:

~pH = -0.002 . t.AOU (j.trnol r 1)
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The net result of this reaction is indicated by an arrow in Figure 4.13. The second reactionthat

may affect pH is the precipitation/dissolution of carbonate particles in the water column.

(4.4)

The dissolution of carbonate particles, according to equation 4.4, results in an increase in pH

withouta change in the AOD. The net result of this reaction is indicated by an arrow on the pH·

AOD plot. The good linear correlation between pH and AOD in the shallow waters (less than

700 m) suggests that the decomposition of organic matter is the dominantreactiongoverningthe

pH of those waters. The slope of a linear regression of the points between an AOD of 25 and

300 J!mol r 1 is -0.00213, very similar to the slope of -0.002 calculated by Park (1968) and

within the range of slopes reported by Chen et al. (1987) for the North Pacific (-0.0017 to .

0.0021). The AOD values lower than 25 J!mol r' obviously do not follow the shallow water

trend. This deviation in the surface waters may be the result of mixing and the exchange of

oxygen and CO2 with the atmosphere. A loss of oxygen in the surface waters could result in

AOD values that are too high. A loss of bioticallyproduced carbon dioxide to the atmosphere

would also increase the pH of the mixed layer resulting in the observed trend.

Although the slope of the deep water trend is not drastically different from the shallow

water trend, there is an offset between the two. Also, a straight line drawn between the two

endpoints of the deep water trend shows that most of the points fall above the line. The

nonlinearity of the data indicate that there is a secondary int1uence on pH between the pH

minimum and the sea bottom. The dissolution of carbonate particles increases the pH of

seawater. Therefore, the increase in pH relative to AOD below 700 m suggests that carbonate .

particles are dissolving at these depths. The nonlinearityof the deep-water trend also suggests

118



that the proportion of carbonate dissolution to organic matter decomposition changes as a

function of depth. This situation could occur if the dissolution rate of the carbonate particles

increased with depth, resulting in a greater carbonate influence on pH in the deeper waters.

Belowsome intermediate depth, however, the quantity of carbonate particles that have not been

dissolved begins to decrease with depth, resulting in the nonlinear pH trend observed. This

argument will be further developed and explained in later chapters.

From the pH data collected at Station ALOHA, it has been shown that the pH of the

open ocean exhibits little variability with time. Dissolved oxygen correlates well with pH, and

the distributions of these species in the ocean are primarily controlled by the production and

decomposition of organic matter in the water column. There is evidence, however, that pH is

influenced by carbonate dissolution below the pH minimum at approximately 700 m.

Dissolved Inorganic Carbon

The dissol vedinorganic carbon, also calledtotalCO2, wasdetermined at StationALOHA

as part of the Global Ocean Flux Study program. The total CO2 (TC02) content of marine

waters is the sum of the concentrations of the dissolved carbon species in solution:

(4.5)

TC02, like titration alkalinity, is independent of the in situ sample pressure and temperature.

Therefore, it has been recommended for use as a mastervariable for calculating the distribution

of species in the carbon system (Dyrssen and Sillen, 1967).

The dissolved inorganic carbon (DIC) profiles fromStationALOHA have a similarshape

to the profiles of AOU at the station (Figure 4.14). DIC is low in the surface waters and
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increases sharply with depth to about 700 m. Between 700 and approximately 2200 m, the DIC

continues to increase with depth, but at a much slower rate than that in the shallow waters.

Below the DIC maximum at 2200 m, there is a slight decrease in DIC with depth to the sea

floor.

The shape of the DIC profile and the lack of correlation between salinity and DIC at

StationALOHA suggest that the distribution of water masses is not the primary factor controlling

the distribution of DIC with depth. Although DIC is independent of pressure and temperature,

like pH, DIC is affected by the precipitation or dissolution of carbonate minerals, air-sea

exchange of CO2 and biotic activity. Followingfrom equation 4.4, the dissolutionof one mole

of calcium carbonate in one kilogram of seawater will increase the DIC of that water by one

mole. Likewise, the precipitation of carbonate in the surface waters will decrease the DIC of

the waters. Biological production also serves to decrease the DIC of the surface waters

according to equation 4.2. When marine biota die and sink out of the euphotic zone, they are

oxidized, increasing the TCO:! of the waters. Like pH, the shape of the DIC profile between the

bottom of the mixed layer and 700 m at Station ALOHA is primarily controlled by the

decomposition of organic matter.

The correlation between DIC and the decomposition of organic matter can be seen in a

plot of DIC versus AOU (Figure 4.15). The surface waters have both a low DIC and AOU.

With depth, the DIC and AOU increase to the AOU maximum at approximately 700 m. Below

this depth the AOU decreases, but the DIC continues to increase to a maximum of 2425 JLmol

r '. Below the DIC maximum, both DIC and AOU decrease resulting in a slope that is similar

to the shallow water trend. The decomposition of organic matter increases both the AOU and

the DIC. The net result of this reaction is indicated by an arrow on the DIC-AOU plot. The

dissolutionof carbonates, however, increases the DIC withoutchanging the AOU. The resulting
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Figure 4.15 Plot of DIe versus AOO at StationALOHA. Organic matter decomposition and
CaC03 dissolution arrows indicate net effect of reactions on pH and AOO. Additional
labels and lines indicate shallow-water and deep-water trends described in the text.
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trend caused by carbonate dissolution is indicated by an arrow on Figure 4.15. The excellent

correlation between DIC and AOU in the shallow waters suggests that the decomposition of

organic matter is the primary reaction controlling DIC to a depth of approximately 700 m. As

observed with the pH-AOU plot, the mixed layer values deviate from the shallow-water trend

owingto the air-sea exchange of CO2 and oxygen. In the intermediate waters (between 700and

2200 m), there is a negative correlation between DIC and AOU. Although AOU begins to

decrease below 700 m, the DIC continues to increase. This increase in DIC, despite a decrease

in AOU, suggests that carbonate dissolution is more important in determining the DIC of the

intermediate waters between 700 and 2200 m. Although there may be differences in the

preformed DIC values of different water masses, the changes in slope on the DIC-AOU diagram

do not correspond with the depths of the water masses observed on the T-S diagram. Thus, it

is more likely that the changes are the result of in situ processes such as carbonate dissolution.

Below 2200 m the DIC decreases withdepth, resulting in a positivecorrelationbetween DIC and

AOU. This positive correlation indicates that carbonate particle dissolution is becoming less

important, 'relatlve to organic matterdecomposition, in determining the DIC of the waters. The

DIC deep-water trend is consistent with the deep-water trend in the pH-AOU plot, providing

further evidence that carbonate dissolution is an important factor in the marine carbon systemat

intermediate depths.

Calcium

Elevenwater samples were collected for calcium determinations from the surface to 3000

m on the October 1989 (HOT-II) cruise to Station ALOHA. Calcium concentration is an

important part of the carbon system used as a variable in determining the saturation state of

waters with respect to carbonate minerals and for quantifying the extent of calcium carbonate
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dissolution in the water column. For the purposes of saturationstate calculations, it is generally

considered that the calcium concentration of normal seawater is conservative withsalinity(Morse

and Mackenzie, 1990). In this case, an equation such as the following may be used to calculate

the concentration of calcium in seawater:

mCa2+ = 10.28 (mmole kg-1 seawater)(S/35) (4.6)

In most cases, the accuracy of this method is better than 1% and is sufficient for calculating the

saturation state of the waters with respect to carbonate minerals. It has been demonstrated,

however, that there is an increase in the calcium to salinityratio withdepth in the Pacific (Horibe

et aI., 1974; Tsunogai and Watanabe, 1981). The change in the calcium to salinity ratio is the

result of the precipitation and dissolution of calcium carbonate. The excess calcium in deep

waters has been used to quantify the extent of calcium carbonate dissolution (Chen et al., 1987;

Chen, 1990). The profile of calcium at Station ALOHA is similar in shape to the alkalinity

profile, with a local calcium maximum at approximately 150 m and a minimum at 400-500 m

(Figure 4.16). As with alkalinity, the shallow maximum and minimum in the calcium profile

correlate with changes in the water mass structure at the station.

A change in the calcium to salinity ratio with depth can be evaluated by comparing the

profile of measured calcium to a profile of calcium calculated from salinity using equation 4.6

(Figure 4.16). There is very little difference between measured and calculated calcium

concentrations for the surface waters. These concentrations begin to deviate, however, below

approximately 500 m. The measured calcium concentrations increase withdepth at a faster rate

than the calculated calcium to a depth of 3000 m. The difference between the measured and

calculated concentrations at 3000 m is 0.094 mmole kg-lor about 0.9%. This difference is
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consistent with the findings of other researchers, as summarized by Morse and Mackenzie

(1990). Tsungai and Watanabe (1981), for example, found that the deep water calcium to

chlorinity ratio was 0.8% higher than the warm surface water calcium to chlorinity ratio in the

North Pacific.

It is generally accepted that the increase in calcium with depth is due to the dissolution

of biogenically produced carbonate particles (e.g., Kanamori and Ikegami, 1982). If this were

true, one would expect a change in calcium concentration proportional to the change in titration

alkalinity. According to equation 4.4 there should be a 1 mole kg-1 increase in Ca2+ for every

2 eq kg-1 increase in titrationalkalinity (TA). However, several investigators have reported that

this relationship is not observed in the open ocean (Tsunogai et al., 1973; Horibe et al., 1974;

Brewer et al., 1975). Kanamori and Ikegami (1982) suggested that the difference between the

expected Ca/TA ratioof 0.5 and the actual measured ratio is due to the decomposition of organic

matter. Organic matter decomposition generates nitric acid, phosphoric acid and sulfuric acid

which at seawater pH values dissociate resulting in a proton flux that, in turn, titrates a portion

of the titrationalkalinity. The decrease in alkalinity would then increase the CalTA ratio.

The effect of organic matter decomposition can be determined from equation 4.2 and a

consideration of how titration alkalinity is determined. The decomposition of 1 mole of organic

matter will release 16 moles of NH4+ and 1 mole of H3P04 into solution. In the open ocean,

the NH4+ is quickly oxidized to HN03 " Because nitric acid is a strong acid, it will completely

dissociate at sea water pH values, generating 16 moles of H+ ions that will titrate the alkalinity

of the waters. The dominant form of phosphorus at sea water pH values is HP04-2; thus, the

release of 1 mole of H3P04 will potentially release 2 moles of H+ to titrate the alkalinity.

Because alkalinity titrations are normally carried out to a pH of 3, however, the HP04-2 is

converted to H2P04-, resulting in a change in alkalinityowing to the release of H3P04 of only
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I equivalent (Chen et al., 1982b). The total effect of the decomposition of I mole of organic

matteron titrationalkalinity, therefore, is a reduction of 17 equivalents. Three reactions can be

written to represent the change in Ca2+ owing to the dissolution of carbonate (X) and the

decomposition of organic matter (Y):

.o.TA = 2X - 17Y

.o.N03- = 16Y

.o.Ca2+ = X

Solutionof the three equations yields:

(4.7)

(4.8)

(4.9)

(4.10)

The change in constituent A (.o.A) is determined relative to a surface water sample according to

the following equation:

.o.A = A - Asurf . (S I Ssurf) (4.11)

Kanamori and Ikegami (1982) determined that this correction for the change in TA because of

the release of nitric acid and phosphoric acid accounted for most of the difference between the

calculated and measured calcium values. They found, however, that an additional correction had

to be made for the addition of H+ from the release of HS- from the decomposition of organic

matter. In the open ocean, the HS- is oxidized to H2S04 which dissociates releasing hydrogen

127



ions. This addition resulted in the following equation:

(4.12)

The measured t.Ca2+ at StationALOHA was compared withthe t.Ca2+ calculated solely

from the change in titrationalkalinity as well as equations 4.10 and 4.12. As other investigators

have observed, the calcium concentrations calculated solely from the change in titrationalkalinity

are low relative to the measured values (Figure4.17). The corrections for nitrate and phosphate

(equation 4.10), however, correct the Ca2+ values such that there is a near-perfect 1:1

relationship. Interestingly, the addition of the sulfur correction (equation 4.12) results in

calculated t.Ca2+ values that are higher than the measured t.Ca2+ values. It can be concluded,

therefore, that the release of nitric acid and phosphoric acid owing to the decomposition of

organic matter does affect the titration alkalinity of the waters at Station ALOHA, but the

contribution of sulfuric acid from this process is not significant. Increases in the calcium to

salinity ratio, therefore, are consistent with the increases observed in normalized alkalinity, and

suggest that calcium carbonate precipitation and dissolution are the fundamental processes that

ultimately control the distributions of calcium and alkalinity at Station ALOHA. These data,

however, do not indicate where the precipitation or dissolution has occurred. Chen et aI.

(1982b) suggested that much of the dissolved calcium in the deep Pacific, for example, was

preformed and not the result of in situ dissolution. The issue of how much in situ calcium

carbonate dissolution has occurred at Station ALOHA will be addressed in the next chapter.
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Station Kahe

Titration alkalinity, pH, and calcium samples were collected at station Kahe on the

October 1989 cruise (HOT-II). Station Kahe is located approximately 10 km W-SW of Kahe

Point on the island of Oahu in 1500m of water (Figure 2.4). Although it is located close to the

island, stationKahe is nearly 80 km away from any major carbonatebank such as PenguinBank.

Therefore, Station Kahe may provide an environment with a carbon chemistry distribution

intermediate to the open ocean stationat ALOHA and the stationsdirectly associated withmajor

bank areas. Comparison of a conservative water mass tracer, such as salinity,between ALOHA

and Kahe indicates that there is a difference in the distributionof the water masses with depth

close to the islands (Figure 4.18a). Both thesalinity minimum and maximum are found at least

75 m shallower at Kahe than at ALOHA. The displacement in the salinity profiles is due to a

shoaling of the isopycnal surfaces, as indicated by a plot of potential density (O'e) as a function

of depth (Figure4.18b). The waters at stationKahe, to a depth of about 700 m, are more dense

than the waters at ALOHA because of lower potential temperatures at the Kahe station (Figure

4.18b). A plot of O's as a function of depth and the salinity profile from HOT-I0 taken one

month earlier, show no significant difference in Us or salinity between the two stations (Figure

4.19). Closer examination of Figure 4.18a also reveals that the range of salinityvalues at station

Kahe was smallerthan that at StationALOHA. The truncationof salinityvalues at Kahe is most

likely the result of increased vertical mixing.

It has been demonstrated that there is a baroclinic mesoscale eddy field in the vicinity

of the Hawaiian Ridge(Roden, 1991). The shallower isothermal and isopycnal horizons at Kahe

and increased vertical mixing may be explained by the presence of an eddy at the time of

sampling. It is impossible to determine definitively, however, whether an eddy was present

based on a single cast at a single station. Whatever the reason for the isopycnal displacement,
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the carbon measurements made at Kahe exhibit a vertical displacement from the ALOHA data

similarto the displacement observed for salinity. Likesalinity, the concentration of calcium and

titration alkalinity at Kahe also show a smaller range of values between the maximum and

minimum, but when these values are normalized to salinity and plotted as a function of uS' they

are nearly identical to the normalized values at ALOHA (Figure 4.20). The profileof pH as a

function of Us at Kahe is different than that at ALOHA, with slightly lower pH values between

a Us of 24 and 26.7 at the pH minimum, and slightlyhigherpH values below the pH minimum

(Figure4.2Ia). In addition, apparent oxygen utilization was higher at Kahe relativeto ALOHA

(Figure 4.2Ib). The lower pH and higher AOD values suggest that there is a higher respiration

rate in the water column at Kahe. The increased AOU and lower pH values, however, appear

to be directly related to the presence of an eddy on HOT-11, because the AOD profiles for

ALOHA and Kahe from other months are very similar to each other. It is beyond the scope of

this project to evaluate the carbon system at the space and timescales of mesoscale eddies. The

preliminary evidence from this project, however, suggests that processes in these eddies may

influence the pH and, therefore, the distribution of carbon species in the eddy waters. More

work should be done on the carbon system of eddy waters before conclusions can be made.

The similarity between the normalized alkalinity and calcium profiles at Kahe and

ALOHA shows that there is no difference in the carbon parameters between the two stations.

It should be pointed out, however, that at least 600 mg CaC03 m-3 mustdissolvethroughout the

water column at Station Kahe just to detect the carbonate signal in alkalinity. It is possiblethat

bank-derived carbonates may have dissolved in the waters off of Kahe Point, but the signal is

not detectable with the precision of the measurement. If the flux of carbonate particles from

Penguin Bank and other carbonate banks in the Archipelago do influence the carbon chemistry

of the waters, then that influence may only be detectable close to the banks.
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BANK CHEMISTRY

Evaluation of the carbon chemistry of Hawaiian waters associated with carbonate banks

was primarily based on a studyof Penguin Bank, Hawaii. The distributionand variability of the

marine carbon system parameters in the waters associated with PenguinBank were studied using

both Eulerian and Lagrangian approaches. In a subsequent cruise to the Northwestern Hawaiian

Islands, the carbon chemistry of other bank environments was surveyed to determine inter-bank

variabilityin the carbon system and to evaluate the potential regional importance of the Hawaiian

Archipelago on the carbon chemistry of the North Pacific. The data discussed in this sectionare

summarized in Appendix B.

Penguin Bank

Evaluation of the carbon chemistry of any bank environment can be very difficult. The

effect of the bank on the water chemistry is certainly a function of the interaction time between

the waters and the bank sediments and biota, but it may also be a functionof the locationof the

water on the bank. Any inhomogeneity in the distribution of the carbonate sediments or benthic

organisms on the bank may result in spatial differences in carbon chemistry. Evaluationof bank

chemistry may be further complicated by complex flow fields, such as the tidally-influenced

currents of Penguin Bank described in the previous chapter.

The carbon chemistry of Penguin Bank, Hawaii was studied in November 1987. Two

methods were used to study the carbon chemistry of the bank waters. The first method was a

Lagrangian approach, which was used to examine the changes of a single parcel of water as it

crossed the bank. A parachute drogue was deployed at a depth of 50 m and followed for 40
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hours. Water samples were collected adjacent to the drogue at a depth of 50 m during the

deployment. Analysis of the collected samples demonstrated how the carbon chemistry of the

water changed ali it traveled across the bank. The second approach used to study Penguin Bank

carbon chemistrywas Eulerian. This method was used to examine the carbon chemistry changes

at a single site as a function of time, and to show the variability of the different water parcels

flowing past the site. Water samples for alkalinity and pH determinations were collected from

the surface to 400 m at a single station on the southern flank of Penguin Bank ten times during

a period of 48 hours. This data set demonstrated the temporal variability of the carbon system,

and can be used to estimate the average distributionof carbonate species at that site.

The drogue used for the Lagrangian study was deployed on the bank near its

southeastern edge. The drogue was allowed to drift for approximately 40 hours and generally

moved south and west along the southern edge of the bank. Water samples were collected at a

depth of 50 m adjacent to the drogue every four hours during the deployment. A plot of a

conservative water mass tracer, salinity, as a function of time reveals how the water mass

changed throughout the deployment. The salinityof the bank waters associated with the drogue

showed a significant increase with time (Figure 4.22a). Because salinity is not affected by

chemical interactions with the bank sediments or biota, changes in salinity must represent

physical changes in the water mass. The salinity increase averaged 0.08% d-1 for the time of

deployment. If this were due to evaporation it would be equivalent to a water loss of 4.8 em d-1

over the 60 m water column. This rate is well above the usual evaporation rate for this area

(Sverdrup et al., 1942). Therefore, evaporation is not a plausible cause for the increase in

salinity. It is most likely that the bank waters were mixing with higher salinity waters off the

edge of the bank. Salinity values collected at a depth of 50 m from off-bank casts were

consistently higher than bank salinity values. Because the average depth of Penguin Bank is
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approximately 60 m, and the flanks of the bank drop off very quickly, any area with a bottom

depth significantly greater than 60 m is considered, in this context, as off-bank. Mixing of the

bank water associated with the drogue and the off-bank water is not unreasonable, because the

drogue was very near the southern edge of the bank throughout the deployment.

