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Abstract


This report gives the results of our pH, total alkalinity (TA), and total inorganic carbon dioxide (TCO2) measurements made in a sub tropical region of the Pacific ocean mainly along 16o 45’ S.  The results were obtained both by potentiometric titration of seawater samples with HCl acid, and by coulometric titration of acidified seawater.  The pH was determined by both potentiometry and spectrophotometry.  Measurements on 82 samples of batch #21 certified reference material (CRMs) for TCO2 with the 2 titration cells at sea indicate that the systems have a reproducibility of  SYMBOL 177 \f "Symbol" 1.4 SYMBOL 109 \f "Symbol"mol kg-1 in TA, ( 3.0 mol kg-1 in TCO2, and (0.005in pH.  Measurements of 82 CRMs on the coulometric TCO2 system (SOMMA) were performed, the mean value was 1991.0 (mol kg-1.  Surface water partial pressures of carbon dioxide (pCO2) were also measured and will be combined with the above surface data to thermodynamically characterize the system.

Introduction


In the spring of 1994, we participated in the World Ocean Circulation Experiment (WOCE) to monitor the carbon dioxide system in a sub tropical region of the Pacific ocean mainly along 16o 45’ S.  This work was sponsored by the Department of Energy (DOE) in an effort to monitor the flux of anthropogenic CO2 across the oceans.  The research was performed on board the R/V Melville operated out of the SCRIPPS Institute.  Our portion of the cruise track originated in Iquique, Chile on March 27, and concluded in Brisbane, Australia on June 19, 1994.  The ship primarily occupied stations along 16o 45’South between 70o West and 153SYMBOL 176 \f "Symbol" East (see Figure 1).  The objective of the cruise was to determine the relationship between the biogeochemical cycles of carbon and physical forcing in the upper ocean.  The Pacific ocean is one of the most important regions of naturally occurring sources of CO2 caused by the upwelling of subsurface water along the equator.  It is estimated that the high pCO2 surface waters of the south Pacific input about 0.6 - 1 × 109 tons of carbon to the atmosphere annually.  The input of nutrients from upwelling is thought to support as much as half of the new global photosynthetic production each year.  The goal of this CO2 study is to construct budgets and vertical distributions of  the carbon cycle in this region and to quantify the relative importance of the outgassing of CO2 to the atmosphere.  These processes can then be related to the formation and subsequent lateral transport of dissolved organic matter, and the downward flux of sinking biogenic particles in this region.  We were involved in the determination of total alkalinity (TA), total dissolved inorganic carbon (TCO2) and pH using potentiometric techniques, the determination of dissolved inorganic carbon using coulometric techniques (SOMMA), and monitoring sea surface partial pressure of carbon dioxide (pCO2) using an infrared analyzer.  On P21W (Papeete, Tahiti to Brisbane, Australia), pH was also measured by spectrophotometric techniques using an indicator.  The results obtained by potentiometric titration were done by acidifying seawater samples with HCl acid.  Measurements of certified reference materials(CRMs) for TCO2  with the two titration cells at sea indicate that the systems have a reproducibility of SYMBOL 177 \f "Symbol" 1.4  SYMBOL 109 \f "Symbol"mol kg-1 in TA, SYMBOL 177 \f "Symbol" 3.0 mol kg-1 in TCO2, and SYMBOL 177 \f "Symbol" 0.005 in pH.  Values obtained on these same CRMs for the SOMMA indicate that the system was reproducible to SYMBOL 177 \f "Symbol" 1.1 mol kg-1.  This data can be combined to overdetermine the carbonate system in the surface seawater.  This report tabulates the measurements made by our group during this cruise. 

