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A PMEL analytical system (Bullister and Wisegarver, 2008) was used for CFC-11, CFC-12, carbon tetrachloride (CCl4) and sulfur hexafluoride (SF6) analyses on the CLIVAR A13.5 expedition.  About 2800 seawater samples were analyzed for dissolved CFC-11, CFC-12, CCl4 and SF6 (‘CFC/SF6’) concentrations. On several hundred of these samples, the analysis was modified to include the analysis of nitrous oxide (N2O) in place of CCl4. These N2O analyses were done as part of an experimental study to try to develop more reliable methods for measuring this compound in seawater on future CLIVAR cruises.  These N2O measurements are not included in the report.

In general, the analytical system performed well on the cruise.  Typical dissolved SF6 concentrations in modern surface water are ~1 fmol kg-1 seawater (1 fmol= femtomole = 10-15 moles), approximately 1000 times lower than dissolved CFC-11 and CFC-12 concentrations.  The limits of detection for SF6 on CLIVAR A13.5 were approximately 0.02 fmol kg-1.  SF6 measurements in seawater remain extremely challenging. Improvements in the analytical sensitivity to this compound at low concentrations are essential to make these measurements more routine on future CLIVAR cruises. 

Water samples on CLIVAR A13.5 were collected in bottles designed with a modified end-cap to minimize the contact of the water sample with the end-cap O-rings after closing.  Stainless steel springs covered with a nylon powder coat were substituted for the internal elastic tubing provided with standard Niskin bottles. When taken, water samples collected for dissolved CFC-11, CFC-12, CCl4 and SF6 analysis were the first samples drawn from the bottles. Care was taken to coordinate the sampling of CFC/SF6 with other samples to minimize the time between the initial opening of each bottle and the completion of sample drawing. Samples easily impacted by gas exchange (dissolved oxygen, 3He, DIC and pH) were collected within several minutes of the initial opening of each bottle. To minimize contact with air, the CFC/SF6 samples were drawn directly through the stopcocks of the bottles into 250 ml precision glass syringes equipped with three-way plastic stopcocks. The syringes were immersed in a holding tank of clean surface seawater held at ~10OC until ~20 minutes before being analyzed.  At that time, the syringe was place in a bath of surface seawater heated to ~30oC.

For atmospheric sampling, a ~75 m length of 3/8" OD Dekaron tubing was run from the CFC van located on the fantail to the bow of the ship. A flow of air was drawn through this line into the main laboratory using an Air Cadet pump. The air was compressed in the pump, with the downstream pressure held at ~1.5 atm. using a back pressure regulator. A tee allowed a flow of ~100 ml min-1 of the compressed air to be directed to the gas sample valves of the CFC/SF6 analytical systems, while the bulk flow of the air (>7 l min-1) was vented through the back-pressure regulator. Air samples were analyzed only when the relative wind direction was within 60 degrees of the bow of the ship to reduce the possibility of shipboard contamination.  Analysis of bow air was performed along the cruise track. At each location, at least five air measurements were made to increase the precision of the measurements.

Concentrations of CFC/SF6 in air samples, seawater, and gas standards were measured by shipboard electron capture gas chromatography (EC-GC) using techniques modified from those described by Bullister and Weiss (1988) and Bullister and Wisegarver (2008) as outlined below.  For seawater analyses, water was transferred from a glass syringe to a glass-sparging chamber (volume ~200 ml). The dissolved gases in the seawater sample were extracted by passing a supply of CFC/SF6 free purge gas through the sparging chamber for a period of 6 minutes at ~150 ml min-1. Water vapor was removed from the purge gas during passage through an 18 cm long, 3/8" diameter glass tube packed with the desiccant magnesium perchlorate. The sample gases were concentrated on a cold-trap consisting of a 1/16" OD stainless steel tube with a 2.5 cm section packed tightly with Porapak Q (60-80 mesh), a 22 cm section packed with Carboxen 1000, and a 2.5 cm section packed with molecular sieve MS5A.  A Neslab Cryocool CC-100 was used to cool the trap to ~-70°C.  After 6 minutes of purging, the trap was isolated, and it was heated electrically to ~160°C. The sample gases held in the trap were then injected onto a precolumn (~60 cm of 1/8" O.D. stainless steel tubing packed with 80-100 mesh Porasil B, held at 80°C) for the initial separation of CFC-12, CFC-11, SF6  and CCl4 from later eluting peaks.

After the SF6 and CFC-12 had passed from the pre-column and into the second precolumn (5 cm of 1/8" O.D. stainless steel tubing packed with MS5A, 90°C) and into the analytical column #1 (240 cm of 1/8" OD stainless steel tubing packed with MS5A and held at 80°C), the outflow from the first precolumn was diverted to the second analytical column (150 cm 1/8" OD stainless steel tubing packed with Carbograph 1AC, 80-100 mesh, held at 90°C). After CFC-11 had passed through the first pre-column, the flow was diverted to a third analytical column (1.7 m , Carbograph 1AC, 90°C). The gases remaining after CCl4 had passed through the first pre-column, were backflushed from the pre-column and vented. Column #1 and the first pre-column were held in a Shimadzu GC8 gas chromatograph with an electron capture detector (ECD) held at 340oC. Column #2, column #3 and the second precolumn were in another Shimadzu GC8 gas chromatograph with ECD. The output from column #3 was plumbed to a Shimadzu Mini2 gas chromatograph with the ECD held at 250oC.  This was done, because the temperature control of the Mini2 was not adequate for this analysis.  On the stations in which nitrous oxide was analyzed, the content of the second precolumn was directed to column #3.  This prevented the analysis of carbon tetrachloride on those samples.