A plot of titration alkalinity with time shows a diurnal variation in the alkalinity of the

waters associated withthe drogue (Figure4.22b). Highalkalinity values were observed at night

with low alkalinity values during the day. The alkalinity trend, however, does not foIlow the

trend in salinity, suggesting thatother factors in addition to salinity are affecting alkalinity. The

potential effect of mixing bank and off-bank waters can be evaluated by examining the spatial

gradient in alkalinity at a depth of 50 m. Based on the average of all samples collected on the

banks (bottom depth 9! 60 m), 10 samples collected less than 10 km from the 60 m contour

(bottomdepth e! 500 m), and two samples collected 20 to 30 km from the 60 m contour (bottom

depth > 1000 m), there is a near-field gradient in alkalinity with the lowest alkalinities on the

banks (Figure 4.23). The increase in alkalinity for the first three samples corresponds with the

increase in salinitywithtime; however, the subsequent decrease in alkalinity despitea continued

increase in salinity suggests that additional factors are influencing the alkalinityof the waters.

The decrease in alkalinity during the first day of the drogue deployment was

approximately 13 JLeq kg", One possible explanation for the decrease is the removal of

alkalinity from the water because of the precipitation of calcium carbonate by the benthic and

planktonic calcareous community on the bank. A 13 JLeq kg- l d-l decrease in alkalinity

integrated over the volume of water between the sampledepth and the bottom, approximately 10

m, requires an average carbonate production rate of 65 mmol m-2 d-1, or approximately 2400

g CaC03 m-2 fl. Although this production rate is withinthe range of 100 to 18,000g CaC03

m-2 y-l estimated for shallow-water reef production (Kinsey, 1985), it is substantially higher than
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the in situ production rate of 400 g CaC03 m-2 i l measured on Penguin Bank by Agegian et

al. (1988).

There is a complication inherent in the above calculation. The changes in salinityduring

the time of samplingsuggest that there was mixingof open ocean and bank waters. If the waters

had different alkalinity to salinity ratios, a proper alkalinitybudget is difficult to determine for

this Lagrangian experiment. Without such a budget calculation of the calcium carbonate

precipitation rate is prohibited. Although the rate of calcium carbonate precipitation cannot be

calculated from these data, the fact that an alkalinity decrease was observed while salinity

increased suggests that the rate of calcium carbonate precipitation on Penguin Bank is fast

enough to measurably lower alkalinity on the bank top.

The results of this drogue study demonstrate that the alkalinityof oceanic waters may be

altered on time scales of several hours as these waters come in contact with Penguin Bank.

Production of carbonate on the bank removes alkalinity from the shallow bank waters, resulting

in a horizontal alkalinitygradient with lower alkalinity values close to the bank (Figure 4.23).

The degree to which a particular body of water is affected is a function of its residence time on

the bank and the degree to which it is mixed with other waters. Similar changes in marine

carbon chemistry have been observed in other areas (Broecker and Takahashi, 1966; Morse et

al., 1984;Smithand Veeh, 1989). For example, Morse et aI. observed significant decreases in

specific alkalinity and calcium in Grand Bahama Bank waters, with maximum losses indicating

the precipitation of 500 Jlmoles of CaC03 per kg of seawater.

Although the drogue study demonstrates that a single body of water can be affected by

the bank, it does not indicate what the average alkalinity values are for the waters surrounding

the bank. The second approach to the study of Penguin Bank alkalinitywas that of monitoring

the distribution and variability of carbon system parameters at a single site southof the bank for
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48 hours. The station was located in an area with a bottom depth of 500 m. Water samples

were collected from the surface to 400 m. Titrationalkalinity at the station showed considerable

variability between casts, with no observable trends. Significant fluctuations in alkalinity were

observed on time scales of hours; however, alkalinity did not exhibit the cyclic pattern observed

with the drogue study. The erratic changes in alkalinity were most likely the result of waters

with varying degrees of exposure to the bank passing by the station. Figure 4.24 is a plot of

titration alkalinity as a function of depth at the station. Given the alkalinitygradient on and off

the bank, as well as the demonstrated potential to change the alkalinity of waters associated with

the bank, it is not surprisingor unrealistic to see the observed variability. With enough samples,

however, an average composition for the water surrounding the banks can be determined.

It is apparent from the two observational approaches just described that variability in

alkalinity near the banks, even on time-scales of just a few hours, is significantly larger than the

alkalinityvariations observed at StationALOHA over an entire year. To evaluate the difference

in water chemistry between the open ocean and the banks, the average alkalinity values collected

near the banks can be compared to those collected at Station ALOHA. To provide a valid

comparison, however, it is necessary to compare the structure of the water masses and mixing

curves at the two sites. If the water masses are not the same between the two sites, then it would

be impossible to determine whether or not differences in water chemistry were due to chemical

changes or simply a function of the mixing. For the purpose of this discussion, the bank data

will be compared to data collected at StationALOHA at the same time of year as the Penguin

Bank cruise.

The T-S diagrams for Station ALOHA (HOT-II) and Penguin Bank are very similar

(Figure 4.25). One observable difference, however, between the two stations is slightly lower

temperatures on Penguin Bank at salinities of 34.4 psu and less. Lower temperatures might be
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expected from the 400 m samples, because of their close proximity to the bank slope and the

potential of cold water upwelling. The 400 m sample is also the only Penguin Bank sample

located in the shallowsalinity minimum water mass. Alkalinity data from this depth will not be

excluded from future plots, but it should be kept in mind that these alkalinity values may reflect

the influence of mixing. The only other difference in the T-S diagrams is slightly higher

temperatures on Penguin Bank for temperatures of 220 C and above. A heating of the shallow

waters on Penguin Bank, however, does not affect the alkalinity values. The majority of the

samples, however, are located along the mixing curve between the salinity maximum and the

shallow salinityminimum. The trends are nearly identical between Penguin Bank and ALOHA.

Given that the water masses are essentially identical, the normalized alkalinity values at

each site can be directly compared. The reason for normalizing the alkalinities to a constant

salinity at each station is to remove the vertical structure in the alkalinity profile, allowing a

better evaluation of differences between the profiles. Furthermore, is has been demonstrated that

the normalization procedure eliminates the temporal variability of the alkalinity signal at Station

ALOHA; thus, normalized alkalinity profiles should be independent of season. Normalization

permits a more meaningful comparison of samples coIlected at different times of the year.

Although there is considerable scatter in the normalized alkalinity values from Penguin

Bank, it is apparent that the average alkalinities at the 500 m contour on the south side of

Penguin Bank are higher than those at StationALOHA (Figure 4.26a). The difference between

the two stations increases with depth to 400 m, the deepest samplingdepth at this station. The

horizontal extent of the higher alkalinity values away from Penguin Bank was evaluated with an

additional cast taken at the 1000 m contour approximately 15 km farther away from the bank

than the 500 m station. Normalized alkalinity values from this cast were very similar to the

normalized alkalinity values fromStationALOHA (Figure4.26b). Although the alkalinity values
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appear slightlyhigher than those at ALOHA between 150and 600 m, the difference is not large.

There is the suggestion, however, that higher alkalinity values may be observed a little farther

than 10 km away from the bank and is most likelyrestricted to the depth range between 150 and

600 rn.

Further evaluation of the alkalinity data can be made by comparing the A-S diagrams

from Station ALOHA and Penguin Bank. Figure 4.27 includes data from the 500 m Penguin

Bank fixed stationand from the HOT-II cruise to StationALOHA. Data from the drogue study

on top of the bank were not included in this plot, but the majority of the points would fall below

the ALOHA mixing line at a salinity of about 34.9 psu. The data from depths shallower than

the salinity maximum have also been excluded from the plot. Most of the points between the

surface and the salinity maximum fall on the ALOHA mixing line, suggesting that there is no

difference in the shallow alkalinity values between Penguin Bank and ALOHA. The remaining

points from Penguin Bank include those below the salinity maximum. It is evident from Figure

4.27 that the Penguin Bank alkalinity values at lower salinities are higher than the alkalinity

values from ALOHA with the same salinity. Therefore, the increase in alkalinity with depth at

Penguin Bank relative to ALOHA cannot be simply the result of mixing processes. The

difference in the alkalinity diagrams is most likely the result of dissolution of benthically

produced particles transported off of the bank. The particle tlux studies from the previous

chapter have already demonstrated thatvery solublemagnesian calcite and aragonite particlesare

abundant in the water column around the bank. Dissolution of these highly soluble particles

would increase the alkalinity of the waters without changing the salinity.

The results of the Penguin Bank measurements demonstrate that variability in alkalinity

on the bank is much larger than that at Station ALOHA. It was also demonstrated that the

average alkalinity on top of the bank is lower than the alkalinity at the same depth a few
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kilometers away. The alkalinities on the flanks of the bank are similar to StationALOHA near

the surface, but increase with depth relative to the ALOHA values down to a depth of at least

400 m. The higher alkalinity values observed near Penguin Bank are probably the result of

dissolution of highly soluble magnesian calcites transported off of the top of the bank. The

horizontal extent of this dissolution signal is between 10 and 25 km. Further discussion of the

relationship between the fluxes presented in Chapter III and the water chemistry discussed above

will be presented in Chapter V.

Necker Reef

Necker Reef is located in the Northwestern Hawaiian Islands, approximately 400 miles

northwest of Oahu (Figure 2.1). Necker Reef is an extensive carbonate bank typical of shoal

water reef systemsof the Hawaiian Archipelago and is associated with a small carbonate island.

Water samples were collected on Necker Reef along a north-south transect in May 1988.

Profiles were taken in areas with bottom depths of 50, 500, and 1000 m. The shallow water

mass structure on Necker is very similar to the open ocean station, ALOHA, with a salinity

minimum at a depth of 500 m and a shallow salinity maximum. As mentioned in the previous

section, a meaningful direct comparison of bank and open ocean alkalinitycan only be made if

the two sites have the same water mass structure and thus the same preformed alkalinity values.

The T-S plots of Necker and ALOHA are virtually identical belowthe salinitymaximum (Figure

4.28). This similaritysuggests that there is no measurable difference in the water mass structure

between Necker and ALOHA below the salinity maximum. The divergence in salinity values

in the shallow water extends from the surface to approximately 150 m. At depths shallowerthan

150 m, the salinity values at Necker are higher than those at ALOHA, with a maximum

difference of 0.5 psu at the surface. The regionof the salinity maximum at Necker not only has
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a higher salinitythan that at ALOHA, but is also approximately 50 m shallowerthan at ALOHA.

This finding may be due to the difference in latitude between ALOHA and Necker (nearly 1°)

and the closer proximity of Necker reef to the source for the salinitymaximum waters. In terms

of how the water masses were determined previously (as the points of intersection between

straight mixing lines on the T-S diagram), the salinity maximum waters at Necker would be

different from the salinity maximum water mass at ALOHA. This difference in the shallow

mater masses, however, may not be a problem when comparing alkalinities between the two

stations.

It was demonstrated at StationALOHA that the intercept of the mixing line for alkalinity

between the surface and the salinity maximum was zero. The salinity maximum water mass is

formed by excess evaporation near the inter-tropical convergence zone (Tsuchiya, 1968). If the

only factor influencing the water is evaporation, then the alkalinityto salinity ratio of the waters

should remain the same. This fact was further evidenced by normalizing the Station ALOHA

alkalinity values to a constant salinity. Normalization completely removed the shallow alkalinity

maximum and resulted in nearly constant normalized alkalinityvalues from the surface to 300

m. If the higher salinity values observed in the shallow waters at Necker are also the result of

evaporation, the alkalinity to salinity ratio should not have changed. The alkalinity values

between ALOHA and Necker, therefore, may be directly compared if they are normalized to a

constant salinity. Because the T-S diagrams of the two stations are identical below the salinity

maximum, these waters may also be directly compared by normalizing the alkalinity to salinity.

To evaluate the differences between the bank samples and the open ocean, bank

properties are compared to those collected the same month of the following year at Station

ALOHA (HOT-7; June 1989). The alkalinity structure at Necker is very similar to the structure

observed at ALOHA, with an alkalinity maximum at approximately 100m and a deeper alkalinity
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minimum. Profiles of alkalinity collected in a transect of the bank show some variation in the

alkalinity structure. Normalizing the alkalinity values to a constant salinity only eliminates a

small portion of the variation, suggesting that the differences observed represent chemical

changes caused by interaction of the waters withthe bank (Figure4.29a). The studiesconducted

on Penguin Bank demonstrated the potential for large spatial and temporal variability on the

banks. When compared to the normalized alkalinities at StationALOHA, however, all of the

normalized alkalinities from Necker are higher. This suggests that, in general, there is a net

increase in the alkalinity of the waters associated with this bank. Unlike Penguin Bank,

however, higher alkalinity values were observed at all stations. The 1000m casts from Necker

Reef were a comparable distance from the bank top as the PB87 deep cast, yet all of the Necker

Reef alkalinities are higher than those at ALOHA. The higher alkalinity values suggest that the

influence of bank-derived particle dissolution at Necker Reef may be even more significantthan

at Penguin Bank. Differences are also observed in the pH structure around Necker Reef, with

pH values near the bank approximately 0.1 pH units higher than open ocean values (Figure

4.29b). The higher pH values near the bank mightsuggest higher organic production closer to

the banks, or may be the result of particledissolution as indicated by the higher alkalinityvalues.

This topic will be discussed further in the next chapter.

Raita Bank

Raita Bank is located approximately 500 kilometers northwest of Necker (Figure 2.1).

Raita is a typical small isolated bank that is not associated with an island in the Northwestern

Hawaiian Islands. It is representative of deeper shoal-water banks in the archipelago, with

average depths of 30-40 m. Profiles were taken in areas with bottom depths of 50, 500, and

1000 m along a north-south transect of the bank in June 1988. The structure of the salinity
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profile at Raita is different than that of any stations to the south. There is still a salinity

minimum at a depth of 500 m, but the shallow salinity maximum is no longer present (Figure

4.30a). The salinity profile in Figure 4.30 can be compared to the salinity values collected

during the same month of the following year (HOT-7; June 1989) at Station ALOHA. The

salinity values from Raita are similar to ALOHA below the salinity maximum at 150 m. At the

surface, however, the salinity values at Raita are higher relative to those of ALOHA by 0.9 psu.

The T-S diagrams for ALOHA and Raita bank (Figure 4.30b) demonstrate that the water mass

structure is essentially the same between the two stations below the salinity maximum (salinity

Sf 35.0 psu). At depths shaIlower than Station ALOHA's salinity maximum, the salinity

continues to increase at Raita to a salinity of approximately 35.4 psu and then remains relatively

constant to the surface. The depth range of this constant salinity is approximately 100 m. The

lack of a salinity maximum at Raita Bank shows that the bank is within the source region for the

salinity maximum water mass.

Alkalinity values at Raita correlate very well with salinity. Like salinity, the alkalinity

profile exhibits a minimum at 400 m. FoIlowing the reasoning discussed in the previous section,

profiles of alkalinity collected in a transect of the bank were normalized to salinity for

comparison to the normalized alkalinities at Station ALOHA (Figure 4.31a). The normalization

of the alkalinity values allow a direct comparison of the two stations. The surface normalized

alkalinity values from Raita Bank are very similar to the alkalinity values at ALOHA, but deeper

in the water column the Raita Bank alkalinities are higher than those at ALOHA. Higher

alkalinity values were observed for all of the stations sampled around the bank; therefore, it is

unknown how far the alkalinity signal may extend from the bank.

Differences were also observed in the pH structure around Raita Bank relative to

ALOHA, with the pH values on the banks approximately 0.15 pH units higher than open ocean
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Figure 4.30 Profiles of salinity (A) and the T-S plots (B) from Raita Bank and the June 1989
cruise (HOT-7) to Station ALOHA.
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values (Figure 4.31b). The difference in pH values near Raita Bank are evengreater than those

at Necker. These higher values may indicate even higher organic production or particle

dissolutionrates in the water column. These results will be discussed in further detail in the next

chapter.

The higher alkalinity values observed at Raita bank are similar to those at Necker and

demonstrate that the effects of particle dissolution are not unique to only a few environments in

the archipelago. Although the particle flux was not determined at Raita Bank, the alkalinity

profiles from this area suggest that bank-derived particle transport and dissolution may be

importanton this bank as well as on Penguin, Necker, and Mara. Alkalinity values higher than

those at Station ALOHA were observed on a mid-depth bank, on shoal-water reef systems, and

now on a bank of intermediate depth in the Hawaiian Archipelago, indicating that the influence

of carbonate particle dissolution can be observed in many of the bank environments of the

archipelago. These alkalinity values will be discussed further in Chapter V.

Maro Reef

Maro Reef is located at approximately the same latitude as Raita Bank, but is a much

larger shoal-water bank system, approximately 3.5 times the size of Raita Bank. In addition,

Maro has a well-developed reef structure, with the reef nearly reaching the surface in some

areas. Water samples were collected on Maro Bank, in areas with bottom depths of 50, 500,

and 1000 m, along a north-south transect in June 1988. The structure of the salinity profile at

Maro is nearly identical to the profile at Raita. The T-S diagram for Mara Reef is essentially

identical to the Station ALOHA T-S diagram at temperatures lower than 20° C (Figure 4.32).

As with Raita Bank, the salinityof the shallow waters at Mara increases toward the surface to
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a maximum value of 35.5 psu. The lack of a subsurface salinity maximum shows that Maro

Reef is within the source region for the salinity maximum water mass.

Profiles of alkalinity collected in a transect of the bank were normalized to salinity for

comparison to the normalized alkalinities at Station ALOHA (Figure 4.33a). The normalized

alkalinityvalues from Maro Reef follow the same trend withdepth as the ALOHA samples, but

the profiles are displaced to higher alkalinity values. The offset between ALOHA and Maro is

present even at the surface. Differences were also observed in the pH structure around Mara

Reef, with surface pH values on the banks approximately 0.2 pH units higher than open ocean

values, the highest difference of all the banks studied (Figure 4.33b).

A further evaluation of alkalinity can be made by comparing the A-S diagrams from

StationALOHA and Maro Reef. Figure 4.34 includes data from Maro Reef and from the HOT

11 cruise to StationALOHA. It is evident from this figure that the Maro Reef alkalinityvalues

are higher than alkalinityvalues from ALOHA for waters withthe same salinity. The difference

in alkalinityvalues is lowest between the high salinitywaters near the surface at Maro Reef and

the salinity maximum waters (-150 m) of ALOHA. The A-S diagram further demonstrates that

the difference in alkalinity values between ALOHA and Maro Reef could not simply be a

function of mixing processes between water masses. The alkalinityvalues throughout the water

column at Maro are significantly higher than those at ALOHA. The increase in alkalinity with

depth at Maro relative to ALOHA, therefore, is most likely the result of dissolution of

benthically-produced particles transported off of the bank.
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WATER CHEMISTRY SUMMARY

The marine carbon-carbonate system is very complicated and is intimately tied to both

inorganic and organic processes. The distributionof the carbon species in the open ocean with

depth is determined both by the production and decomposition of organic matter and the

distributionand dissolution of carbonate particles in the water column. The temporal variability

of open ocean pH and alkalinity values is small relative to the changes observed in each

parameter as a function of depth. The temporal variability that was observed in the shallow

waters at Station ALOHA was primarily the result of changes in the shallow water mass

structure. The very small temporal variability of the open ocean pH and alkalinity values

contrasts sharply with the very large variability in pH and alkalinity of the waters associated

with the carbonate banks. Bank chemistry can exhibit significant temporal variabilityon time

scales of hours. This variability makes it very difficult to determine the true average carbon

chemistry of the waters of the Hawaiian Archipelago. Each of the four banks studied in this

project represented potentially different environments in the Hawaiian Archipelago that may

affect the carbon chemistry of the waters associated with the banks. They not only covered a

number of different bank morphologies, but nearly 4 0 of latitude and 140 of longitudealong the

archipelago. Despite the differences in locationand bank morphology, all of the banks sampled

exhibitedhigher alkalinity valueson the bank slopes than in the open ocean waters. The elevated

alkalinityvalues around Penguin Bank were estimated to extend seaward 10 to 25 km from the

bank top. The spatial extent of the alkalinitysignal for the other banks was not determined, but

appears to be greater than that observed on Penguin Bank. A single profile off of Kahe Point,

Oahu was inconclusive, but suggested that higher alkalinity and calcium values may not be

observed along the archipelago in areas not associated with a carbonate bank.
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In the previous chapter, the flux of carbonate particles in the open ocean as well as

several bank environments was examined. The inorganic flux near the carbonate banks of the

Hawaiian Archipelago was found to be much greater than the open ocean flux. In addition, the

near-field flux contained significant percentages of bank-derived carbonate particles resulting in

mixed mineralogic assemblages distinctly different from those of the open ocean. These bank

derived particles can either be advected off of the bank top or resuspended from the bank slopes.