Methods

pH Measurements


The pH measurements of seawater followed the spectrophotometric procedure of Clayton and Byrne (1993).  The pH of samples using the m-cresol purple (mCP) is determined from


pH  = pKind + log [(R - 0.0069)/(2.222 - 0.133 R)]
(1)

where Kind is the dissociation constant for the indicator and  R (A578/A434) is the ratio of the absorbance of the acidic and basic forms of the indicator corrected for baseline absorbance at 730 nm.  The pH of the samples is perturbed by the addition of an indicator.  The magnitude of this perturbation is a function of the difference between the seawater acidity and indicator acidity; therefore this correction  was quantified for each batch of dye solution.  To a sample of seawater ((30ml), a normal volume of mCP (0.080ml, in this case) was added and the absorbance ratio was measured.  From a second addition of mCP and absorbance ratio measurement, the change in absorbance ratio per ml of added indicator ((R) was calculated.  From a series of such measurements over a range of seawater pH, (R was described as a linear function of the value of the absorbance ratio (Rm) measured subsequent to the initial addition of the indicator 

(i.e. R = -0.03445 - .02946 Rm).  In the course of routine seawater pH analyses, this correction was applied to every measured absorbance ratio (Rm); i.e. the corrected absorbance ratio is calculated as

                               R = Rm + (-0.03445 - .02946 Rm) 
(2)

Clayton and Byrne (1993) calibrated the m-cresol purple indicator using TRIS buffers (Ramette et al., 1977) and the pH equations of Dickson (1993).  They found that  


pKind   = 1245.69/T + 3.8275 + (2.11 x 10-3) (35 - S)
(3)


where T is temperature in Kelvin and is valid from 293.15 to 303.15 K and S = 30 to 37.  The values of pH calculated from equations (1) and (3) are on the total scale in units of mol (kg-soln)-1.  The total proton scale (Hansson, 1973) defines pH in terms of the sum of the concentrations of free hydrogen ion, [H+], and bisulfate, [HSO4-]

 pHT =  -log[H+]T = -log{[H+] + [HSO4-] }= -log{[H+](1 + [SO42-]/KHSO4)}
(4)

where the concentration of total sulfate, [SO42-] = 0.0282 ( 35 / S and KHSO4 is the dissociation constant for the bisulfate in seawater (Dickson, 1990a). 


We have redetermined the value of pKind from 273.15 to 313.15 K using a 0.04 m TRIS buffer (Ramette et al., 1977).  The pH of the TRIS buffer was determined from the emf measurements made with the H2,Pt| AgCl,Ag electode system (Millero et al., 1993a).  At 25oC the buffer had a pH of 8.076 and yielded spectrophotometric values of pH that were in excellent agreement (( 0.0001) with those found using equations (1) and (3).  Our results from 273.15 to 313.15 K (0 to 40oC) were fitted to the equation (S = 35)


pKind = 35.913  -  216.404/T - 10.9913 log (T)
(5)

with the standard error of 0.001 in pKind where the constants are on the total proton scale {mol (kg-H2O) -1}.  The use of equations (1) and (5) from 0 to 40oC makes the assumption that R is independent of the temperature.


The values of pH calculated from equations (1) and (5) are on the total scale in units of mol (kg-H2O)-1.  The conversion of the pHT {mol (kg-H2O)-1} to the seawater pHSWS {mol (kg-soln)-1} can be made using (Dickson and Riley, 1979; Dickson and Millero, 1987):


pHSWS =  pHT - log{(1 + [SO42- ] / KHSO4 + [F-] / KHF ) / (1 + [SO4-2] / KHSO4] )
             
               - log (1 - 1.005 ( 10-3 S)
(6)

where the total concentration of fluoride, [F-] = 0.000067 ( 35 / S, and KHF is the dissociation constant for hydrogen fluoride (Dickson and Riley, 1979).  The seawater pHSWS scale was used in this paper since the carbonate constants used are on this scale 

(Dickson and Millero, 1987; Millero et al., 1993b).  


The absorbance measurements were made using a Diode Array 8452 A spectrophotometer.  The temperature was controlled to a constant temperature of 25oC with an Endocal RTE 8DD refrigerated circulating temperature bath that regulates the temperature to ( 0.01oC.  The temperature was measured using a Guildline 9540 digital platinum resistance thermometer. 