The analytical system was calibrated frequently using a standard gas of known CFC/SF6 composition. Gas sample loops of known volume were thoroughly flushed with standard gas and injected into the system.  The temperature and pressure was recorded so that the amount of gas injected could be calculated. The procedures used to transfer the standard gas to the trap, precolumn, main chromatographic column, and ECD were similar to those used for analyzing water samples. Four sizes of gas sample loops were used. Multiple injections of these loop volumes could be made to allow the system to be calibrated over a relatively wide range of concentrations. Air samples and system blanks (injections of loops of CFC/SF6 free gas) were injected and analyzed in a similar manner. The typical analysis time for seawater, air, standard or blank samples was ~11 minutes.

Concentrations of CFC-11, CFC-12 and CCl4 in air, seawater samples, and gas standards are reported relative to the SIO98 calibration scale (Cunnold et al., 2000). Concentrations of SF6 in air, seawater samples, and gas standards are reported relative to the SIO2005 calibration scale. Concentrations of CFC/SF6 in air and standard gas are reported in units of mole fraction CFC/SF6 in dry gas, and are typically in the parts per trillion (ppt) range. Dissolved CFC and CCl4 concentrations are given in units of picomoles per kilogram seawater (pmol kg-1) and SF6 concentrations in fmol kg-1.  CFC/SF6 concentrations in air and seawater samples were determined by fitting their chromatographic peak areas to multi-point calibration curves, generated by injecting multiple sample loops of gas from a working standard (PMEL cylinder 72611) into the analytical instrument. The response of the detector to the range of moles of CFC/SF6 passing through the detector remained relatively constant during the cruise. Full-range calibration curves were run at intervals of 4-5 days during the cruise. Single injections of a fixed volume of standard gas at one atmosphere were run much more frequently (at intervals of ~90 minutes) to monitor short-term changes in detector sensitivity.

The purging efficiency was estimated by re-purging a high-concentration water sample and measuring this residual signal.  At a flow rate of 150 cc min-1 for 6 minutes, the purging efficiency for CFC-11, CFC-12 and SF6 was about 99% or higher.  N2O had an efficiency of about 90% and carbon tetrachloride about 96%.

On this expedition, based on the analysis more than 200 pairs of duplicate samples, we  estimate precisions (1 standard deviation) of about 1% or 0.002 pmol kg-1.(whichever is greater) for both dissolved CFC-11 and CFC-12  measurements.  The estimated precision for SF6 was 2% or 0.02 fmol kg-1, (whichever is greater) and 2% or 0.005 pmol kg-1 for carbon tetrachloride. The estimated precision of N2O, based on 23 pairs of duplicate samples is less than 3%. Overall accuracy of the measurements (a function of the absolute accuracy of the calibration gases, volumetric calibrations of the sample gas loops and purge chamber, errors in fits to the calibration curves and other factors) is estimated to be about 2% or 0.004 pmol kg-1 for CFC-11 and CFC-12 and 4% or 0.04 fmol kg-1 for SF6 and about 5% for N2O and CCl4.

A small number of water samples had anomalously high CFC/SF6 concentrations relative to adjacent samples. These samples occurred sporadically during the cruise and were not clearly associated with other features in the water column (e.g., anomalous dissolved oxygen, salinity, or temperature features). This suggests that these samples were probably contaminated with CFCs/SF6 during the sampling or analysis processes.

Measured concentrations for these anomalous samples are included in the data file, but are given a quality flag value of either 3 (questionable measurement) or 4 (bad measurement).  Less than 2% of samples were flagged as bad or questionable during this voyage.  A quality flag of 5 was assigned to samples which were drawn from the rosette but never analyzed due to a variety of reasons (e.g., leaking stopcock, plunger jammed in syringe barrel, etc).
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Air Measurements

   Lat   Lon  SF6   f  F12    f  F11    f  F113   f  Ccl4   f   N2O   f

   deg   deg  ppt      ppt       ppt       ppt       ppt        ppb    

 -54.0   0.0  6.80  2 531.9   2 247.6   2  75.3   2  82.7   2    -9   5

 -45.0   1.2  6.77  2 532.4   2 238.4   2  -9.0   5  -9.0   5    -9   5

 -41.6   1.9  6.67  2 531.7   2 250.2   2  74.9   2 111.5   4    -9   5

 -38.5   1.0  6.69  2 532.7   2 242.9   2  -9.0   5  -9.0   5    -9   5

 -36.0   1.0  6.64  2 530.4   2 241.8   2  78.2   2 104.8   4    -9   5

 -26.0   1.6  6.78  2 532.4   2 241.6   2  77.5   2  95.9   4    -9   5

 -18.5   1.2  6.75  2 529.6   2 241.8   2  77.3   2  88.9   2    -9   5

  -7.5  -1.2  6.68  2 522.1   2 242.8   2  -9.0   5  -9.0   5    -9   5

  -6.0  -2.4  6.96  2 529.6   2 250.9   2  78.3   2  85.1   2    -9   5

  -2.3  -3.0  6.62  2 523.3   2 245.1   2  -9.0   5  -9.0   5    -9   5

   4.7  -3.0  6.56  2 524.7   2 244.9   2  -9.0   5  -9.0   5   339   2
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2    -0.010
2

128
119
1.565
2
0.860
2
0.000
2
0.000
2
0.341
2

128
119
1.168
2
0.636
2
0.000
2
0.000
2
0.189
2

129
117
1.224
2
0.660
2
0.000
2
0.000
2
0.167
2

129
117
1.226
2
0.664
2
0.000
2
0.000
2
0.154
2