This chapter demonstrated that the waters associated with the carbonate banks of the Hawaiian

Archipelago have a different carbon chemistry than that of the open ocean. The next chapter will

further examine the relationship between the carbon chemistry of the waters and the carbonate

minerals present in the water column.
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CHAPfER V

DISCUSSION

The previous chapters presented the results of sediment trap and water chemistry

measurements made at an open ocean site north of Oahu, Hawaii and near several carbonate

banks along the Hawaiian Archipelago. The open ocean study demonstrated the magnitude and

variability of the carbon chemistry and the carbonate flux over a one year time period. The

varietyof banksstudiedrepresented the mid-depth and shoal-water environments of the Hawaiian

Archipelago that produce carbonate particles and may influence the carbon chemistry of the

waters associated with them. Each of the differentbank environments investigated had an unique

particle flux structure, but the magnitude of the particle fluxes near all of the banks was

significantly higher than that of the open ocean. The mineralogy of the inorganic flux near the

banks was also very different from that of the open ocean. Unlikethe open ocean fluxes, at least

90% of the particles in the inorganic fluxes near the banks were mixed assemblages of carbonate

minerals with significant contributions of magnesian calcites. The magnitude and composition

of the near-field fluxes indicate that there are significant contributions of bank-derived particles

to the flux near the banks. In addition, the sediment fluxes from two different trap deployments

on Penguin Bank demonstrated the variability of the bank particle flux and the difficulty of

evaluating an "average bank flux" for this type of environment.

The measured values of pH and DIe at StationALOHA exhibited little variability with

time below the mixed layer. The titrationalkalinity of the open ocean waters was variable in the 

upper 1000 m, mostly because of changes in the shallowwater masses. Bank waters, however,
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show significant changes in carbon chemistry independent of water mass changes and on time

scales much shorter than those observed for the open ocean. This chapter will examine the

distribution and variability of the carbon system parameters of waters near the banks of the

Hawaiian Archipelago to determine if the production and dissolution of carbonate particles on

the banks affect the concentration and distribution of dissolved inorganic carbon species.

The location of the Hawaiian Archipelago in the central North Pacific Gyre provided an

opportunity to evaluate the effect of particle transport and dissolution on the carbon chemistry

of the waters. T-S diagrams showed that the water mass structures for each of the banks were

nearly identical. Given that the water masses were the same at all study sites and the small

temporal variability in carbon chemistry at Station ALOHA, any differences in the carbon

chemistry between the bank stations and ALOHA may be interpreted as a result of interaction

of the waters with the bank sediments and biota.

CARBON DIOXIDE PARTIAL PRESSURE

The partial pressure of carbon dioxide in the surface ocean and the air-sea exchange of

CO2 have been a topic of considerable interest to researchers investigating the oceanic sink for

anthropogenic CO2 (e.g., Keeling, 1968; Weiss et al., 1982; Smethie et al., 1985; Tans et al.,

1990; Smith et al., 1991; Watson et aI., 1991; Goyet et al., 1991). The air-sea exchange of CO2

is usually treated as a simple physical process related to wind speed and water temperature

(Weiss et al., 1982; Smith, 1985; Tans et aI., 1990). As Smith (1985) pointed out, however, the

partial pressure of carbon dioxide in seawater is intimately tied to the processes of organic matter

production and decomposition, and calcium carbonate precipitation and dissolution. These

processes are often ignored or misunderstood in studies of the ocean carbon system, but may
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play an important role in the air-sea exchange of CO2, A recent study, for example, tentatively

showed that large blooms of coccolithophores CEmiliania huxleyi) may act as a net source of CO2

to the atmosphere (Westbroek, 1992). The CO2 fixed by the production of organic matter by

the coccolithophores is offset by the production of CO2 from the precipitationof their calcium

carbonate tests. This finding is in contrast to the decrease in pC02 observed during spring

bloom periods in Antarctica, where surface pC02 concentrations of less than 100 patm were

recorded (Karl et al., 1991). Although these examples may represent special cases in the ocean,

they demonstrate the need to understand the relationships between organic matter, calcium

carbonate, and pC02 in the oceans.

Carbon dioxide partial pressure was not measured in this study, but was calculated from

the marine carbonsystem parameters that were measured. Examination of the concentration and

distribution of CO2 at Station ALOHA and the bank sites will provide insight into the importance

of calcium carbonate and organic matter production and decomposition on the pC02 of North

Pacific waters.

Open Ocean peo2

A profile of pC02 as a function of depth at Station ALOHA (Figure 5.1) is nearly a

mirror imageof the pH and dissolved oxygenprofiles at the station (Figure 4.12). Surfacewater

pC02 values are very near the atmospheric value of 350 patm, but increase rapidly with depth

to a maximum at approximately 700 m. Values for pC02 at the maximum are approximately

four times the atmospheric value. The shape of the pC02 profile suggests that CO2, like pH,

DIC and AOU, is primarily controlled by the production and decomposition of organic matter

between the mixed layer depth and 700 m. Between 700 and 2200 m, however, it has already

been shown that changes in pH and DIC with depth are primarily the result of carbonate
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dissolution. Because pCO.., is directly related to these two parameters, it too mustbe influenced

by calcium carbonate dissolution below 700 m. There is no doubtthat pC02 at Station ALOHA

is stronglyinfluenced by reactions involving organic matterand calcium carbonate over mostof

the water column. The strong pC0 2 gradient in the upper 700 m of the water column is

maintained against vertical diffusion by the sinking flux of organic matter out of the euphotic

zone, which removes CO2 from the surface ocean and releases CO2 in the deeper waters. This

process is called the "biological pump." The high pC02 values below the euphotic zone can be

a significant source of CO.., to the atmosphere in areas of upwelling (Keeling, 1968; Simpson,

1985), but the near atmospheric values in the mixed layer at Station ALOHA suggest that the

biological pump together with the air-sea exchange of CO2 are the primary factors controlling

mixed layer values.

Values for pC02 from within the mixed layer (-25 m) at Station ALOHA were calculated

from TA and DIC between January 1989 and April 1990 (Figure 5.2a). As a reference,

atmospheric pC02 concentrations collected for the same timeperiod at Mauna Loa, Hawaii were

also plotted on Figure 5.2a. Although the Mauna Loa concentrations are not boundary layer

measurements, the Mauna Loa concentrations were nearly identical to measurements made at 3

m above sea level at Cape Kumukahi, Hawaii between 1976 and 1987 (Trends, 1990). The

ALOHA mixed layer pC02 values fromJanuary 1989 to April 1990 were more variablethanthe

atmospheric concentrations. Thisvariability resulted in mixed layerpC02 values that were lower

than atmospheric values from December to May and higher than atmospheric from June to

November. This oscillation of the North Pacific surface waters from an atmospheric CO2 sink

in the Spring to a net source of CO2 in the Fall is consistent with the findings of other studies

in this area (Weiss et aI., 1982; Tans et aI., 1990).
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Figure 5.2 Plotof mixed layer pca" (-25 m) as a function of time from January 1989to April
1990 (HOT-3 through HOT-iS) at Station ALOHA, and the Mauna Loa monthly
atmospheric CO2 concentration .averages for the same period of time (A). Plot of mixed .
layer pC02 as a function of time at StationALOHA calculated using measured DlC and
TA values and using temperature based on the relationship from Tans et al., 1990 (B).
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Because CO2 solubilityand the distribution of carbon species in seawater are a function

of temperature, several investigators have proposed that variations in mixed layer pC02 are

directly tied to sea surface temperature (e.g., Tans et aI., 1990; Weiss et al., 1982). The effect

of temperature on mixed layer pCOz can be evaluated by comparing pC02 values calculated

from TA and DIC to pCOz values determined from changes in mixed layer temperature.

Changes in pCOz were calculated at Station ALOHA using the pCOz-temperature relationship

of Tans et al. (1990) for the eastern North Pacific. This relationship predicts a 4.3% change in

pCOz for every 10 C change in temperature. The similaritybetween the pCOzvalues calculated

from TA and DIC to those predicted just from changes in temperature suggests that temperature

is a major factor controlling changes in pCOz at Station ALOHA over this time period.

However, temperature does not account for all of the observed pCOz changes (Figure 5.2b).

Long-termdirect sampling and modeling of mixed layer and atmospheric CO2 concentrations are

required at time-series stations such as Station ALOHA before a complete understanding of all

of the factors influencing the mixed layer pC02 of the surface oceans is attained.

Tans et al. (1990) calculated the net sink for atmospheric COz for all of the world's

oceans, including the NorthPacific, fromthe difference between atmospheric CO2 and the pCOz

of surface water (t>.pCOz) and the average wind speeds for two four month periods. Although

exact flux calculations cannot be made for the StationALOHA data, because the pistonvelocity

and atmospheric boundary layer pC02 values were not directly measured, this sink can be

estimated using the gas transfer coefficients determined for the North Pacific by Tans et al. and

the t>.pC02 values calculated at Station ALOHA relative to Mauna Loa.

For the months of January to April, Tans et al. calculated an average t>.pC02 of -11 JLatm

for the North Pacific Ocean at latitudes greater than 150 N, resulting in a COz flux of

approximately 1.83 JLmol CO2 m-2 d-1 into the ocean. For the months of July to October, they
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calculated a topC02 of 14 JLatm resulting in a flux of about 1.37 JLmol CO2 m-2 dol out of the

ocean. The net yearly average flux was small, 0.091 mol CO2 m-2 into the ocean. The topC02

values calculated for Station ALOHA are similar to the North Pacific averages of Tans et al.

(1990). For the months of January to April 1989, the average Station ALOHA topC02 valueof

16 JLatm resulted in a flux of about 2.66 JLmol CO2 m-2 dol into the ocean. The topC02 of 14

JLatm for the months of July to October 1989, gives the same flux that Tans et al. determined for

those months (1.37 JLmol CO2 m-2 dol). The net yearly flux for StationALOHA in 1989 was

0.235 mol CO2 m-2 intothe ocean. Although the 1989 estimated flux at Station ALOHA is over

twice the average North Pacific flux, it is still very small relativeto the flux rates for mostof the

other ocean basins (Tans et al., 1990). If the topCOz values measured at Station ALOHA were

representative of the entire North Pacific (-55 x 106 km2) , the net yearly sinkwouldbe only 155

million tons of carbon per year or approximately 2.6% of the 1988 fossil fuel emissions. 'It

should also be noted that the average topCOz value for the first four months of 1990 was -12

J,tatm, much closer to the average flux calculated by Tans et al. (1990). Although the North

Pacific appears to be a very small sink for atmospheric CO2, the difference between the topC02

values calculated for the first four months of 1989 and the first four months of 1990shows that

the net yearly sink for atmospheric CO., can be variable from year to year.

Bank pC02

The pC02 values for waters from Penguin Bankwere calculated from measured pH and

alkalinity values on PB87 at the station used for the Eularian studyon the southside of the bank

(Figure 5.3a). Although there is considerable scatter in the pC02 values, they are generally

lowerthan the Station ALOHA values. The surface pCOz values are also consistently lower than

atmospheric CO2 concentrations. The average difference between atmospheric and surfacewater

171



0
0
.",...

m0 IX:
0 e(W<OM.... %~~a:
0 OCJ-e(

..I We(
0 e(Za:=:,...
"'"'- toe<lE 0 0 A

~~ c to c-N 0 IS A
0 0 0
CJ .... 6
CL c ~ 0 0

0 00 Q
." 0

0 ira A A0

Ai6~ iii0 5 AM

0
0
"'"'0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0
~ i i 0

"'"' C\I M ~ ." CD 0

"'"'0
0....

<C z
e(5

0 % CJ~

s Ozz
..I we(
e( Q.lD

- t °
E 0
- 0
~."-N

o 0
CJ 0

~
0CL~

8g 0
0 ~0 0M

0 0

8 0 0
0
0
C\l o 0 0 0 0 0 0 0 0 0 0

." 0 ." 0 ." 0 ." 0
~

0

"'"' "'"' C\I C\I M M ~ an

(w) Hld30

Figure 5.3 Profiles of pCOz as a function of depth for Penguin Bankand Station ALOHA (A). 
Profiles of pC02 as a function of depth for Necker Reef, Raita Bank, Maro Reef, and
Station ALOHA (B).

172



pC02 values on Penguin Bank is about -50 Jlatm, suggesting that the bank may be a significant

sink for atmospheric CO2, The most likely cause for the low pC02 values is the production of

organic matter by the benthic and pelagic communities associated with the bank. Production by

the Penguin Bankcommunities has been shown to be much higher than open ocean production,

thus allowing a greater draw-down of pC02 (Agegian et al., 1988). There is also significant

production of calcium carbonate on the banks. The precipitation of calcium carbonate, however,

releases CO2 into thewaters (Mackenzie, 1981; Smith, 1985). The lowpC02 values in the bank

waters relative to the atmosphere suggest that the carbon fixed by organic production is greater

on the banks than the carbon released from carbonate production. The low pC02 values also

suggest that at the time of this study, the banks were a net autotrophic system, and that the rate

of CO2 fixationwas greater than the CO2 exchange rate at the air-sea interface.

As observed for the other carbon parameters on Penguin Bank, pC02 can be extremely

variable with time. If, however, an average ~pC02 value of -50 Jlatm is taken for Penguin

Bank, and the Tans et al. (1990) gas transfer coefficient for the North Pacific in the summer

months is used, the net flux of CO2 can be calculated. The net yearly sink for CO2 on the banks

could be as great as 1.7 mol CO" m-2 y-l, or over seven times greater than the open ocean sink

for CO2, Calculated surface pC02 values were even lower in the Northwestern Hawaiian

Islands, suggesting that production and the net CO2 sink per unit area is even greater on these

banks (Figure 5.3b).

The low pC02 values deeper in the water column, below the euphotic zone where little

or no production is occurring, are most likely the resultof calcium carbonate dissolution. It has

been shown in previous chapters that very soluble magnesian calcite particles are abundant in

the water column around these banks and that alkalinity values are higher than the open ocean

values. The mostlikely cause for the observed high alkalinity and low PCOz values in the water
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column is the dissolutionof calcium carbonate particles in the waters associated with the banks.

The low pC02 values also suggest that the dissolution of calcium carbonate in the water column

fixes CO2 at a greater rate than that of CO2 release from the oxidation of organic matter. This

finding is in contrast to observations in the shallow waters, where fixation of carbon from the

productionof organic matter appears to be faster thanthe release of CO2 from calciumcarbonate

precipitation. The only reasonable explanation for this observation is that there must be a net

export of organic carbon to the open ocean (farther than 10-20krn) that is greater than the export

of calcium carbonate carbon. Several lines of evidence support this possibility. First, the

amount of carbon per gram of organic matter is significantly greater than the carbon in calcium

carbonate, particularly for the benthic plants on the bank that can have C:N ratios as high as

60:1. Second, the lower density of the organic matter may allow it to be transported farther

away from the banks than the carbonate particles. This argument is supported by observations

in the Necker and Maro Reef sedimenttraps. On bothbanks there appeared to be a lateral input

of organic material to the water columnthat was not accompanied by carbonate particles. Thus,

on the bank top there is greater production of organic carbon than calcium carbonate carbon.

Both organic and calcium carbonate particles are transported away from the bank. On the bank

slopes, the calcium carbonate particles begin to settle out of the water column and dissolve,

decreasing the pC02 of the deeper waters. Organic carbon remainssuspended and is transported

farther away from the banks before it settles into deeper waters and is decomposed. A more

in-depth study of the carbon budget of the banks is required, however, before these issues can

be resolved.

The pC02 values at all four of the bank sites suggest that the reactions involving organic

matter and calcium carbonate playa greater role in determining the pC02 of bank waters than

they do in the shallow waters of the open ocean. These pC02 controls may result in a large sink
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of atmospheric CO2 near the archipelago. The temporal and spatial variability of the marine

carbon chemistry on the banks, however, requires that much more work be done to define the

net strength of this sink in different areas of the world. It should be kept in mind that unless

production on the banks has increased over the past 100 years, the low pC02 values in the

surface waters from organic production do not qualify as a potential sink for anthropogenic CO2

(Smith and Mackenzie, 1991). The dissolution of bank-derived carbonate particles may qualify

as a sink if the dissolution is enhanced over preindustrial values. The tendency for these

carbonate particles to dissolve in seawater is discussed in the next section.

CARBONATE ION CONCENTRATION AND SATURATION STATE

Open Ocean C03-2

The distribution of carbon species can be determined for the open ocean and bank

stations from the titration alkalinity and pH values measured as part of this project. One of the

more important species used to evaluate the relationship between carbonate particles and the

carbon chemistry of the waters is C03-2. The tendency for a mineral to dissolve when placed

in contact with seawater is determined by the product of the concentrations of the ions formed

by its solution (Sverdrup et al., 1942; Keir, 1980; Busenberg and Plummer, 1989). If the

concentration product of these ions is in equilibrium with a given mineral, there will be no net

dissolution or precipitation of that mineral in the solution. If the concentration product of a

sample of seawater is less than that of the equilibrium value for a given mineral, then the sample

is said to be undersaturated with respect to that mineral and the mineral will have a tendency to

dissolve in the solution. The saturation state of the waters with respect to some carbonate phase

x (Ox) can be determined by calculating the ratio of the measured total ion concentration product
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to the apparent solubility product of carbonate x (Kx)' Brackets in the following equation

indicate concentrations:

(5.1)

The various mineral phases of calcium carbonate each have different apparent solubilityproducts

depending on the stabilityof the mineral in aqueous solutions. Aragonite, for instance, is more

soluble than calcite, so the ion concentration product of aragonite at equilibrium is greater than

the concentration product for calcite (Broecker and Peng, 1982). The solution products of

calcium carbonate are Ca+2 and C03-2. Variations in carbonate ion concentrations in the ocean,

however, are much greater than the variations in calcium (Broecker and Peng, 1982). Thus, the

carbonate ion concentration is the primary variable determining whether or not a carbonate

particle will dissolve.

Carbonate ion concentrations were calculated from measured pH and alkalinity values

for each of the cruises to Station ALOHA (Figure 5.4). The carbonate ion concentrations are

high at the surface and decrease withdepth to approximately700 m. Below 700 m the carbonate

ion concentrations increase as a function of depth to the sea floor.

The solid and dashed lines on Figure 5.4 represent the carbonate ion concentrations at

equilibrium and at 50% saturation (0 = 0.5) with respect to calcite and aragonite, respectively.

The solubility of carbonate particles increases with increasing pressure and decreasing

temperature, and thus the equilibrium values increase with depth. The surface waters at Station

ALOHA are welloversaturated with respect to both calcite and aragonite. Mixed layer carbonate

ion concentrations are 5.5 and 3.5 times higher than the equilibrium values of calcite and

aragonite, respectively. The decrease in carbonate ionconcentration in the shallow oversaturated
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waters is primarily the result of the decomposition of organic matter. Equation4.2 (Chapter IV)

shows that the decomposition of one mole of organic matter releases 18 molesof H+. Someof

the excess hydrogen ions in solutionmay then combine with carbonate ions to form bicarbonate

according to the following reaction:

CO -2 + H+ ~ HCO -3 3 (5.2)

The carbonate ion minimum occurs at the same depth as the pH minimum and AOU maximum,

suggesting that the carbonate ion concentration between the surface and 700 m is primarily

controlled by organic matter decomposition.