Total Alkalinity Measurements, TA

Titration system.


The titration system is similar to the one used in our earlier studies (Thurmond and Millero, 1982) and that developed by Bradshaw and Brewer (1988) and is described in Millero et al. (1993a).  The titration systems used to determine TA consisted of a Metrohm 665 Dosimat titrator and an Orion 720A pH meter both controlled by a personal computer.  The progress of the titrations was monitored by reading the emf across a ROSS glass pH electrode and an Orion double junction Ag, AgCl reference electrode from the pH meter.  Both the acid titrant and the seawater sample had a constant temperature of 25 SYMBOL 177 \f "Symbol" 0.1SYMBOL 176 \f "Symbol"C controlled by thermal jacketing with a Neslab constant temperature bath.  The plexiglass water jacketed cells used during the cruise were similar to that used by Bradshaw et al. (1988) except that a larger volume (about 200 cm3) was used to increase the precision.  This cell has zero volume fill and drain valves which increase the reproducibility of the cell volume.  A GW-Basic program was used to run the titration, record the volume of the added acid and the emf of the electrodes using RS-232 interfaces.  The titration is made by adding HCl acid to seawater past the carbonic acid end point.  A typical titration records the emf after the readings become stable to SYMBOL 177 \f "Symbol" 0.1mV and adds enough acid to change the voltage by a pre-assigned increment typically13mV.  In contrast to the delivery of a fixed volume increment of acid, this method gives data points that are equally spaced, even in the range of rapid increase in the emf near the carbonic acid equivalence point.  A full titration (( 25 points) takes about 20 minutes. 

Standard acids


The HCl acid solutions (initial volume SYMBOL 126 \f "Symbol" 20 L) used throughout the cruise were made, standardized, and stored in 500 cm3 glass bottles in the laboratory for use at sea.  The 0.25821 M HCl acid solutions were made from a stock 1 M Mallinckrodt standard solution diluted into a 0.45 M NaCl solution in order to yield an acid solution with an ionic strength near that of average seawater (( 0.7 M).  This was done in order to minimize the effects on the electrodes due to changes in ionic strength .  The acid was standardized using a coulometric technique by our group and Dickson (Taylor and Smith, 1959; Marinenko and Taylor, 1968).  Both results agree to ± 0.0001 N.

Volume of the cells


The volumes of the cells were determined in the laboratory by making weight titrations of Gulf stream seawater (S = 36).  The TA of this water was determined by making a number of titrations.  The volume was determined from the ratio of the volumes of HCl needed to titrate the seawater with the same acid, electrodes and titrator in and out of the cell (Vcell = TA*VHCl(open) / VHCl(closed)).  The density of seawater at the temperature of the measurements (nominally 25SYMBOL 176 \f "Symbol"C) was calculated from the international equation of state of seawater (Millero and Poisson, 1981).  The nominal volumes of all cells is approximately 200 cm3 and the values determined before the start of the cruise 

were:


cell #2  201.76 cm3



cell #4  200.9 cm3

Before arriving at the first station of P21W, the new volume of cell #2 was assigned after leakages were fixed:


cell #2  202.47 cm3



cell #4  200.9 cm3
However, results on CRM #21 collected on P21W indicate that average TA using 2 cells on CRMs is about 5 (mol kg-1 lower than the value obtained in the laboratory.  This indicates that the volumes were not accurately assigned after leakages were fixed.