The C03-2 concentration crosses the equilibrium value for aragonite at approximately 500

m, but continues to decrease to a depth of approximately 700 m where it approaches the

equilibrium value for calcite. The carbonate ion concentration remains very close to the

equilibrium value for calcite to a depth of approximately 2500 m. Below 2500 m the waters

become progressively more undersaturated with increasing depth. The saturation states for

calcite and aragonite at Station ALOHA agree well with previous studies in this area (Chen et

aI., 1987; Betzer et aI., 1984a, Feely et aI., 1984, Feely et aI., 1988).

In the last chapter, it was determined from the DIC versus AOU plot (Figure 4.16) that

the dissolution of carbonates had a greater effect on DIC than the decomposition of organic

matter between the depths of 700 and 2200 m. Despite an increase in AOU below 700 m, the

DIC continued to increase to a maximum value at 2200 m. The depth range between 700 and

2200 m almost exactly corresponds with the range over which the carbonate ion concentration

remains very near the equilibrium value for calcite and at 60% saturation with respect to

aragonite.
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Although a number of factors may influence the dissolution rates of carbonate minerals,

including the surface area to volume ratio and organic coatings, it has been demonstrated that

the dissolution rates of calcite and aragonite increase roughly as the fourth power of the degree

of undersaturation of the water. The following rate law demonstrates this relationship (Keir,

1980):

where:

R% = k% (I-D)"

R% = dissolution rate (% d-1)

n = mineral dependant constant (4.5 for calcite; 4.2 for aragonite)
k% = rate constant dependent on sample composition

(5.3)

Thus, the dissolution rate at saturation levels close to equilibrium would be very low relative to

the rate at lower saturations. Berner (1977) also suggested that significantundersaturation (0 =

0.6-0.8) must be attained before dissolution of carbonate particles in the ocean will occur.

Because the waters over this depth range are very near saturation with respect to calcite, it is

most likely that aragonite is the primary carbonate mineral dissolving between 700 and 2200 m.

The depth at which pteropod tests (made of aragonite) are no longer found in the sediments in

the central North Pacific, termed the pteropod compensation depth (PCD), is approximately 500

m (Berger, 1978; Berner, 1977), very close to the saturation depth for aragonite at Station

ALOHA. Although aragonite at this depth is only slightly undersaturated, these particles may

slowly dissolve at the sediment surface before they can be buried and preserved. Aragonite

particles settling through the water column, however, will undoubtably sink to greater depths

before undergoingdissolution.

Betzer et aI. (l984a) determined from sediment trap studies in the North Pacific that the

flux of pteropod aragonite at 2200 m was less than 10% of the aragonite flux at 100 m. Their
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estimate of the range over which aragonite dissolves exactly corresponds with the range at

Station ALOHA over which carbonate dissolution influences DIC and the carbonate ion

concentration remains very near the 60% saturation level for aragonite. Below approximately

2200 m at Station ALOHA, the carbonate ion concentration begins to deviate toward values

significantly below the calcite saturation value. The lack of increase in the carbonate ion

concentration below 2200 to 2500 m may be due to the fact that all of the aragonite particles

have dissolved by the time they reach that depth, and therefore there are no more particles that

are undersaturated in these waters to add C03-2. At these depths calcite is the only carbonate

mineral found in the sediments (Berger et aI., 1976; Berger, 1976).

The depth at which calcite particles are no longer found in the sediments, termed the

calcite compensation depth (CCD), is signiticantly deeper than the PCD. The CCD in the

Central North Pacific is approximately 4200 m (Berger et al., 1976; Berger, 1976). This depth

is over 3500 m deeper than that of the PCD, because the carbonate ion concentration remains

very close to the calcite equilibriumvalue over a large depth range. It is not until few aragonite

particles left to dissolve in the water column that the waters start to become undersaturated with

respect to calcite. The depth range of the transition zone from high to low carbonate

concentrations in the sediments is approximately 1000 meters in the North Pacific (Berger et al.,

1976), corresponding to the depth range over which calcite particles begin to dissolve at Station

ALOHA. There is no evidence in the sediments that calcite dissolution occurs in waters

shallower than 3200 m. At a depth of 3200 m (Berger et aI., 1976), the waters at Station

ALOHA are approximately 85% saturated with respect to calcite. This saturation level must

indicate the degree of undersaturation required for the dissolution of calcite to be kinetically

favored in Pacific Ocean water.
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Bank C03-2

The carbonate ion concentrations near Penguin Bank were calculated from data collected

on PB87 at the station used for the Eularian study on the south side of the bank (Figure 5.5).

The average carbonate ion concentration profile from Station ALOHA is plotted on the figure

for comparison with the bank values. The average ALOHA profile was determined by fitting

the C03-2 data with a fifth order polynomial as a function of depth between the surface and 1000

m from all of the HOT cruises. The resulting equation had a coefficient of determination of

0.988:

[C03-2] = 231.34 + 0(9.17 x 10-3) - 0 2(2.28 x 10-3) + 0 3(4.92 x 10-6) -

0 4(4.00 x 10-9) + 05(1.l7 x 10-12) (5.4)

The scatter in the bank C03-2 values demonstrates the temporal variability of the marine carbon

system in bank environments. The average carbonate ion concentrations at Penguin Bank are

higher than those at Station ALOHA. The maximum difference is observed for surface waters.

The surface waters at Penguin Bank are on average 6.6 and 4.4 times oversaturated with respect

to calcite and aragonite, respectively. The higher carbonate ion concentrations near the surface

are primarily the result of the higher pH values of bank waters. Deeper in the water column,

pH values are lower than those at ALOHA at similar depths, but carbonate ion concentrations

are still higher because of higher alkalinity values near the banks. The carbonate values at

saturation with respect to aragonite are indicated with a solid line on Figure 5.5. The Penguin

bank waters were not sampled deep enough to reach undersaturation with respect to aragonite,

but extrapolation of the shallow data suggests that the saturation depth would be very near or

slightly deeper than the aragonite saturation depth at Station ALOHA.
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The sediment trap results of Chapter II demonstrated that a significant portion of the

inorganic flux near the banks was composed of bank-derived aragonite and magnesian calcite

particles. The magnesian calcite minerals have magnesium substituted into the lattice structure

of the' calcite mineral in place of calcium. Magnesium substitution in biogenic carbonates

commonly ranges from 0 to 30 mole%. It has been demonstrated that these benthic forms of

magnesian calcite and aragonite are more soluble than pelagic carbonates (Chave et al., 1962;

Mackenzie et aI., 1983; Urmos et aI., 1986; Bischoff et aI., 1987; Busenberg and Plummer,

1989; Bertram et aI., 1991). The stability of these minerals is still very controversial. Figure

5.6 indicates the range of stabilityvalues determined depending on whether the minerals were

uncleaned biogenic, cleaned and annealed biogenic or synthetic magnesian calcites. For this

discussion, however, it is sufficient to say that, in general, the higher the mole% magnesium,

the more soluble the mineral. Based on the biogenic magnesian calcite values of Bischoffet aI.

(1987), magnesian calcite minerals of greater than about 11 mole% MgC03 are more soluble

than aragonite. The magnesian calcite particles found in the sediment traps at Station ALOHA

and Penguin Bank ranged from 10 to 16 and 8 to 23 mole% MgC03, respectively. Thus, the

mixed mineralogic assemblages of shoal-water carbonates found in the ALOHA and Penguin

Bank sediment traps may dissolve at depths much shallower than those of pelagic calcite and

aragonite. The carbonate ion values at saturation for two representative magnesian calcite

compositions, based on the cleaned biogenic stabilityvalues of Bischoffet aI. (1987), are plotted

in Figure 5.5. The depth of saturation for a 12.5 mole% magnesian calcite at Station ALOHA

is less than 400 m. The higher carbonate ion concentrations on PenguinBank result in a slightly

deeper saturation depth for this mineral near the bank.

One explanation for the higher alkalinity and carbonate ion values observed near the

banks would be the addition of C03-2 to the water column from the dissolution of these very
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soluble magnesian calcite phases. The results of sediment trap experiments on Penguin Bank

showed that large quantities of magnesian calcite particles were distributed throughout the water

column. The water chemistry showed that the alkalinity values of the waters surrounding

Penguin Bank were higher than those at ALOHA. Finally, the calculated saturation state of

these waters suggests that the dissolution of some magnesian calcite phases can occur at depths

of just a few hundred meters. The dissolution of these very soluble magnesian calcite particles

in the shallow waters surrounding the banks, therefore, explains the high alkalinity values found

near Penguin Bank.

The dissolution of magnesian calcite particles in waters shallower than the aragonite

saturationdepth increases carbonate ion concentration in the waters, resulting in a depression of

the aragonite saturation depth. A north-south cross-section of aragonite saturation horizons at

1580 W longitude was calculated by Sabine and Mackenzie (1991) (Figure 5.7). The depth of

the 100% saturation horizon for aragonite increases from approximately 275 m at 150 N to

nearly 500 m at StationALOHA, north of the archipelago. Penguin Bank water samples were

not collected at deep enough depths to reach undersaturation with respect to aragonite, but, as

pointedout earlier, the saturationstatesof shallowersamples were consistently higher than those

at Station ALOHA. This Figure clearly shows the depression of the aragonite saturation

horizons near the Hawaiian Archipelago. As described previously, this depression results from

the dissolution of very soluble, bank-derived magnesian calcites, demonstrating the importance

of bank-derived carbonate transport and dissolution on the carbon chemistry of the waters

surrounding the Hawaiian Archipelago.

The depression of aragonite saturation horizons has also been observed near the Bahama

Banks (Droxler et aI., 1988). These authors attribute the 500 m depression in the depth of the

aragonite saturation horizon to the dissolution of magnesian calcite particles in waters that are
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oversaturated with respect to aragonite, but they did not have any sediment trap data to verify

that magnesian calcite particles were present in the water column at that site. The results from

the Hawaiian Archipelago have shown that bank-derived magnesian calcite particles, with

solubilities greater than that of aragonite, are present throughout the water column in the areas

withdepressed saturationhorizons, strengthening the argument that the depressions are the result

of magnesian calcite dissolution.

The carbonate ion concentrations with depth in the Northwestern Hawaiian Islands

(NWHI) were calculated from measured pH and alkalinity values. Although there was

considerable scatter in the data, the carbonate ion trends withdepth for the three banks sampled

were very similar to each other. So that the profilesof the individual banks couldbe easily seen,

the carbonate ion concentrations were fit withsecond order polynomials and plottedtogetherwith

Station ALOHA data in Figure 5.8. The average coefficient of determination for each of the

polynomial fits was approximately 0.96.

As mentioned previously, the surface waters at Penguin Bank, the station farthest south

in the archipelago, were approximately 4.4 timesoversaturated with respect to aragonite. Necker

Reef, the next bank north, was approximately 4.6 timesoversaturated with respect to aragonite.

Raita and Maro Reefs were 4.8 and 5.0 times oversaturated with respect to aragonite,

respectively. This increase in aragonite saturation state along the archipelago is in contrast to

the general decrease in surface aragonite saturation to the north in the open ocean, as reported

by Chen et al, (1987). The increase in aragonite saturation state along the archipelago is most

likely the result of magnesian calcite dissolution as suggested for PenguinBank. In addition, all

of the Northwestern Hawaiian Island (NWHI) carbonate ion concentrations are distinctlyhigher

than those at Station ALOHA to a depth of 1000 m, the deepest sample depth near the banks.

Thus, it appears that there is a greater alkalinity signal resulting from the dissolution of carbonate
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minerals in the Northwestern Hawaiian Islands. This increase might be expected, because

productionon shoal-water reefs, such as those sampled in the NWHI, maybe significantly higher

than mid-depth reef production (Atkinson and Grigg, 1984; Agegian et aI., 1988). Also, the

relative percentage of organisms that produce these very soluble magnesian calcite particles

increases to the northwest along the archipelago (Schlanger and Konishi, 1975; Agegian and

Mackenzie, 1989).

The sediment trap results demonstrated that the flux of carbonate particles is significantly

higher than open ocean fluxes near the Hawaiian Archipelago and that many of these carbonate

particles are very soluble magnesian calcites. Calculations of the saturation state of the waters

at each of the sites have also demonstrated that some compositions of these particles can be

thermodynamically favored over pure calcite and aragonite to dissolve in very shallow waters.

Because of kinetic factors, however, it is difficultto determine from saturation state calculations

alone the depths and quantities of particles that are actually dissolving near the banks.

A number of investigators have calculated the in situ dissolutionof carbonate particles

using dissolved calcium or alkalinity measurements (Horibe et al., 1974; Brewer et al., 1975;

Chen, 1978; Tsunogai and Watanabe, 1981; Chen et al., 1987; Chen, 1990). There are two

major concerns, however, that must be addressed when attempting to calculate carbonate

dissolution. The first concern is that higher calciumor alkalinity values in the deep waters may

not be the result of the vertical carbonate flux, but rather the result of higher concentrations at

the time of formation of the water mass. Chen et aI. (1982b) determined that much of the

dissolved calcium in the deep Pacific, for example, was preformed and not the result of in situ

dissolution. The second concern is the effect of anthropogenic CO2 on the calculations. Chen

(1990) pointedout that failure to correct for the presence of anthropogenic CO" could result in

an overestimation of the inorganic carbon to organic carbon ratio by 0.05 to 0.07. This will, in

189



turn, result in overestimation of carbonate dissolution. The following section will discuss these

problems in further detail and will present ways to resolve them.

THE ANTHROPOGENIC CO2 SIGNAL

To calculate the quantity of calcium carbonate that has dissolved in the water column at

Station ALOHA, the change in titration alkalinity (e'I'A) and DIC (toDIe) must be determined.

As mentioned in the previous section, however, it is incorrect to assume that the higher deep

water values are solely the result of in situprocesses. It is possiblethat the water masses present

at the open ocean site had different preformed alkalinity (TAO) or DIC (DICO) values.

Therefore, to calculate properly the toTA and toDIC values, the preformed values must be

determined. The source of deep waters to the Paciflc is from the Southern Ocean (Sverdrup et

al., 1942; Knauss, 1962). It has been shown that the normalized values ofTA and DIC in that

area are linearlycorrelated with temperature (Chen and Pytkowicz, 1979). Chen and Pytkowicz

(1979) determined, therefore, that the values of TA0 and DICOmay be estimated for the deep

waters of the Pacific from empirical equations that relate TA and DIC to potential temperature.

Chen et al. (1987) point out, however, that the equations for TA0 and DICo are not appropriate

for North Pacific waters shallower than the North Pacific Intermediate Water (NPIW), because

the water mass distributions and origins are very complicated. No suitable preformed alkalinity

or DIC equations exist for the shallow waters of the North Pacific. The equations used in this

study to calculate the preformed values for the deep waters at StationALOHA were taken from

Chen (1990) based on the revised GEOSECS data. The equations are:

TA° (jLeq kg") = 2384 - 4.2 . e (± 9)
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DICO (pmol kg") = 2219 - 11.0 . e (± (6) (5.6)

The standard deviations of the equations, given in parentheses, are much larger than the

precision of the measured values of TA and DIC at Station ALOHA, but estimating the

preformed values from these equations is more appropriate for the t.TA and "DIC calculations

than assuming the TA and DIC values of the waters entering the Pacific were the same as the

surface values at 220 N.

Another importantfactor influencing carbonate dissolution calculations is anthropogenic

CO2 , The calculated t.DIC used in the calculations may be significantly affected by the input

of anthropogenic CO2 (Chen et aI., 1982b). Chen (1982) calculated that the quantity of

anthropogenic CO2 dissolved in the surface waters of the Pacific at the time of the GEOSECS

expedition was as high as 43 JLmol kg". The use of preformed DIC values collected at that time

would cause a systematic error in t.DIC calculations for waters that were formed prior to the

increase in atmospheric CO2, The inputof anthropogenic CO2 (toTCOz0) can be determined at

StationALOHA following the methods of Chen (1982):

DICO(old) =DIC(measured) - 0.5 . (TA(measured) - TA°(present»

- 0.89' AGU

(5.7)

(5.8)

The values of TAo(present) and DICo(present) are calculated from equations 5.5 and 5.6,

respectively. DICO (old) is the DIC of the water withthe carbon contributions from the dissolution

of carbonate particles and the decomposition of organic matter removed. This value represents
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the preformed DlC content of the water when it was originally formed. The DIce(present)

represents the value this water would have had if it were formed at the time of the GEOSECS

expedition. The difference between these two values is the increase in DlC from anthropogenic

CO2, . Further discussion of the derivation of this model and its limitations are given in Chen

(1982). The two most controversial terms in equations 5.7 and 5.8 are the calculation of the

present preformed values and the coefficient for the AOU term. The equations for calculating

the present preformed values have already been described. The coefficient for the AOU term,

however, requires further explanation.

The correlation between ll.D1C and AOU can be evaluated from the following equations

based on the Redfield ratio of carbon, nitrogen, phosphorus, and oxygen (Redfield et aI., 1963;

Chen and Pytkowicz, 1979; Chen et aI., 1982b; Kanamori and Ikegami, 1982):

ll.DlC = DlC(measured) - DICo = x + 106y

ll.TA = TA(measured) - TA0 = 2x - 17y

AOU = 138y

(5.9)

(5.10)

(5.11)

The terms x and y in these equations represent the moles of calcium carbonate that have

dissolved and the moles of organic matter that have decomposed in the water column,

respectively. Solvingequations 5.9-5.11 for .toDlC, ll.TA, and AOU yields:

.toDlC - O.5ll.TA = 0.83AOU
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Thus, the correlation between the variables (ADIC - 0.5ATA) and AOU should have a slope of

0.83 based on the Redfield ratio. Chen and Pytkowicz (1979) first showed that a plot of ADIC 

O.5ATA versus AOU for samples collected deeper than NPIW had a slope similar to the

theoretical slope calculated above, but theyalso discovered that a regression of the pointsdid not

have an intercept of zero as expected. They postulated that the offset in the intercept of the

regression was due to thedifference between the DICo(present) value used to calculate ADIC and

the actual preformed DIC value the water mass had when it was formed. This offset represents

the input of anthropogenic CO2 into the waters since their time of formation. The shallower

waters approach a value of zero, because they are younger and the difference between the

DICo(present) and the actual preformed DIC value is less.

Figure 5.9 is a plotof ADIC - O.5ATA versus AOU for depths at StationALOHA greater

than 800 m. Values from depths shallower than 800 m have a different slope and approach a

ADIC - O.5ATA of zero at the surface. A regression of the points deeper than 800 m yields a

slope of 0.89 (± 0.02), a value very similar to the slope predicted from equation 5.12 above.

For calculations using equation 5.8, the actual measured slope of 0.89 is used rather than the

Redfield slope of 0.83. The intercept of the regression has a value of -48.36 J.'mol kg- l (± 4.2).

This value represents the excess CO2 that entered the surface ocean between preindustrial times

and the time of the GEOSECS expedition. This value only gives the CO2 at the time of the

GEOSECS expedition, because the preformed equations are based on data collected at that time.

The value of 48.36 JLmol kg- l is very similar to the value of 43 JLmol kg-l calculated by Chen

(1982). Despitethe fact that Chen's calculations were made nearly a decade ago, the residence

timeof the deep Pacific isso longthat the chemistry of those waters should nothave significantly

changed since that time.
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The depthof excess CO2 penetration can be determined by plotting I:.TCOz0, calculated

from equations 5.7 and 5.8 above, versus depth at Station ALOHA (Figure 5.10). The higher

I:.TC02 0 values in the deeper waters represent the increasing difference between the old

preformed DIC values and today's preformed values owing to the injection of anthropogenic

CO2, The deep waters, which do not demonstrate a depth dependent relationship to I:.TCOz0,

represent the waters that were formed prior to the substantial rise in atmospheric CO2 (Chen,

1982). The value of this maximum difference is -48.36 /lmoles kg", as determined from the

intercept of the regression line in Figure 5.9. The depth at which this maximum difference is

reached corresponds to the depth of maximum penetration of anthropogenic CO2, Chen (1982)

determined from his 1981 cruise that the maximum penetration near Hawaii was approximately

600 m. The depth of anthropogenic CO2 penetration at Station ALOHA is approximately 700

m, very similar to the depth calculated by Chen. As Chen (1982) pointed out, this penetration

is not directly the result of vertical penetration of CO2 to this depth. It is more likely that the

CO2 was transported to that depth as part of a younger water mass such as the NPIW that picked

up anthropogenic CO2 much closer to the surface when it was formed.

The limitations and potential errors associated with the calculation of anthropogenic CO2

penetration have been extensively discussed in the literature (Chen, 1982; Shiller, 1981; Chen

et al. 1982a). Although the I:.TC02° calculation only provides a first approximation of the input

of anthropogenic CO2, the method does demonstrate that the injection of CO2 into the North

Pacific is considerably deeper than the mixed layer depth. Given a precision of ± 10 and ±4

j.l.moles kg-1 for t:.TC02° as calculated by Chen (1982) and in this study, respectively, the

difference in the I:.TCOz0 of the deep North Pacific waters for the two studies of only 5 /lmoles

kg-1 is not statistically significant. The similarity of the I:.TC02° values for these two

independent studies further supports the use of equations 5.7 and 5.8 to calculate the injection
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of anthropogenic CO2, If anthropogenic CO2 has penetrated to a depth of 700 m at Station

ALOHA, then this CO2 may be dissolving aragonite and magnesian calciteparticles at this depth.

INORGANIC- AND ORGANIC-DERIVED CARBON

Given the preformed values for TA and DIC in a body of water and its present values,

it ispossible to determine the ratio of in situ inorganic and organic carbon decomposition. Using

equations 5.9 and 5.10 above, the ratio of carbon derived from the dissolution of calcium

carbonate (Inorg C) to carbon derived from the decomposition of organic matter (Org C) can be

calculated from the following equation ( Chen et al., 1982a; Chen et al., 1987; Chen, 1990):

Inorg C = X
Org C l06Y

o .16038aDIc+aTA=
2aDIC-aTA

(5.13)

As mentioned earlier, however, the .c.DIC values must be corrected for the injection of

anthropogenic CO2, Failure to correct the DIC values for anthropogenic CO2 could result in an

error of 0.05-0.07 in the inorganic carbon to organic carbon ratio (Chen, 1990). The toDIC

equation from 5.9 may be modified to:

toDIC = DIC(measured) - DICo + 48.355 (5.14)

The inorganic carbon to organic carbon ratio (IC/OC) was calculated for measurements deeper

than 800 m from each cruise to Station ALOHA (Figure 5.1l). The data from shallower than

800 m were not included, because the water masses present at those depths were formed in the
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North Pacific and not the Weddell Sea. Equations 5.5 and 5.6, therefore, are not appropriate

for determining the preformed values for TA and DIC. The IC/Oe increases from 0.1 at 800

m to approximately 0.25 at 2500 m. Below 2500 m the Ie/OC remains constant to the sea floor.

The constant IC/Oe below 2500 m is consistent with the findings of Chen (1990); however, the

calculated Ie/Oe value of0.25 is slightly lowerthanthatof 0.36 calculated by Chen. An Ie/Oe

value of 0.25 indicates that approximately 20% of the carbon in the deep Pacific is contributed

from the dissolution of carbonate particles. This percentage is consistent with the findings of

other researchers who have calculated the percentage of inorganic carbon in the deep Pacific

owing to carbonate dissolution; for example, Edmond (1974) and Ben-Yaakov (1972) calculated

values of 20.6% and 20%, respectively. These findings demonstrate that far more carbon is

added to the deep ocean from the decomposition of organic matter than from the dissolution of

carbonates. The increase in IC/Oe with depth, however, indicates that carbonate dissolution

increases as a function of depth relative to the rate of organic decomposition. This is consistent

with saturation state calculations which demonstrated that the deep waters were more

undersaturated with respect to carbonate than the shallow waters.

The quantity of inorganic carbon in the water column contributed by the dissolution of

carbonate particles (Carbonate Inorganic Carbon = eIC) can be calculated from the numerator

of equation 5.13. The profileof Cle below 800 m from Station ALOHA is presented in Figure

5.12. The eIe at 800 m is approximately 22 Jl.mol kg'", increasing to a maximum of

approximately 44 Jl.mol kg-1 at 2500 m. Between 2500 and 3500 m, the CIC decreases as a

function of depth. Below 3500 m, the eIe is essentially constant to the sea floor. The increase

in eIC below 800 m demonstrates that the dissolution of carbonate particlesas they sink through

the water column is increasing with depth. The depth of the eIe maximum is coincident with

the estimated maximum depth at which aragonite particles are found in sediment trap samples,
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but it is shallower than the depth at which calcite dissolution is evident in the sediments. This

increase in ele, therefore, mustbe primarily due to the dissolution of aragonite and magnesian

calcite particles. Below 2500 m, there are not as many soluble carbonate particles sinking

through the water column to contribute carbon, and thus less inorganic carbon is added. The

depth at which the percent calcite begins to decrease in the sediments in this area of the Pacific

is approximately 3200 m (Berger et al., 1976). Therefore, significant dissolution of calcite

probably occurs below this depth. Thus, the relatively constant ele values observed between

3500 m and the sea floor may be due to the dissolution of calcite in the bottom waters and on

the sea floor.

Although Figure 5.12 shows that carbonate particles have dissolved in the deep ocean,

this additionhas occurred over hundreds of years. The linear mixing lines observed in the plot

of alkalinity versus salinity (Figure 4.11) indicate that the change in alkalinity because of the

dissolution of carbonate particles occurs on a time scale much longer than thatof mixing. Thus,

one would not expect to observe changes in carbonate dissolution in the open ocean over short

temporal or spatial scales. Based on this assumption, the inorganic carbon from the dissolution

of carbonate particles at Station ALOHA should be representative of that general area of the

Pacific. To evaluate the dissolution of carbonate particles near the banks, the ele can be

calculated for each of the bankstations sampled. The difference between the bank ele and the

open ocean eIe (~elC) is a measure of the dissolution of bank-derived particles.

The presence of different watermasses and the inabil itytodetermine preformed alkalinity

and DIe values precluded the exact determination of CIe at depths above 800 m at Station

ALOHA. Almost all of the samples collected near the banks, however, were from depths

shallower than 800 m. The t:.TA and t:.DIC values used to calculate cle for samples between

the surface and 1000 m using equation 5.13 were calculated relative to surface values at that
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station. The errors in the CIC value owing to differences in preformed TA and DIC values, as

well as injection of anthropogenic CO2, cancel when considering only the difference betweenthe

open ocean and the banks. The CIC values at Station ALOHA for depths between the surface

and l(JOO m were determined for the entire 15 months of data collected. All of the data were

then fit with a third order polynomial to determine the average open ocean CIC profile. The

coefficient of determination of the polynomial fit was 0.984. The open ocean CIC was then

calculated for the water depths sampled on the banks and subtracted from calculated bank CIC

values to get ACIC.

Values for ACIC were calculated for each of ten casts collected at one station near

Penguin Bank and averaged for each depth (Figure 5.13). The error bars are one standard

deviation from the mean, and generally increase withdepth. The large error bars are the result

of natural variability in both the TA and DIC at Penguin Bank. This variability compounds the

variation in ACIC. The ACIC is essentially zero to a depth of approximately 150 m. Below 150

m, however, the inorganic carbon from the dissolution of carbonate particles increases as a

function of depth relative to Station ALOHA. The ACIC is the highest at 400 m (the deepest

sample) with a value of 12 J-Lmol kg". The increase in ACIC begins at a depth shallower than

the aragonite saturation depth, thus suggesting that benthically-produced magnesian calcite

particles are dissolving at depths shallower than aragonite. The elevated ACIC values further

demonstrate that bank-derived carbonate particles play an importantrole in the carbon chemistry

of the waters near Penguin Bank. The dissolution of magnesian calcite particles increases the

carbonate ion concentration of the waters depressing the aragonite saturation depth.

The ACIC values calculated for the Northwestern Hawaiian Islands were very scattered,

but generally showed a maximum at a depth of 200 to 300 m (Figure 5.14). The ACIC values

of all Northwestern Hawaiian Island banks decreased to near zero at a depth of 500 m. Below
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at Penguin Bank.
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500 m, Maro was the only bank which showed an increase in ACIC. The 200 to 300 m

maximum observed on all three banks suggests that magnesian calcite dissolution is influencing

the waters shallower than 500 m. The Maro Reef sediment trap samples had much greater fluxes

of resuspended carbonate particlesfrom the bank slopes than thoseat Necker. This resuspension

of material at Maro Reef may explainthe increase in ACIC withdepth below500 m not observed

at the other banks.

The ACIC calculation determines the quantity of carbonate particles that have dissolved

in a kilogram of water near the banks and may be used to determine how much of the daily

carbonate production of the bank is dissolved in the surrounding waters. To obtain this value,

the total quantity of particles dissolved in the water column must be determined. In the previous

chapter, it was shown that a profile of alkalinity at the 500 m contour of Penguin Bank had

higher values than the open ocean values at StationALOHA. A profile of alkalinityat the 1000

m contour, only 15 km farther away from the bank than the 500 m contour, showed alkalinity

values that were not significantly different from StationALOHA. It may be assumed, therefore,

that the volumeof waterthat was measurably affected by the dissolution of bank-derived particles

was contained within the 500 m contour. The ACIC profile determined for the waters at the 500

m contour showed that the increase in carbonate dissolution occurred only in waters deeper than

100 m. The total quantity of carbonate particles dissolved in the waters around Penguin Bank

was determined, therefore, by multiplying the volume of water around Penguin Bank in 100 m

intervals, from 100 m to 500 m, by the average ACIC for that interval. The total volume of

water with elevated CIC values was calculated to be approximately 198 x 1012 I. The total

quantity of carbonate material dissolved in that volume is approximately 1.4 x 107 g CaC03.

To determine the quantity of carbonate that was dissolved from PenguinBank each day,

the residence timeof the water between the 500 and 100 m contours was calculated. The flow
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of wateracross the bank was calculated from the netcurrent direction and speed from the current

meter located on the 500 m contour at 125 m. The net current over the 10day deployment was

3.5 ern s·l directly towards the east. The residence time was determined by dividing the volume

of water with elevated CIC values, 198 x 1015 crrr', by the effective north-south cross-sectional

area of the bank, 2.2 x 1011 cm2, and the current speed. The calculated residence time using

this method was approximately 3 days. The net flux of carbonate from Penguin Bank, which

in turn has dissolved, would be the total quantity of dissolved carbonate, 1.4 x 107 g, divided

by the residence time. The flux was calculated to be approximately 4.7 x 106 g CaC03 dol.

Totalproduction on Penguin Bank can be estimated by multiplying the totalarea of Penguin Bank

between 0 and 100 m, 7 x 108 m2, by the fraction of bank covered with calcareous organisms,

0.25, times the in situ production rate of those organisms, 1.096 g CaC03 m-2 dol (Agegian et

al., 1988). The daily production rate for Penguin Bank is estimated as 1.9 x 108 g CaC03 dol.

The rough calculations made in this studysuggest thatapproximately 2.5% of the daily carbonate

production on Penguin Bank is dissolved in the surrounding waters.

The flux rate calculated in this study is likely to be a minimum, because it only included

the increase in carbonate dissolution within the 500 m contour of the bank. There is likely to

be additional dissolution of particles farther away from the bank, but the resulting changes in

alkalinity are too small to measure given the natural variability of the marine carbon system.

Given the variability of the bank environments, and the lack of adequate data, flux calculations

are notfeasible for the Northwestern Hawaiian Island stations. The different shapes of the t:.CIC

profiles, however, suggest that the flux and dissolution of carbonate particles on the shallow

banks can be different from mid-depth banks. High CIC values are present in the profiles

collected at the 1000 m contour for all of the shoal-water banks studied, and thus the horizontal
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area of water affected in the Northwestern Hawaiian Islands may be larger than that for the mid

depth banks.

The calculations made on Penguin Bank are very crude and involve a number of

assumptions, but they do provide a rough estimate of the percentage of production that has

dissolved near the banks. Whether the number is 2.5 or 25%, it can be concluded that the

percentage of carbonate production dissolving near the carbonate banks of the Hawaiian

Archipelago is low. To further define the effect of carbonate banks on the carbon chemistry of

oceanic waters, a time-series analysis of particle flux and water chemistry must be made on all

sides of a bank simultaneously. Preliminary investigations of differingbank environments with

this project also demonstrate the need to survey a number of bank environments in order to

determine the interbank variability in carbonate flux and chemistry.

CONCLUSIONS RELATING TO THE CARBON-CARBONATE SYSTEM

An understanding of the global biogeochemical cycle of carbon is fundamental to an

evaluation of global climate change. One important aspect of the global carbon cycle is the

relationship between carbonate particles and the dissolved carbon chemistry of the worldoceans.

The carbon-carbonate system of the open ocean is still not completely understood today. The

goal of this project was to examine the carbon-carbonate system of two environments of the

North Pacific that have very different carbonate distributions. The open ocean environment is

relatively stable. The carbon chemistry of the upper 700 m waters at Station ALOHA is

primarily controlled by interaction with the atmosphere and the production and decomposition

of organic matter. Below 700 m, most of the labile organic matter has been oxidized and the

relative importance of carbonate dissolution to the carbon chemistry of the waters increases.

207



Calcium carbonate fluxes comprise less than half of the inorganic flux at StationALOHA, with

values rangingfrom 20 to 50 mg m-2 d-1• The carbon chemistryof the waters between 700 and

2200 m is primarily controlled by the dissolution of aragonite. Calcite particledissolution does

not appear to be significant at depths shallower than 3200 to 3500 m. Although mixed layer

pC02 calculations suggest that the central North Pacific waters are a very small sink for

anthropogenic CO2, this CO2 has penetrated to a depth of 700 m at Station ALOHA and may

already be dissolving aragonite particles at that depth. Almostall of the carbonate flux at Station

ALOHA was produced by the pelagic organisms at the station; however, there is some evidence

of long-range transportof bank-derived particles intothe open ocean. Magnesian calciteparticles

compriseas much as 15% of the carbonate tlux at StationALOHA and may also be reacting with

anthropogenic CO2 in the water column.

Carbonate particles play a much greater role in the carbon chemistry of the shallow

waters associated with the Hawaiian Archipelago. Particle fluxes near the banks are one to two

orders of magnitude higher than thoseof the open ocean with large contributions of bank-derived

material. Unlikeopen ocean tluxes, the majorityof inorganic particles collected in the sediment

traps near the carbonate banks of the Hawaiian Archipelago are carbonate minerals. The

mineralogy of these particles include much greater percentages of highly reactive bank-derived

aragonite and magnesian calcite. These near-bank fluxes suggest that a large percentage of the

benthic carbonate production is transported to the open ocean where it may dissolve or

accumulate as slope sediments. The water chemistry at all depths near the banks may be

significantly influenced by carbonate production or dissolution, in contrast to observations at

StationALOHA. Alkalinity anomalies near the banks indicate that dissolution of highlysoluble

magnesian calcite particles can occur at depths shallower than that of the aragonite saturation

horizon. Boththe carbonate flux and carbon chemistryare much more variable than in the open

208



ocean resulting in carbonate distributions that can vary over short time and space scales. The

variability of the bank systems makes it very difficult to evaluate through direct observation the

potential effects they may have on the alkalinity budget of the Pacific.

Despite the observed variability in carbonate flux and chemistry, some general

conclusions can be made about the relationship between carbonate particles and the carbon

chemistry of oceanic waters, as well as the potential importance of bank environments to the

regional alkalinity budget and the global carbon cycle. These issues will be addressed in the next

chapter.
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CHAPTER VI

REGIONAL AND GLOBAL IMPLICATIONS

The results of this study demonstrate that calcium carbonate particles play an important

role in determining the carbon chemistry of marine waters. One of the majorconclusions of this

work is the finding that carbonate banks, such as those found in the Hawaiian Archipelago, can

be substantial sources of highly reactive carbonate particles to the open ocean. These particles

may be an important, but often ignored, part of the oceanic carbon-carbonate system. The

following chapter examines the regional and global implications of the production and transport

of carbonate particles from reef, bank and shelf regions of the ocean.

Fiadeiro (1980) described an alkalinity maximum at intermediate depths in the Pacific.

He concluded that this maximum must be derived from the in situ dissolution of calcium

carbonate. This dissolution requires basin-wide fluxes of 38 to 41 mg CaC03 m-2 dol. The

mass flux of pelagic calcite, however, is insufficient to account for the alkalinity maximum

(Betzer et aI., 1984a). Betzer et aI. evaluated the potential contribution to the alkalinity

maximum from pelagic aragonite. They determined that the average aragonite flux at 100m was

30 mg CaC03 m-2 d-l, but pointed out that the distribution of pteropods in the Pacific was

extremely patchy. The aragonite fluxes for this study were somewhat lower, averaging

approximately 20 mg CaC03 m-2 dol at both 200 and 400 m. These pelagic aragonite fluxes are

still not sufficient to account completely for the alkalinity maximum. Another potential source

of alkalinity, however, may be the dissolution of magnesian calcite particles. The majority of 

sediment trap studies in the Pacific have not evaluated the flux of magnesian calcite. These
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particles were observed in every sediment trap deployment made at Station ALOHA. The

magnesian calcite flux at Station ALOHA averaged approximately 3 mg m-2 d-l , with maximum

fluxes as high as 7 mg m-2 dol. The total carbonate flux, includingmagnesian calcite, at 200 m

at Station ALOHA (40 mg m-2 dol) was withinthe range of carbonate fluxes required to account

for the alkalinitymaximum as calculated by Fiadeiro. Additional alkalinitymay also be derived

from the dissolution of bank-derived aragonite and magnesian calcite particles closer to the

banks.

An evaluation of the potential importance of carbonate banks on a global scale can be

made from the tentative, simplified four-box model of the global carbonate cycle presented by

Sabine and Mackenzie (1991). According to this model, approximately 57% of the production

in the reef-bank-shelf areas of the world escapes to the open ocean (Figure 6.1). Much of this

material is sedimented on the slopes of the bank or shelf regions leaving only a fraction to

dissolve in the water column. The conservative calculations from this study at Penguin Bank

suggested that only about 2.5% of the carbonate production dissolved near enough to the bank

to result in a measurable increase in alkalinity. The limitations in estimating this influence lie

in the extreme temporal variability of the bank systems and the analytical problems associated

with evaluating relativelysmall changes in alkalinityand DIe. Tentative measurements on other

banks in the Hawaiian Archipelago suggest that their influence on the water chemistry may be

much greater than that of Penguin Bank; however, more work must be done to quantify this

suggestion. Studies of carbonate particle transport and dissolution near the Bahamas in the

Atlantic Ocean suggest that the processes observed in the Pacific may be occurring on banks in

other oceans as well (pilskaln et aI., 1989; Droxler et aI., 1988). Agegian et al.(l988) estimated

a total benthic carbonate production in the Pacific Ocean of 9.1 x 1014 g CaC03 yolo If

approximately 57% of this production escapes to the open ocean, as suggested from the global
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carbonate model, and is dispersed over the entire area of the Pacific (180 x 1012 m2) , it could

result in an average flux of about 8 mg m-2 d-l . This source of carbonate could account for

about 20% of the calcium carbonate flux required to produce the observed alkalinity maximum

in the Pacific.

Sabine and Mackenzie (1991) estimate that the dissolution of reef-bank-shelf production

in relatively shallow waters may provide a potential sink for anthropogenic CO2 of 50 million

tons of carbon per year (Table I). This sink is relatively minor when compared to the CO2 sink

from the simple invasion of CO2 into the surface ocean, but minor sinks such as this one may

account for some of the missing CO2 that is produced from the burning of fossil fuels but does

not accumulate in the atmosphere. The carbonate dissolution sink for CO2 has the potential to

become much more important in the future. Feely and Chen (1982) determined that the aragonite

saturationhorizonnorth of the Subarctic Front is 70 m shallowernow than it was in preindustrial

times. This shoaling is due to the injection of anthropogenic CO2 into the waters. Feely et al.