Volume of Titrant


The volume of HCl acid delivered is traditionally assumed to have small uncertainties (Dickson, 1981) and is equated to the digital output resolution of the titrator.  Burette calibrations on the Dosimats with water at 25SYMBOL 176 \f "Symbol"C indicate that the systems deliver 3.000 cm3 (the nominal value for a titration of seawater) to a precision of SYMBOL 177 \f "Symbol" 0.0004 cm3.  This uncertainty results in an error of  SYMBOL 177 \f "Symbol" 0.4 SYMBOL 109 \f "Symbol"mol kg-1 in both potentionmetric TA and TCO2.  The accuracy of the volume of acid delivered by the Dosimats, however, is ten times greater than that of the precision.  Since the titration systems are also calibrated using standard solutions, this error in the accuracy of volume delivered will be partially canceled by inclusion in the value assigned to the concentration of HCl acid and in the volume of the cell.  When a TA certified reference material becomes available the calibration of the burettes must be incorporated into the calibration of the systems.

Evaluation of the Carbonate Parameters


The total alkalinity of seawater is evaluated from the mass proton balance at the alkalinity equivalence point, pHequiv = 4.5, according to the definition of total alkalinity proposed by Dickson, 1981:

TA = [HCO3-] + 2[CO32-] + [B(OH)4-] + [OH-] + [HPO42-] + 2[PO43-] + [SiO(OH)3-] + [HS-] + [NH3] - [H+] - [HSO4-] - [HF] - [H3PO4]
 (1)

At any point in the titration, the total alkalinity of seawater can be calculated from the following equation

(Vo(TA - V(N)/Vo + V) = [HCO3-] + 2[CO32-] + [B(OH)4-] + [OH-] + [HPO42-] + 2[PO43- ] + [SiO(OH)3-] + [HS-] + [NH3] - [H+] - [HSO4-] - [HF] - [H3PO4]
(2)

where Vo is the initial volume of the sample titrated, N is the normality of acid titrant, and V is the volume of added acid.  In the calculation all of the volumes are converted to mass units using the densities of the solutions.  FORTRAN computer programs have been developed to fit the data and extract the carbonate parameters (pHsw, E*, TA, TCO2 and pK1*) in Na2CO3, TRIS, and seawater solutions.  This program is patterned after those developed by Dickson (1981), Johansson and Wedborg (1982) and Dickson (DOE, 1991).  The fit is performed using the STEPIT routine (J.P. Chandler, Oklahoma State University, Stillwater, OK 74074).  The STEPIT software package minimizes the sum of squares of residuals by adjusting the parameters E*, TA, TCO2and pK1*.  The computer program is based on equation (2) and assumes that nutrients such as phosphate, silicate and ammonia are negligible.  This assumption is valid only for surface waters, however, neglecting the concentration of nutrients in the sample does not affect the accuracy of TA, but does affect the carbonate alkalinity (CA).


The pH and pK of the acids used in the program are based on the seawater scale, [H+]sws =  [H+] + [HSO4-] + [HF] (Dickson, 1984).  The dissociation constants used in the program were taken from Dickson and Millero (1987) for carbonic acid, from Dickson (1990a) for boric acid, from Dickson and Riley (1979) for HF, from Dickson (1990b) for HSO4- and from Millero (unpublished) for water.  The program requires as input the concentration of acid, sample volume, salinity, temperature, measured emf (E) and volume of added HCl acid(VHCl).  To obtain reliable TA data a full titration consisted of ( 25 data points (9 data points between pH  3.0 to 4.5).  The precision of the fit is less than 0.4 SYMBOL 109 \f "Symbol"mol kg-1 when pK1* is allowed to vary and less than 1.5 SYMBOL 109 \f "Symbol"mol kg-1 when pK1* is fixed.  Our titration program has been compared to the titration programs used by others (Johansson and Wedborg, 1982; Bradshaw et al.,1981; Bradshaw and Brewer, 1988) and the values obtained for TA agree to within  SYMBOL 177 \f "Symbol" 1 SYMBOL 109 \f "Symbol"mol kg-1.

Coulometric TCO2 (SOMMA)


The coulometric system for determining dissolved inorganic carbon has been described in detail elsewhere (Johnson et al. 1993).  The system was used in accordance with the procedures established by the DOE steering committee and outlined in the DOE Handbook of Methods (1991).  The SOMMA system was the one currently in use by Frank J. Millero at the University of Miami, system # EDL-022.