(1984) calculated that pC02 concentrations of only 650 J.tatm are required to undersaturate all

of the waters north of the Subarctic Front with respect to aragonite. As saturationhorizons get

shallower, anthropogenic CO2 mayalso begin to dissolvethe reservoir of carbonate periplatform

sediments on the flanks of reef-bank-shelf areas.

A rough calculation of the mass of sediment that may be dissolved in the Pacific Ocean

demonstrates the potential importance of the carbonate sink. This calculation will not consider

the dissolution of calcite, because the depth at which significant dissolution occurs (> 3200 m)

is too deep to be influenced by anthropogenic CO2 in the near future. Berger (1978) determined

that aragonite compensation depths in the Pacific range between 0.5 and 1.5 km. Chen et aI.

(1987) determined that fossil fuel CO2 has penetrated to a maximum depth of 2000 m in portions

of the Pacific. In addition, this study showed that anthropogenic CO2 has penetrated to a depth

213



of 700 m at Station ALOHA. It is likely, therefore, that anthropogenic CO2 may already be

dissolving aragonite minerals suspended in the water column and in the sediments. This

calculation will consider the mass of aragonite that may potentially be dissolved if the aragonite

compensation depth were decreased from approximately 1000 m to 200 m.

The average thickness of Holocene sediments in the Pacific ranges from 10 to 30 cm

(Lisitzin, 1972). These sediments are sufficiently thin, porous and permeable to still be

influenced by the overlying waters. The average absolute mass of carbonate material in the

Holocene sediments is approximately 10 g cm-2 (Lisitzin, 1972). Unfortunately, Lisitzin does

not distinguish between aragonite and calcite sediments. Berner (1977), however, using a mass

balance model for theoceans, concluded thatthe average rate of sedimentation for aragonitemust

be equal to the sedimentation rate for calcite. Using a 1:1 aragonite:calcite ratio for the

sediments of the Pacific, the average mass per unit area of aragonite in the Holocene sediments

is estimated to be approximately 5 g cm-2. If this mass per unit area is applied to the area of the

Pacific between 200 and 1000m, 4.294 x 106 km2 (Menard and Smith, 1966), the total mass of

aragonite that may potentiallybe dissolved in this depth range would be approximately 21.5 x

1016 g of CaC03, or 2.6 x 1016 g C. This value is almost double the total anthropogenic carbon

estimated to be currently stored in the North Pacific waters (Chen et al., 1987), and is roughly

equivalent to the observed increase in atmospheric CO2 between 1980 and 1990. The mass of

carbonate dissolved may be even greater if magnesian calcite sediments are included. These

minerals are even more soluble than aragonite and may dissolve at much shallower depths.

One important aspect of the carbonate sink for anthropogenic CO2 is that it could be a

permanent sink, unlike the sink owing to the simple dissolution of CO2 into the water. If

atmospheric CO2 were to decrease in the future, the CO2 being stored in the ocean by simple

invasion of the CO2 would begin to evade from the oceans back into the atmosphere. For this
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reason oceanic invasion cannot be the ultimate long-term geological sink for this CO2, In nature,

however, the only way the carbonate dissolution reaction is reversed is by the precipitation of

biogenic carbonate particles. Thus, unless the carbonate production of the oceans is altered, the

anthropogenic CO2 fixed from the dissolution of calcium carbonate will remain in the ocean.

Therefore, the sink for anthropogenic CO2 owing to the dissolution of carbonate particles in the

oceans may be one of the ultimate sinks for anthropogenic CO2 in the future.

To truly evaluate the potential importance of carbonate dissolution as a sink for

anthropogenic CO2, additional modeling of the complex carbon-carbonate system of the oceans

is required. This project has attempted to provide a better understanding of the relationship

between carbonate particles and the carbon chemistry of oceanic waters. This relationship is a

fundamental part of the global carbon cycle. It must be understood before regional or global

interpretations of particulate or dissolved inorganic carbon distributions can be made in the

oceans. These processes must also be understood before accurate predictions of future climate

change can be made.
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APPENDIX A

WATER CHEMISTRY DATA FROM HAWAII OCEAN TIME-SERIES STATIONS

Table 6. Hawaii Ocean Time-series station, ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSU meq kg- l NBS mmol kg- l

3 1 0 0 0.0 35.086
3 1 1 1 4504.9 1.49 34.689 2.410 7.695
3 1 2 2 4403.3 1.48 34.689 2.409 7.681
3 1 3 3 4205.0 1.46
3 1 4 4 4003.6 1.45 34.683 2.408 7.671
3 1 5 5 3794.8 1.45 34.685 2.406 7.676
3 1 6 6 3590.0 1.45 34.683 2.406 7.686
3 1 7 7 3402.8 1.47 34.677 2.399 7.657
3 1 8 8 3197.6 1.49 34.677 2.402 7.650
3 1 9 9 2987.6 1.54 34.671 2.407 7.638
3 1 10 10 2786.4 1.59 34.668 2.410 7.638
3 1 11 11 2575.1 1.68 34.654 2.411 7.620
3 1 12 12 2396.7 1.79 34.643 2.413 7.631

3 2 0 0 0.0 35.064
3 2 1 1 2201.1 1.91 34.632 2.406 7.578
3 2 2 2 1926.6 2.22 2.392 7.586
3 2 3 3 1775.8 2.41 34.598 2.391 7.563
3 2 4 4 1600.2 2.69 34.582 2.379 7.567
3 2 5 5 1351.3 3.18 34.554 2.371 7.511
3 2 6 6 1148.5 3.66 34.515 2.353 7.501
3 2 7 7 928.8 4.19 34.446 2.344 7.490
3 2 8 8 757.5 4.81 34.288 2.316 7.446
3 2 9 9 598.6 6.17 34.104 2.282 7.554
3 2 10 10 378.3 10.55 34.175 2.245 7.835
3 2 11 11 204.9 18.80 35.002 2.296 8.035
3 2 12 12 35.9 24.71 35.042 2.299 8.188

3 3 0 0 0.0 35.046
3 3 1 1 1016.4 3.97 34.476 2.349
3 3 2 2 710.8 5.08 34.253 2.323 7.480
3 3 3 3 596.9 5.96 34.120 2.291 7.545
3 3 4 4 549.5 6.69 34.076 2.272 7.614
3 3 5 5 504.2 7.50 34.094 2.263 7.661
3 3 6 6 436.6 9.20 34.125 2.259 7.793
3 3 7 7 384.7 10.48 34.182 2.246 7.841
3 3 8 8 334.2 12.24 34.285 2.253 7.909
3 3 9 9 252.9 16.24 34.711 2.270 8.025
3 3 10 10 186.0 19.85 35.074 2.292 8.081
3 3 11 11 118.8 22.97 35.108 2.299 8.161
3 3 12 12 19.7 24.68 35.037 2.293 8.212
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Table 6. (Continued) Hawaii Ocean Time-series station,ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSU meq kg-1 NBS mmol kg-1

5 5 0 0 0.0 34.638
5 5 1 1 633.5 5.53 34.080
5 5 2 2 570.5 6.45 34.035 2.280 7.565
5 5 3 3 535.0 7.18 34.039 2.269 7.633
5 5 4 4 453.2 9.11 34.107 7.768
5 5 5 5 423.0 9.82 34.181 2.259 7.807
5 5 6 6 386.6 10.72 34.179 2.255 7.818
5 5 7 7 351.8 12.24 34.293 2.255 7.895
5 5 8 8 266.8 16.45 34.709 2.276 7.968
5 5 9 9 212.0 19.00 34.969 2.294 8.018
5 5 10 10 144.1 21.42 35.071 2.302 8.077
5 5 11 11 111.1 23.07 35.137 2.303 8.136
5 5 12 12 26.7 24.13 34.649 2.272 8.141

7 2 0 0 0.0
7 2 1 1 1018.3 34.496 2.364 7.493
7 2 2 2 770.1 4.69 34.337 2.327 7.436
7 2 3 3 612.5 5.56 34.167 2.303 7.469
7 2 4 4 530.9 6.44 34.060 2.283 7.570
7 2 5 5 403.5 8.76 34.070 2.258 7.769
7 2 6 6 304.8 11.74 34.259 2.252 7.928
7 2 7 7 242.8 15.14 34.487 2.270 7.942
7 2 8 8 199.2 18.49 34.867 2.284 8.033
7 2 9 9 139.5 22.17 35.082 2.310 8.150
7 2 10 10 99.5 23.78 34.885 2.294 8.196
7 2 11 11 79.6 24.27 34.643 2.275 8.206
7 2 12 12 15.3 25.75 34.538 2.263 8.205

7 3 0 0 0.0 34.570
7 3 1 1 1843.0 2.31 34.613 2.399 7.573
7 3 2 2 1623.2 2.66 34.591 2.396 7.556
7 3 3 3 1420.6 2.97 34.566 2.389 7.527
7 3 4 4 1218.7 3.43 34.536 2.372 7.509
7 3 5 5 1017.3 3.90 34.494 2.371 7.489
7 3 6 6 821.3 4.38 34.368 2.343 7.438
7 3 7 7 620.5 5.49 34.159 2.301 7.463
7 3 8 8 424.3 9.05 34.111 7.797
7 3 9 9 225.5 17.56 34.803 2.277 8.006
7 3 10 10 127.6 23.14 35.069 2.291 8.182
7 3 11 11 49.1 25.60 34.566 2.260 8.196

217



Table 6. (Continued) Hawaii Ocean Time-series station,ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSU meq kg-1 NBS mmol kg-1

9 2 0 0.0 34.668
9 2 1 1 2508.2 1.78 34.649 2.417 7.618
9 2 2 2 2303.7 1.89
9 2 3 3 2100.3 2.06 34.627 2.405 7.584
9 2 4 4 1952.6 2.23 34.615 2.403 7.581
9 2 5 5 1802.7 2.44 34.596 2.398 7.569
9 2 6 6 1649.7 2.65 34.587 2.392 7.555
9 2 7 7 1499.7 2.87 34.573 2.385 7.547
9 2 8 8 1352.3 3.08 34.560 2.381 7.544
9 2 9 9 1198.1 3.47 34.534 2.372 7.536
9 2 10 10 1053.8 3.89 34.504 2.367 7.517
9 2 11 11 911.2 4.25 34.454 2.352 7.497
9 2 12 12 779.3 4.73 34.378 2.338 7.474

9 3 0 0.0 34.691
9 3 1 1 678.3 5.28 34.260 2.318 7.476
9 3 2 2 563.4 6.24 34.154 2.283 7.527
9 3 3 3 523.7 7.02 34.174 2.281 7.560
9 3 4 4 483.7 7.07 34.047 2.274 7.659
9 3 5 5 357.1 10.14 34.126 2.254 7.864
9 3 6 6 299.8 12.30 34.667 2.250 7.932
9 3 7 7 227.3 16.62 34.739 2.277 8.045
9 3 8 8 191.7 18.46 34.962 2.297 8.068
9 3 9 9 139.3 21.20 35.287 2.310 8.156
9 3 10 10 91.6 23.39 35.113 2.299 8.197
9 3 11 11 59.9 25.45 34.716 2.275 8.210

11 2 0 0.0
11 2 1 1 4603.9 34.690 2.409 7.692
11 2 2 2 4406.4 1.48 34.665 2.402 7.682
11 2 3 3 4204.5 1.46 34.688 2.404 7.688
11 2 4 4 3996.7 1.45
11 2 5 5 3792.2 1.45 34.674 2.400 7.672
11 2 6 6 3590.9 1.46 34.683 2.411 7.676
11 2 7 7 3396.1 1.48 34.679 2.407 7.667
11 2 8 8 3198.3 1.51 34.674 2.413 7.658
11 2 9 9 2995.2 1.56 34.669 2.420 7.645 10.269
11 2 10 10 2796.7 1.63 34.661 2.414 7.634
11 2 11 11 2602.1 I. 71 34.644 2.407 7.609
11 2 12 12 2401.2 1.81 34.644 2.406 7.600
11 2 13 13 2200.2 1.95 34.633 2.405 7.585
11 2 14 14 1999.8 2.17 34.601 2.410 7.557 10.276
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Table 6. (Continued) Hawaii Ocean Time-series station,ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar DC PSU meq kg-1 NBS mmol kg-1

II 2 15 15 1849.0 2.38 34.601 2.392 7.551
II 2 16 16 1697.9 2.62 34.588 2.390 7.549
II 2 17 17 1548.1 2.90 34.571 2.393 7.541
II 2 18 18 1397.8 3.17 34.556 2.389 7.530
II 2 19 19 1249.7 3.54 34.510 2.362 7.513
II 2 20 20 1099.7 3.90 34.509 2.363 7.504
II 2 21 21 1000.7 4.15 34.434 2.357 7.479
II 2 22 22 900.6 4.44 2.344 7.479
II 2 23 23 801.0 4.76 2.333 7.449

II 3 0 0.0
II 3 I I 1012.4 34.486 2.352 7.491 10.189
II 3 2 2 914.3 4.52
II 3 3 3 867.0 4.60 34.418 2.337 7.481
II 3 4 4 802.6 4.78 34.372 2.339 7.472 10.152
II 3 5 5 747.3 4.81 34.310 2.330 7.471
11 3 6 6 687.0 5.06 34.225 2.311 7.381 10.101
11 3 7 7 642.9 5.26 34.149 2.293 7.463
11 3 8 8 591.9 5.84 34.095 2.295 7.508
11 3 9 9 552.8 6.52 34.047 2.275 7.589
II 3 10 10 522.1 7.31 34.049 2.262 7.735 10.015
II 3 II II 487.8 7.85 34.049 2.257 7.741
II 3 12 12 441.5 9.09 34.106 2.251 7.839
II 3 13 13 380.8 10.50 34.190 2.254 7.906
II 3 14 14 330.3 12.31 34.328 2.253 7.967
II 3 15 15 296.3 13.65 34.449 2.261 7.997 10.117
II 3 16 16 246.1 16.22 34.734 2.281 8.035
II 3 17 17 198.5 18.60 35.023 2.293 8.080 10.277
II 3 18 18 133.3 21.84 35.336 2.314 8.169 10.372
II 3 19 19 118.1 22.14 35.314 2.313 8.183
II 3 20 20 78.9 23.57 35.171 2.301 8.194 10.319
II 3 21 21 59.7 25.15
II 3 22 22 26.3 26.15 34.801 2.277 8.215 10.213
II 3 23 23 9.5 26.18 34.785 2.280 8.219

13 1 0 0.0
13 1 I I 4600.5 1.50 34.693 2.408 7.710
13 I 2 2 4600.7 1.50 34.691 2.408 7.713
13 I 3 3 4395.9 1.48 34.689 2.407 7.718
13 I 4 4 4196.1 1.47 34.689 2.406 7.715
13 I 5 5 3995.1 1.46 34.688 2.412 7.709
13 I 6 6 3800.2 1.46 34.686 2.408 7.705
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Table 6. (Continued) Hawaii Ocean Time-series station,ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSU meq kg"l NBS mmol kg-1

13 1 7 7 3600.6 1.47 34.682 2.413 7.703
13 1 8 8 3395.2 1.49 34.681 7.693
13 1 9 9 3197.4 1.53
13 1 10 10 3000.3 1.57 34.670 2.409 7.673
13 1 11 11 2794.3 1.62 34.667 2.411 7.661
13 1 12 12 2591.4 1.72 34.657 2.412 7.645
13 1 13 2393.0 1.82
13 1 14 13 2201.9 1.94 34.636 2.409 7.616
13 1 15 14 2000.5 2.15 34.621 2.395 7.600
13 1 16 15 1850.9 2.34 34.609 2.400 7.596
13 1 17 16 1701.2 2.59 34.591 2.391 7.585
13 1 18 17 1548.2 2.85 34.575 2.393 7.564
13 1 19 18 1395.2 3.17 34.557
13 1 20 19 1249.3 3.53 34.534 2.369 7.541
13 1 20 20 1249.3 3.53 34.534 2.370 7.549
13 1 21 21 1098.5 3.90 34.512 2.368 7.532
13 1 22 1000.0 4.15
13 1 23 22 899.8 4.44 34.450 2.345 7.508
13 1 23 23 899.8 4.44 34.450 2.347 7.519

13 2 0 0.0 35.123
13 2 1 1 1024.6 4.02 34.505 2.350 7.518
13 2 2 2 1009.5 4.09 34.502 2.357 7.507
13 2 3 3 903.9 4.40 34.458 2.351 7.500
13 2 4 4 848.2 4.57 34.426 2.345 7.482
13 2 5 5 742.1 4.97 34.366 2.332 7.477
13 2 6 6 680.9 5.00 34.245 2.318 7.459
13 2 7 7 618.3 5.66 34.211 2.305 7.495
13 2 8 8 576.6 5.93 34.138 2.284 7.508
13 2 9 9 555.3 6.36 34.097 2.275 7.559
13 2 10 10 516.7 6.83 34.043 2.269 7.643
13 2 11 11 496.0 7.15 34.050 2.260 7.681
13 2 12 425.2 8.79
13 2 13 12 377.0 10.23 34.165 2.250 7.849
13 2 14 13 338.5 11.61 34.217 2.258 7.889
13 2 15 14 268.2 15.75 35.278 2.302 8.109
13 2 16 15 216.9 19.24 35.128 2.314 8.138
13 2 17 16 182.6 20.90 35.278 2.315 8.147
13 2 18 17 131.6 21.93 35.265 2.312 8.173
13 2 19 18 105.1 23.66 35.162 2.306 8.211
13 2 20 19 77.2 23.89 35.116 2.310 8.220
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Table 6. (Continued) Hawaii Ocean Time-series station,ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSU meq kg-1 NBS mmol kg-1

13 2 20 20 77.2 23.89 35.116 2.296 8.220
13 2 21 21 51.3 23.90 35.115 2.307 8.217
13 2 22 22 25.6 23.89 35.II7 2.299 8.221
13 2 23 23 -0.3 23.90

IS 3 0 0.0 34.852
IS 3 I 4527.1 1.49
IS 3 2 I 4396.1 1.48 34.688 2.404
IS 3 3 2 4204.3 1.47 34.688 2.410
IS 3 4 3 4000.6 1.46 34.686 2.409
IS 3 5 4 3800.4 1.46 34.684 2.403
IS 3 6 5 3606.8 1.47 34.682 2.404
IS 3 7 6 3405.7 • 1.49 34.679 2.414
15 3 8 7 3205.0 1.53 34.674 2.401
15 3 9 8 3004.1 1.57 34.669 2.412
15 3 10 9 2804.6 1.63 34.662 2.404
15 3 II 10 2603.5 1.69 34.656 2.405
15 3 12 II 2401.9 1.82 34.644 2.403
15 3 13 12 2201.5 1.96 34.635 2.399
15 3 14 13 1999.2 2.16 34.619 2.401
15 3 15 14 1845.3 2.35 34.605 2.389
15 3 16 15 1690.7 2.57 34.594 2.387
15 3 17 16 1554.3 2.78 34.580 2.385
15 3 18 17 1407.8 3.04 34.562 2.376
15 3 19 18 1255.0 3.38 34.540 2.366
15 3 20 19 1099.0 3.76 34.513 2.355
15 3 21 20 999.1 4.01 34.488 2.354
15 3 22 21 898.5 4.34
15 3 23 22 797.3 4.66 34.395 2.335

15 6 0 0.0 35.025
15 6 I 1012.9 4.03 34.497 2.351
15 6 2 908.5 4.29
15 6 3 2 805.3 4.62 34.408
15 6 3 3 805.3 4.62 34.408 2.333
15 6 4 4 708.9 4.86 34.297
15 6 5 5 604.3 5.38 34.139 2.307
15 6 6 6 502.3 6.73 34.102 2.274
15 6 7 7 407.8 8.60 34.080 2.256
15 6 8 8 355.6 9.83 34.118
15 6 9 9 331.4 10.66 34.158
15 6 10 IO 303.7 11.61 34.225 2.246
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Table 6. (Continued) Hawaii Ocean Time-series station,ALOHA, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSu meq kg-1 NBS mmol kg-1

15 6 11 279.1 12.49
15 6 12 11 256.3 13.97 34.369
15 6 13 12 239.4 15.77 34.575 2.270
15 6 13 13 239.4 15.77 34.576
15 6 14 228.8 16.29
15 6 15 14 213.8 17.71 34.807
15 6 15 15 213.8 17.71 34.813
15 6 16 16 203.7 18.04 34.843 2.289
15 6 17 17 187.9 19.33 34.981
15 6 18 18 177.8 19.77 35.010 2.296
15 6 19 19 163.1 20.61 35.108
15 6 20 20 151.7 21.45 35.107 2.296
15 6 21 21 137.2 22.16 35.096
15 6 22 22 126.9 22.73 35.033 2.298
15 6 23 23 116.7 22.99 35.034

15 7 0 0.0
15 7 1 1 1014.1 4.01 34.495
15 7 2 2 449.1 7.38 34.062
15 7 3 3 143.8 21.28 35.101
15 7 4 4 110.0 23.03
15 7 5 5 99.0 23.08 2.284
15 7 6 6 87.1 23.10
15 7 7 7 75.1 23.10 2.286
15 7 8 8 60.6 23.11 2.287
15 7 9 9 45.3 23.11
15 7 10 10 35.1 23.11 34.851
15 7 11 11 25.5 23.11 2.286
15 7 12 12 15.7 23.10
15 7 13 13 5.6 23.09 2.282
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Table 7. Hawaii Ocean Time-series station, Kahe, water chemistry data

Cruise Cast Trip Niskin Press. Temp. Sal. TA pH Ca
# # # # dbar °C PSU meq kg-l NBS mmol kg-l

II 1 0 0.0 34.479
II 1 1 1 1011.9 3.98 34.505 2.351 7.525 10.199
II 1 2 2 920.2 4.31 34.477 2.358 7.510 10.188
II 1 3 3 808.6 4.64
II 1 4 4 704.5 5.07 34.361 2.327 7.505 10.143
11 1 5 5 598.0 5.58 34.259 2.304 7.503 10.126
11 1 6 6 507.4 6.41 34.186 2.288 7.551 10.067
11 1 7 7 405.8 8.39 34.151 2.260 7.692 10.045
11 1 8 8 357.3 9.64 34.183
11 1 9 9 308.9 10.60 34.213 2.259 7.827 10.073
11 1 10 10 260.0 13.07 34.353 2.254 7.922 10.103
11 1 11 11 231.4 14.18 34.455
II 1 12 12 205.9 15.34 34.599 2.269 7.989 10.166
II 1 13 13 180.8 17.88
11 1 14 14 154.5 19.07 34.947 2.291 8.068 10.255
11 1 15 15 129.4 19.87 34.996 2.298 8.084 10.269
II I 16 16 118.5 20.34 35.026
11 I 17 17 108.5 20.73 35.047
11 1 18 18 98.0 21.81 35.107
II I 19 19 77.3 23.08 35.158 2.307 8.176 10.332
II I 20 20 63.0 23.89 35.091
11 1 21 21 47.3 25.24 34.920 2.290 8.197 10.249
II I 22 22 27.2 26.36 34.821
II 1 23 23 7.4 27.03 34.718 2.275 8.219 10.187
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APPENDIX B

WATER CHEMISTRY DATA FROM BANK STATIONS

Table 8. Penguin Bank water chemistry data

Bottle Temp. Press. Sal. TA pH Oxygen P04 N03+N02 NH4 Si
# °C dbar PSU meq kg-1 NBS JLM JLM JLM JLM JLM

Cast:7 Date:11/13/87 Location: 20° 58.29' N 157° 22.37' W
----------------------------...----------------------------------------...-------..------------...--------------------------------

1 8.4 402.4 34.261 2.303 7.816 105.3 1.98 25.71 0.02 39.12
2 11.5 303.0 34.325 2.291 7.956 131.9 1.34 17.06 0.00 22.43
3 16.3 201.8 34.782 2.302 8.107 124.7 0.60 7.34 0.00 7.51
4 20.3 150.2 35.156 8.193 139.9 0.28 2.23 0.00 2.78
5 25.2 101.4 35.184 2.314 8.299 183.3 0.07 0.14 0.00 1.48
6 26.8 49.9 34.895 2.288 8.316 156.7 0.08 0.08 0.00 1.11
7 26.8 1.1 34.894 2.302 8.314 140.1 0.08 0.19 0.02 1.11

Cast:8 Date:11/13/87 Location: 20° 58.08' N 15JO 22.17' W
----------------------------------------------------------------------...-------------------------------------- --- --

1 8.3 403.3 34.187 2.303 7.793 97.2 1.98 26.11 0.02 40.23
2 12.9 302.1 34.458 2.293 7.990 126.8 1.07 13.60 0.02 16.87
3 16.6 202.7 34.829 8.093 133.1 0.59 7.03 0.00 7.60
4 20.3 151.1 35.154 8.179 151.8 0.28 2.18 0.00 2.78
5 24.1 100.5 35.242 8.264 161.1 0.08 0.30 0.05 3.15
6 26.8 50.8 34.942 8.297 162.2 0.09 0.08 0.00 1.11
7 26.8 1.1 34.894 8.307 129.1 0.09 0.08 0.00 1.30

Cast:9 Date:11/13/87 Location: 20° 58.14' N 157° 23.20' W
-------------------------------------------------------------------------------------------------------------- -

I 8.3 403.3 34.223 2.273 7.799 102.0 2.01 26.31 0.00 41.90
2 12.2 302.1 34.452 2.272 7.975 1.18 15.02 0.00 19.28
3 18.3 201.8 34.949 2.307 8.139 0.43 4.76 0.00 4.92
4 21.1 150.2 35.207 2.306 8.201 148.8 0.32 1.77 0.00 2.78
5 24.5 100.5 35.283 2.308 8.273 152.7 0.09 0.14 0.02 1.11
6 26.8 49.9 34.941 2.285 8.300 191.4 0.08 0.08 0.00 0.74
7 26.9 2.1 34.928 2.289 8.302 188.0 0.08 0.08 0.02 0.74

Cast:10 Date:11/13/87 Location: 20° 58.04' N 157° 23.45' W
-----------------------------------------_.._-------------------------------------------------------------------

I 9.4 402.4 34.223 2.303 7.865 113.2 1.74 22.58 0.05 33.56
2 13.8 301.1 34.585 8.023 0.95 11.87 0.12 14.09
3 16.6 201.8 34.768 2.310 8.091 0.60 7.15 0.00 7.60
4 21.1 150.2 35.152 8.196 1l0.9 0.21 1.59 0.00 2.41
5 25.1 100.5 35.226 2.310 8.278 118.8 0.07 0.11 0.00 1.30
6 26.8 49.9 34.978 8.302 128.0 0.08 0.08 0.00 1.11
7 26.9 2.1 34.937 8.302 141.3 0.08 0.06 0.00 1.67
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Table 8. (Continued) Penguin Bank water chemistry data

Bottle Temp. Press. Sal. TA pH Oxygen P04 N03+NOZ NH4 Si
# °C dbar PSU meq kg-1 NBS j.LM JLM JLM JLM JLM

Cast: 11 Date: 11/13/87 Location: 20° 58.32' N 157° 21.81' W
---_..._------------------_....._--------------------....--------------..._-----...---------------- ---------------------

1 8.5 403.3 34.190 2.295 7.805 1.98 25.64 0.00 38.75
2 13.2 300.2 34.387 2.286 8.006 104.1 1.03 12.85 0.00 15.02
3 16.8 202.7 34.910 2.309 8.115 0.59 6.70 0.00 6.67
4 21.7 149.2 35.258 2.321 8.218 155.2 0.20 1.25 0.07 2.04
5 24.9 101.4 35.256 2.324 8.288 121.9 0.09 0.11 0.05 0.93
6 26.8 50.8 34.929 2.304 8.315 164.9 0.09 0.06 0.05 0.74
7 26.9 2.1 34.917 2.305 8.313 187.5 0.09 0.08 0.05 0.93

Cast: 12 Date: 11/13/87 Location: 20° 58.15' N 157° 23.38' W
------------------------------------------------------..----------..-----------...-..-------------------------------------

I 8.5 405.2 34.262 2.286 7.979 158.7 1.31 0.00 26.14
2 12.5 299.2 34.367 2.286 7.995 154.1 1.07 14.18 0.00 16.87
3 16.8 201.8 34.715 2.292 8.099 168.3 0.61 7.35 0.00 7.23
4 21.7 151.1 35.259 2.317 8.227 192.9 0.19 0.83 0.02 1.48
5 24.4 100.5 35.255 2.313 8.280 104.4 0.08 0.11 0.02 0.93
6 26.8 . 49.9 34.941 2.301 8.317 183.0 0.09 0.06 0.02 0.74
7 26.9 2.1 34.917 2.297 8.322 103.5 0.11 0.06 0.00 0.74

Cast:13 Date: 11/13/87 Location: 20° 52.32' N 157° 27.93' W
---------------------------------------------------------------------------------..._-----------------------------------

1 4.2 1005.2 34.544
2 4.2 1005.2 34.544 2.364 7.628 60.0 3.13 41.91 0.00 102.39
3 4.5 904.9 34.513 2.341 7.627 3.13 41.77 0.00 100.16
4 5.0 803.6 34.469 2.336 7.621 3.10 41.21 0.00 91.24
5 6.0 603.0 34.336 2.313 7.609 53.7 2.91 38.57 0.00 75.08
6 6.6 501.7 34.236 2.298 7.651 2.66 34.96 0.00 63.37
7 8.2 402.4 34.185 2.272 7.806 127.9 1.98 26.20 0.00 39.21
8 12.1 301.1 34.338 2.262 7.998 1.09 13.60 0.00 15.14
9 17.2 200.8 34.787 2.299 8.104 0.62 6.73 0.00 5.76
10 21.4 151.1 35.224 2.309 8.235 198.2 0.20 0.89 0.08 2.79
11 24.9 99.5 35.163 2.316 8.301 0.09 O.ll 0.00 1.67
12 27.0 49.9 34.987 2.295 8.329 199.2 0.12 0.08 0.13 1.30

Cast:18 Date: 11/14/87 Location: 20° 58.23' N 157° 22.29' W
-------------------------...------------------------------------------------------------------- ---------------

1 8.4 401.4 34.207 2.293 7.784 1.98 26.37 0.02 40.05
2 11.9 302.1 34.406 2.295 7.948 1.20 15.87 0.00 19.65
3 16.1 200.8 34.806 2.305 8.075 0.66 7.80 0.00 7.60
4 19.4 150.2 35.113 2.323 8.154 119.6 0.36 3.11 0.02 3.15
5 24.9 100.5 35.213 2.314 8.268 132.2 0.13 0.08 0.00 1.11 -
6 26.9 48.9 34.952 2.300 8.287 174.6 0.13 0.06 0.00 0.93
7 26.7 2.1 34.487 2.272 8.289 179.5 0.12 0.06 0.00 0.93
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Table 8. (Continued) Penguin Bank water chemistry data

Bottle Temp. Press. Sal. TA pH Oxygen P04 N03+N02 NH4 Si
# °C dbar PSU meq kg-1 NBS JLM ILM ILM JLM JLM

Cast:19 Date:11/14/87 Location: 20° 58.15' N 1570 22.52' W
----------------- ...------------------------..------_ ...------..------------- ...--------------------------------

1 8.5 403.3 34.208 2.282 7.804 91.7 1.95 26.23 0.02 39.68
2 11.6 301.1 34.393 2.290 7.974 142.1 1.27 16.85 0.05 21.14
3 16.5 202.7 34.910 2.295 8.119 156.2 0.60 7.28 0.02 7.23
4 20.1 150.2 35.108 2.315 8.200 137.4 0.28 2.44 0.05 2.41
5 25.0 100.5 35.221 2.319 8.299 166.0 0.08 0.11 0.02 0.74
6 26.9 49.9 34.963 2.310 8.314 156.7 0.08 0.08 0.05 0.56
7 26.9 1.1 34.911 2.300 8.299 162.7 0.08 0.08 0.05 0.74

Cast:20 Date:11/15/87 Location: 20° 58.05' N 15r 22.02' W
-------------------------------------______ 00 ______----_______~______...____________________________________________

1 8.4 402.4 34.244 2.294 7.812 99.3 1.94 26.23 0.00 39.12
2 11.9 302.1 34.390 2.304 7.992 112.3 1.20 16.10 0.00 20.21
3 16.9 201.8 34.907 2.318 8.145 157.1 0.56 6.67 0.01 6.30
4 20.1 151.1 35.140 2.327 8.219 153.6 0.29 2.41 0.00 2.41
5 25.2 101.4 35.211 2.315 8.334 171.4 0.07 0.08 0.00 0.93
6 26.8 50.8 34.953 2.301 8.357 170.5 0.09 0.08 0.00 0.93
7 26.9 1.1 34.911 2.293 8.358 187.0 0.09 0.11 0.00 0.74

Cast:21 Date: 11/15/87 Location: 20° 58.15' N 157° 22.36' W
--...- ...----------..-----------------------------------------------------------------------.._-- --------

1 8.8 402.4 34.215 2.276 7.907 120.2 1.84 25.06 0.00 35.60
2 13.0 302.1 34.375 2.276 8.085 171.6 1.07 13.91 0.02 16.50
3 16.8 201.8 34.849 2.299 8.195 152.5 0.59 7.00 0.02 6.67
4 19.9 150.2 35.154 2.318 8.275 184.4 0.31 2.94 0.05 2.78
5 23.6 100.5 35.231 2.324 8.353 173.7 0.11 0.53 0.05 1.11
6 26.9 49.9 34.960 2.292 8.400 164.4 0.09 0.11 0.05 0.56
7 26.9 1.1 34.924 2.302 8.401 181.4 0.09 0.17 0.10 0.56

Cast:22 Date:11/15/87 Location: 20° 58.09' N 157° 22.03' W
-------------------------------------------------------------------------------...-------------------------------------

1 9.4 403.3 34.258 2.272 7.927 122.8 1.71 22.82 0.02 32.26
2 12.5 302.1 34.481 2.273 8.069 143.4 1.10 14.42 0.00 17.06
3 17.0 202.7 34.871 2.285 8.257 169.7 0.55 6.52 0.07 5.93
4 20.3 149.2 35.157 2.328 8.268 182.6 0.27 2.10 0.02 2.04
5 23.9 100.5 35.327 2.323 8.355 196.6 0.07 0.25 0.02 0.93
6 26.9 49.9 34.937 2.308 8.385 167.4 0.08 0.08 0.02 0.56
7 26.8 1.1 34.910
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Table 8. (Continued) Penguin Bank water chemistry data

Bottle Temp. Press.
# °C dbar

Sal.
PSU

TA
meq kg-1

pH Oxygen
NBS p.M

P04 N03+N02 NH4 Si
p.M p.M /LM p.M

Cast:25 Date:11/15/87 Location: 21004.57' N 157027.51' W
-------.----------------_...-------------------------------------------------------------------------------------------

1 26.7 45.1 34.907 2.289 8.380 160.2 0.12 0.31 0.00 1.12
5 26.7 29.8 34.912 8.390 115.1 0.11 0.14 0.00 1.12
6 26.7 21.2 34.902 8.390 127.9 0.12 0.33 0.03 1.12
7 26.7 3.0 34.895 8.396 126.8 0.12 0.08 0.03 0.93

Casl:26 Date: 11/15/87 Location: 21002.34' N 1570 27.55' W
--------------....------------------------_..-------------------------------------------------------------------------------

1 26.6 48.9 34.909 2.290 8.382 129.1 0.11 0.14 0.03 1.12
5 26.6 30.7 34.914 8.392 124.7 0.09 0.08 0.03 1.12
6 26.6 20.2 34.919 8.391 115.1 0.09 0.06 0.03 1.12
7 26.6 3.0 34.900 8.387 192.8 0.11 0.14 0.05 0.93

Cast:27 Date:11/16/87 Location: 21000.24' N 15r 28.19' W
-------------------------------------------------------------------------------------------..------------

1 26.6 54.6 34.921 2.296 8.360 189.1 0.09 0.06 0.08 1.1'2
5 26.6 29.8 34.918 8.360 191.7 0.09 0.08 0.03 0.93
6 26.6 20.2 34.907 8.339 172.1 0.09 0.17 0.05 0.93
7 26.6 4.0 34.913 8.323 176.1 0.04 0.03 0.08 0.19

Cast:28 Date:11/16/87 Location: 21 0 01.32' N 157028.71' W
------------------------------------------------------------------------------------------------------------------------------

1 26.6 47.9 34.914 2.285 8.358 192.8 0.09 0.08 0.00 1.12
5 26.6 29.8 34.919 8.355 191.2 0.09 0.08 0.00 0.93
6 26.5 21.2 34.937 8.351 191.0 0.11 0.17 0.05 0.93
7 26.6 2.1 34.917 8.353 195.4 0.11 0.19 0.16 2.04

Cast:29 Dale:11/16/87 Location: 21 0 00.78' N 1570 28.01' W
---------------------------------------------------------------------------------------------------------------_...-------

1 26.6 58.5 34.923 2.284 8.306 194.5 0.09 0.07 0.00 0.84
5 26.6 30.7 34.919 8.311 194.7 0.09 0.08 0.00 0.74
6 26.6 19.3 34.924 8.314 192.9 0.09 0.08 0.03 0.74
7 26.6 4.0 34.915 8.314 187.2 0.09 0.11 0.03 0.74

Cast:30 Date:11/16/87 Location: 20 0 59.27' N 1570 27.87' W
-----------------------------------------------------------------------------------------------------------------------------

1 26.6 62.3 34.945 2.295 8.303 193.8 0.09 0.53 0.00 0.93
4 26.6 40.3 34.939 8.306 195.2 0.09 0.08 0.05 0.74
5 26.6 29.8 34.943 8.303 193.1 0.08 0.08 0.00 0.74
6 26.6 20.2 34.933 8.303 195.2 0.08 0.06 0.00 0.74
7 26.6 4.0 34.924 8.301 191.2 0.09 0.19 0.03 0.93
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Table 8. (Continued) Penguin Bank water chemistry data

Bottle Temp. Press.
# °C dbar

Sal.
PSU

TA
meq kg-1

pH Oxygen
NBS J.LM

P04 N03+NOZ NH4 Si
J.LM J.LM J.LM J.LM

Cast:31 Date:11/16/87 Location: 21 0 00.00' N 1570 27.33' W

1 26.6 50.8 34.947 2.293 8.311 177.4 0.09 0.08 0.00 0.84
5 26.7 30.7 34.936 8.313 190.8 0.09 0.08 0.00 0.93
6 26.7 21.2 34.939 8.311 192.6 0.09 0.11 0.00 0.93
7 26.7 3.0 34.934

Cast:32 Date: 11/16/87 Location: 21° 59.36' N 157° 28.59' W
----------------------------------------------------------------------------------------------------------------------

1 26.6 55.6 34.933 2.299 8.317 172.1 0.09 0.19 0.03 0.93
5 26.6 31.7 34.940 8.320 189.1 0.09 0.14 0.03 0.93
6 26.6 20.2 34.944 8.320 174.2 0.08 0.08 0.00 0.74
7 26.6 4.0 34.924 8.317 159.0 0.09 0.36 0.03 0.93

Cast:33 Date:11/17/87 Location: 20° 58.89' N 1570 27.87' W

1 26.6 57.5 34.962 2.293 8.318 194.0 0.09 0.11 0.03 0.93
5 26.6 29.8 34.943
6 26.6 20.2 34.945 189.4 0.11 0.14 0.00 0.74
7 26.6 4.0 34.950 185.1 0.08 0.06 0.03 0.74