Surface water pCO2

The infrared based system for surface water pCO2 is based on a Weiss type equilibrator with a LiCor infrared analyzer equipped with both CO2 and H2O channels.  The system was calibrated continuously with two standard gases as the cruise progressed.  The water channel was calibrated at the beginning of the cruise leg using a LiCor Dew Point Generator.  The system alternately monitored bow air and equilibrated seawater air, and periodically ran standard gases.  The surface seawater was filtered before running through the equilibrator to minimize clogging and bio-fouling of the equilibrator.  

Results and Discussion 


The acid used was assigned a normality of 0.25821N.  In order to obtain reliable titration data we monitored the TA values on the CRMs for stability.  During the course of the cruise, around station 53, the temperature bath which controlled the temperature of the titration system shorted out its heating element.  In order to continue collecting and processing data, we used the SOMMA constant temperature bath to thermally stabilize the titration systems.  However, the standard temperature for the SOMMA TCO2 measurement is 20oC.  This temperature change caused a negative shift in the titration data, primarily related to the change in mass of the sample and acid.  We were eventually able to make repairs to the temperature bath, around station 130, which allowed us  to resume titrating at 25oC.  The data therefore needed to be corrected for this temperature difference.  This was done by averaging the CRM runs on each titrator, at a specific temperature, dividing the assigned value (2258 mole kg-1) by this average value and multiplying each TA value in the station range by the resultant ratio.


The post-cruise titrations on TCO2 CRM batch #21 yielded a value of 2258 ( 1 mol kg-1.  A number of titrations were made on this CRM batch during the cruise.  The titration results for TA, TCO2 and pHSW along with coulometric TCO2 are given in 

Table 1.  The precision in the values of potentiometric TA (SYMBOL 177 \f "Symbol" 1.5 SYMBOL 109 \f "Symbol"mol kg-1) and spectrophotometric pHSW (SYMBOL 177 \f "Symbol" 0.0008) on batch #21 CRM are presented in Figure 2.  The SOMMA TCO2 values for the CRMs are shown in Figure 3.


Internal consistency of the cells was checked daily by titrating TA CRMs or surface seawater.  All the collected data for salinity and temperature has been presented in Figure 4, total alkalinity in Figure 5, SOMMA TCO2 in Figure 6, spectrophotometric pH on P21W in Figure 7, and all data has been tabulated in Appendix 1.  Three station profiles representing different locations during the cruise are presented in Figure 8. 


Total alkalinity  values of all the surface water samples are plotted in Figure 9.  It appears that there are 2 distinct water masses in this plot.  When the surface TA data is normalized to a salinity of 35 and plotted as a function of longitude, this distinction seems to disappear with a non-monotonic decrease, Figure 10.  The normalized SOMMA TCO2  plotted as a function of longitude shows a similar relationship as that of the NTA, Figure 11.  Surface water (CO2 values along the the cruise track are shown in Figure 12.
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Table 1.  Summary of Batch 21 CRM results

	Technique
	TA(mol kg-1)
	TCO2(mol kg-1)
	pH(sws)
	# of samples

	
	
	P21E
	
	

	SOMMA
	
	1991.0 ( 1.1
	
	82

	Titrator #2
	2258 ( 1.4
	2000.9 ( 3.3
	7.970 ( 0.0057
	43

	Titrator #4
	2257.9 ( 1.4
	1998.9 ( 2.6
	7.973 ( 0.0048
	39

	
	
	
	
	

	
	
	P21W
	
	

	SOMMA
	
	1991.2 ( 1.0
	
	67

	Titrator #2
	2258 ( 1.1
	2000.1 ( 2.8
	7.973 ( 0.007
	33

	Titrator #4
	2258 ( 2.1
	1997.5 ( 2.8
	7.976 ( 0.007
	29
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