Cast:34 Date:11/17/87 Location: 20° 59.79' N 1570 28.16' W
-----------------------------------------...-------------------------------------------------------------------------------

1 26.5 49.9 34.944 2.290 8.373 193.5 0.09 0.11 0.04 1.12
5 26.6 30.7 34.945 8.375 193.5 0.09 0.08 0.03 0.93
6 26.6 20.2 34.922 8.375 194.3 0.09 0.06 0.05 0.93
7 26.6 3.0 34.941 8.373 194.2 0.09 0.14 0.11 1.49

Cast:36 Date:11/17/87 Location: 21° 11.07' N 1570 28.72' W
--------------------------------------------------------------------------------------------------------------------------------

1 8.2 402.4 34.221 2.290 100.8 1.91 26.55 0.06 41.09
2 11.3 303.0 34.292 183.7 1.08 14.92 0.05 17.09
3 17.6 201.8 34.884 188.4 0.38 4.69 0.12 4.00
4 20.7 151.1 35.253 191.4 0.19 1.58 0.06 2.00
5 23.5 100.5 35.309 205.0 0.08 0.34 0.05 0.91
6 26.5 49.9 34.921 2.296 196.1 0.08 0.09 0.02 0.73
7 26.5 2.1 34.910 195.0 0.08 0.34 0.05 0.73
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Table 8. (Continued) Penguin Bank water chemistry data

Bottle Temp. Press. Sal. TA pH Oxygen P04 N03+N02 NH4 Si
# °C dbar PSU meq kg- l NBS I'M I-'M I-'M I'M I'M

Cast:39 Date: 11/17/87 Location: 20° 55.60' N 157031.82' W
... _-----------------------------------_.._---------------------------------------------------------------------------------------

1 8.7 401.4 34.230 2.282 7.895 127.7 1.88 26.04 0.05 38.36
2 12.0 302.1 34.405 8.035 156.7 1.14 15.54 0.05 18.91
3 17.0 197.0 34.813 8.151 181.2 0.60 6.96 0.05 5.64
4 20.2 148.3 35.188 8.249 184.4 0.26 2.38 0.11 2.64
5 23.5 100.5 35.252 8.326 201.7 0.09 0.57 0.07 1.45
6 26.5 50.8 34.955 2.297 196.1 0.09 0.06 0.07 1.09
7 26.6 2.1 34.953 8.376 195.0 0.09 0.06 0.05 1.09
8 26.6 2.1 34.953

Cast:44 Date: 11/17/87 Location: 20024.37' N 1570 55.51' W
---------------------------------------..------------------------------------------------------------------------------------

1 4.1 1007.1 34.541 2.365 7.658 53.2 3.12 42.27 0.00 107.60
2 4.8 801.7 34.519 7.644 47.0 3.10 41.08 0.00 93.66
3 5.7 603.0 34.343 7.642 56.3 2.97 39.82 0.00 78.79
4 6.5 501.7 34.234 7.70·1 82.4 2.62 34.54 0.00 62.07
5 8.6 402.4 34.229 2.274 7.865 129.6 1.89 24.67 0.00 36.42
6 11.1 302.1 34.327 8.004 173.5 1.23 15.77 0.00 18.77
7 15.6 203.7 34.718 8.140 180.9
8 19.0 150.2 35.100 8.209 185.1 0.36 3.54 0.00 3.34
9 22.4 102.4 35.338 8.305 0.08 0.31 0.00 1.67
10 26.4 49.9 35.247 2.314 8.349 202.7 0.08 0.08 0.03 1.30
11 26 ..8 3.0 35.034 8.354 196.1 0.09 0.08 0.00 1.30
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Table 9. Necker Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-l NBS

Oxygen
/lmol r l

Cast: 1 Date: 5/28/88 Location: 23° 35.05' N 164° 57.04' W
-----------------------------------------------------------------------------------------------------

1 498.9 33.954 8.3 7.966 147.7
2 398.6 34.170 9.9 8.034 180.6
3 349.8 34.264 10.8 8.065 188.6
4 305.9 34.353 12.5 8.138 194.3
5 250.5 34.562 14.2 8.158
6 200.8 34.779 16.0 8.187 203.1
7 153.0 35.102 18.6 8.226 179.2
8 101.4 35.300 22.1 8.282
9 52.7 35.156 25.0 8.330 191.6
10 4.0 35.072 25.4 8.316

Cast: 2 Date: 5/29/88 Location: 23° 25.41' N 164° 43.28' W
----------------- ...----------------------------------------------...-----_..._---------------------------

1 957.4 34.399 4.0 2.388 7.794 68.2
2 856.2 34.369 4.3 2.385 7.813 59.9
3 754.9 34.245 4.8 2.422 7.847 73.4
4 604.0 34.106 6.0 2.332 7.835 105.7
5 503.6 34.060 7.6 2.307 7.874 147.8
6 403.3 34.148 9.7 2.305 8.003 184.4
7 300.2 34.342 12.2 2.310 8.102 203.7
8 203.7 34.652 15.3 2.305 8.178 206.2
9 153.0 34.893 17.2 2.318 8.214 203.6
IO 103.4 35.263 21.0 2.357 8.265 199.7
11 52.7 35.206 24.7 8.327 200.3
12 3.0 35.158 25.3 8.217 198.0

Cast: 3 Date: 5/30/88 Location: 23° 29.57' N 164° 40.94' W

I
3

51.8
5.9

35.269
35.140

24.6
25.2

230

8.298
8.304

189.5
195.6



Table 9.(Continued) Necker Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-1 NBS

Oxygen
Jlmol r 1

Cast: 4 Date: 5/31/88 Location: 23° 45.29' N 164° 21.91' W
------------------------- ..._--------------------------..-----------------------------------------------

1 951.7 34.400 4.0 2.418 7.245 67.3
2 852.4 34.326 4.3 2.393 7.638 57.0
3 750.1 34.222 4.7 2.411 7.676 48.3
4 603.0 34.062 5.9 2.396 7.749 97.3
5 503.6 34.063 7.7 2.355 7.895 141.7
6 404.3 34.128 9.5 2.327 8.010
7 303.0 34.368 12.6 2.341 8.136
8 202.7 34.712 15.8 2.316 8.209 204.0
9 154.0 34.959 17.6 2.316 8.251 202.6
10 100.5 35.062 20.1 2.399 8.279 196.3
11 52.7 35.473 23.4 2.354 8.384 212.3
12 2.1 35.063 25.5 8.384 194.3

Cast: 5 Date: 6/1/88 Location: 23° 39.35' N 164° 31.91' W
---------------------------------------------_ ...._---------------------------..--_..--------------------

1 48.9 35.417 24.4 2.354 8.245 214.3
3 4.9 35.028 25.5 2.323 8.347 199.5

Cast: 6 Date: 6/1/88 Location: 23° 41.00' N 164° 41.72' W
-..-------------------------------------------------------- ..._...------------------------------------------

1 451.1 34.087 8.4 2.284 7.907 180.0
2 398.6 34.148 9.4 7.961 194.9
3 350.8 34.280 11.0 2.292 8.032 205.0
4 300.2 34.357 12.3
5 250.5 34.545 14.3 2.304 8.120 217.8
6 197.9 34.722 15.9 2.364 8.161 209.8
7 150.2 35.135 19.4 2.333 8.207 192.4
8 99.5 35.406 22.8 2.361 8.285 215.4
9 49.9 35.397 24.3 2.298 8.303 203.0
10 4.0 35.066 25.8 2.322 8.315 200.9
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Table 9.(Continued) Necker Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-l NBS

Oxygen
Jlmol r l

Cast: 7 Date: 6/4/88 Location: 23° 29.50' N 164° 46.89' W
--------------------------_.._--------------------------_ ...._-------------------------------------------

1 454.9 34.179 8.5 7.887 158.8
2 401.4 34.203 9.9 7.988 190.8
3 350.8 34.278 11.4 8.047 198.8
4 300.2 34.397 12.9 8.108 210.2
5 248.6 34.482 14.3 8.107 202.5
6 199.8 34.693 15.9 8.168 205.0
7 157.8 35.046 18.6 8.214 197.4
8 104.3 35.447 21.5 8.276 201.3
9 48.9 35.128 25.5 8.334 202.9
10 4.0 35.125 25.5 8.324 201.8

Cast: 8 Date: 6/5/88 Location: 23° 34.65' N 164° 58.09' W
----------------------------------..-------------------------.._-----------------------------------------

1 500.8 34.081 7.6 7.873 143.1
2 403.3 34.130 9.7 8.017 189.2
3 303.0 34.322 12.4 8.140 213.2
4 249.5 34.522 14.0 8.177 209.9
5 198.9 34.742 15.5 8.201 200.9
6 149.2 35.042 18.9 8.230 187.3
7 124.4 35.312 21.5 8.307 196.3
8 99.5 35.303 21.7 8.297 204.7
9 73.7 35.327 23.5 8.379 220.5
10 47.9 35.136 25.2 8.362 205.8
11 22.1 35.054 25.7 8.379 199.7
12 4.0 35.075 26.0 8.384 196.2
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Table 10. Raita Bank water chemistry data

Niskin
#

Press.
dbar

Sal. Temp. TA
PSU °C meq kg-1

pH
NBS

Oxygen
J.Lmol r!

Cast: 9 Date: 617/88 Location: 25° 40.13' N 169° 25.35' W
------------------------ ...------------------------------------_..._-----------_.._--------------------------

1 49.851 35.354 25.1 2.333 8.340 217.5
2 4.949 35.346 25.5 2.318 8.362 199.6

Cast: 10 Date: 617/88 Location: 25° 44.67' N 169° 26.49' W
-----------------------------------------------------------------------_....._---_.._----..-----------------

1 449.194 34.121 9.2 2.343 8.053 185.1
2 399.515 34.225 10.5 2.335 8.113 198.0
3 348.880 34.309 1l.8 2.311 8.134 201.2
4 300.157 34.459 13.1 2.286 8.168 208.2
5 250.478 34.561 14.3 2.299 8.187 206.1
6 197.933 34.691 15.6 2.312 8.222 212.2
7 147.299 35.050 18.1 2.331 8.298 211.1
8 99.530 35.392 21.2 2.348 8.357 214.0
9 47.941 35.436 24.8 2.337 8.369 211.7
10 3.038 35.355 25.5 2.316 8.380 204.1

Cast: 11 Date: 617/88 Location: 25° 47.27' N 169° 27.00' W
-------------------------------------------------------------------------------------------------------

1 957.448 34.371 3.9 2.376 7.677 65.7
2 853.313 34.302 4.2 2.369 7.706 54.1
3 755.866 34.170 4.9 2.335 7.677 67.9
4 605.873 34.066 6.5 2.317 7.676 117.1
5 504.605 34.084 7.8 2.311 7.831 150.3
6 404.292 34.171 10.6 2.279 7.906 196.2
7 303.023 34.426 13.1 2.312 8.090 206.2
8 204.620 34.772 16.1 2.334 8.157 208.8
9 154.941 34.954 17.7 2.342 8.228 209.5
10 103.352 35.290 20.5 2.344 8.272
11 48.896 35.455 24.1 2.360 8.369 212.2
12 2.083 35.371 25.8 2.335 8.390 208.7

Cast: 12 Date: 6/9/88 Location: 25° 22.00' N 169° 35.30' W

1
2

49.851
6.860

35.431
35.430

22.7
26.2

233

8.201
8.376

220.0
198.6



Table 10. (Continued) Raita Bank water chemistry data

Niskin
#

Press.
dbar

Sal. Temp. TA
PSU °C meq kg-1

pH
NBS

Oxygen
j.tmol r 1

Cast: 13 Date: 6/9/88 Location: 25° 20.84' N 169° 35.93' W
----------------------------------------------.._--------------------------------------------------------

1 453';71 34.162 9.8 8.025 190.1
2 405.247 34.240 10.6 8.052 195.7
3 349.836 34.295 11.4 8.081 200.7
4 300.157 34.472 13.2 8.153 207.1
5 250.478 34.602 14.5 8.177 210.0
6 200.799 34.809 16.4 8.234 219.6
7 150.165 35.015 17.9 8.274 215.8
8 100.486 35.288 20.1 8.328 219.2
9 50.807 35.429 22.1 8.338 220.1
10 4.949 35.378 26.2 8.370 200.7

Cast: 14 Date: 6/11/88 Location: 25° 19.60' N 169° 34.85' W
-----------------------------------------------_.._-------------- ...---------------------------------------

I 945.983 34.364 4.0 7.399 60.1
2 855.223 34.284 4.3 7.641 66.9
3 745.357 34.172 4.8 7.654 81.6
4 603.963 34.077 6.3 7.770 134.9
5 502.694 34.091 8.0 7.883 164.5
6 408.113 34.169 10.6 8.047 195.0
7 30I.1l2 34.401 12.7 8.092 205.7
8 202.710 34.769 16.2 8.242 215.2
9 153.031 35.033 18.3 8.286 222.5
10 102.396 35.235 19.9 8.289 222.6
II 52.717 35.503 23.1 8.323 218.2
12 3.994 35.526 26.8 8.339 197.6
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Table 11. Mara Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-1 NBS

Oxygen
/lmo1 r!

Cast: 15 Date: 6/12/88 Location: 25° 23.37' N 170° 55.96' W
--------------------------------------...---------------------------------------------------------------

1 449.194 34.185 10.4 7.954 198.6
2 352.702 34.311 11.4 8.064 207.3
3 252.389 34.509 13.8 8.137 211.8
4 203.665 34.620 14.9 8.192 217.9
5 175.004 34.713 15.6 8.214 219.1
6 149.209 34.679 16.0 8.242 220.5
7 124.370 34.806 16.7 8.264 222.7
8 100.486 34.928 17.7
9 75.646 34.994 18.7 8.300 230.9
10 50.807 35.112 19.9 8.355 221.7
11 25.012 35.439 24.7 8.367 198.8
12 3.038 35.453 26.0 8.358 195.9

Cast: 16 Date: 6/13/88 Location: 25° 16.01' N 170° 33.78' W

1
2

49.851 35.360
4.949 35.493

23.5
26.2

8.342
8.361

205.7
197.1

Cast: 17 Date: 6/13/88 Location: 25° 15.00' N 170° 34.57' W

1
2
3
4
5
6
7
8
9
10

449.194 34.179
403.336 34.325
351.746 34.354
301.112 34.483
251.433 34.525
202.710 34.685
153.031 34.749
104.307 35.005
49.851 35.211

4.949 35.491

9.5
11.1
12.2
13.5
13.9
15.3
16.4
18.1
20.7
26.2

235

8.048
8.121
8.143
8.179
8.181
8.217
8.246
8.303
8.332
8.366

187.7
204.9
208.0
208.9
207.7
204.8
205.5
212.4
214.9
195.0



Table 11. (Continued) Mara Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-1 NBS

Oxygen
",mol r!

Cast: 18 Date: 6/14/88 Location: 25° 11.32' N 170° 31.74' W
-------------------------------------------------------------------------.----------------------------

1 957.448 34.394 3.9 7.643 63.6
2 853.313 34.254 4.4 7.667 62.8
3 753.955 34.155 5.0 7.697 79.3
4 603.963 34.064 6.9 7.837 138.3
5 503.649 34.174 8.5 7.967 174.3
6 403.336 34.185 9.8 8.030 186.7
7 299.202 34.362 12.0 8.122 205.9
8 201.754 34.579 14.3 8.210 213.4
9 150.165 34.767 16.0 8.219 210.0
10 98.575 34.973 17.7 8.259 213.9
11 49.851 35.176 20.2 8.298 220.2
12 4.949 35.439 26.1 8.347 194.4

Cast: 19 Date: 6/16/88 Location: 25° 43.87' N 170° 35.45' W
------------------------------------------------------..----------------..--------------------------------

1 954.581 34.340 4.0 2.397 7.716 56.5
2 855.223 34.265 4.3 2.391 7.735 76.9
3 750.133 34.091 4.9 2.352 7.754 80.1
4 601.097 34.059 6.7 2.312 7.981
5 498.873 34.127 8.7 2.303 8.105 185.0
6 404.292 34.204 10.3 8.132 197.9
7 303.023 34.372 12.3 2.291 8.200 211.2
8 203.665 34.604 14.5 2.309 8.265 216.7
9 153.986 34.714 15.8 2.324 8.298 216.1
10 103.352 34.990 18.1 2.317 8.348 228.0
11 48.896 35.144 20.2 2.350 8.381 227.5
12 3.994 35.398 26.2 8.427 196.2

Cast: 20 Date: 6/17/88 Location: 25° 38.16' N 170° 35.76' W
------------------------------------------------..--------------...._-----------..._------------------------

1 51.762 35.229 21.5 2.347 8.241 218.8
2 6.860 35.414 26.2 2.349 8.410 197.6
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Table II. (Continued) Mara Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-1 NBS

Oxygen
JLmol r 1

Cast: 21 Date: 6/17/88 Location: 25 0 41.02' N 1700 34.09' W
-------------------...------------------------------------------------------_...----------------------------

1 454.926 34.178 9.7 2.314 8.072 191.9
2 401.425 34.276 10.7 8.125 207.1
3 349.836 34.313 11.4 2.288 8.137 207.7
4 302.068 34.405 12.4 8.171 210.9
5 251.433 34.505 13.4 2.310 8.197 206.4
6 200.799 34.580 14.3 2.309 8.222 212.8
7 150.165 34.719 15.7 2.345 8.265 217.4
8 100.486 34.964 17.8 2.337 8.333 218.0
9 49.851 35.278 21.8 8.358 216.9
10 4.949 35.436 26.3 2.345 8.394 199.3

Cast: 22 Date: 6!l9/88 Location: 25 0 23.71' N 170053.71' W

22
22

1
2

50.807
5.905

35.265 21.6
35.407 26.9

Cast: 23 Date: 6!l9/88 Location: 25 0 24.29' N 170052.98' W

1
2

50.807 35.395
6.860 35.456

21.7
26.7

8.210
8.402

217.8
206.4

Cast: 24 Date: 6/19/88 Location: 25020.79' N 170055.97' W
---------------------------------------------_..._--------------------------------------------------------

1 954.581 34.395 3.9 2.390 7.634 57.4
2 859.045 34.298 4.2 2.375 7.470 61.2
3 753.955 34.169 4.9 2.338 7.754 69.5
4 604.918 34.047 6.5 2.310 7.825 122.7
5 504.605 34.121 8.5 2.291 8.013 171.2
6 404.292 34.222 10.4 2.284 8.092 197.8
7 300.157 34.420 12.5 2.287 8.183 209.2
8 199.844 34.615 14.7 2.294 8.223 208.5
9 149.209 34.740 16.0 2.297 8.256 207.3
10 100.486 35.002 18.2 2.308 8.319 220.0
11 48.896 35.260 21.3 2.332 8.336 219.6
12 3.994 35.471 26.6 2.344 8.392 195.4
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Table 11. (Continued) Maro Reef water chemistry data

Niskin
#

Press.
dbar

Sal.
PSU

Temp. TA pH
°C meq kg-1 NBS

Oxygen
J.'mol r 1

Cast: 25 Date: 6/20/88 Location: 25 0 21.22' N 1700 55.98' W
----------------------------------------------------------------...---------------------------------------

1 502.694 34.099 8.3 2.317 7.771 164.0
2 402.381 34.206 10.3 2.289 8.034 193.7
3 302.068 34.422 12.4 2.280 8.123 209.5
4 252.389 34.511 13.7 2.292 8.162 210.3
5 200.799 34.627 14.8 2.289 8.213 207.4
6 15I.l20 34.772 15.9 2.297 8.255 211.3
7 126.280 34.926 17.3 2.310 8.288 212.0
8 101.441 35.025 18.5 2.326 8.320 224.0
9 75.646 35.148 20.1 2.329 8.352 224.9
10 50.807 35.277 21.2 2.331 8.360 230.4
11 25.012 35.437 25.2 2.335 8.401 203.7
12 3.994 35.498 26.8 2.343 8.410 195.6
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