
Marine Chemistry, 33 ( 1991 ) 335-351 335 
Elsevier Science Publishers B.V., Amsterdam 

Method for determining stable isotope ratios of 
dissolved organic carbon in interstitial and other 

natural marine waters 

James E. Bauer  ~'~, Rober t  I. Haddad  b and David  J. Des Marais c 
aScrtpps Institution of Oceanography, Marine Research Division, A-O I 8, University of  California, 

San Diego, La Jolla, CA 92093, USA 
bUnion Oil Company, Science and Technology Division, 376 Valencia, Brea, CA 92621, USA 

CLife Sciences Division, NASA-Ames Research Center, N239-4, Moffett Field, CA 94035, USA 

(Received 31 May 1990; revision accepted 8 November 1990) 

ABSTRACT 

Bauer, J.E., Haddad, R.I. and Des Marais, D.J., 1991. Method for determining stable isotope ratios 
of dissolved organic carbon in interstitial and other natural marine waters. Mar. Chem., 33: 335- 
351. 

A procedure is described for the analysis of the stable carbon isotopic composition of dissolved 
organic carbon (DOC) in natural waters from marine and higher-salinity environments. Rapid (less 
than 5 min ) and complete oxidation of DOC is achieved using a modification of previous photochem- 
ical oxidation techniques. The CO2 evolved from DOC oxidation can be collected in less than 10 min 
for isotopic analysis. The procedure is at present suitable for oxidation and collection of 1-5/tmol of 
carbon and has an associated blank of 0.1-0.2 #tool of carbon. 

Complete photochemical oxidation of DOC standards was demonstrated by quantitative recovery 
of CO2 as measured manometrically. Isotopic analyses of standards by photochemical and high-tem- 
perature sealed-tube combustion methods agreed to within 0.3%0. Photochemical oxidation of DOC 
in a representative sediment pore-water sample was also quantitative, as shown by the excellent agree- 
ment between the photochemical and sealed-tube methods. The ~ t3C values obtained for pore-water 
DOC using the two methods of oxidation were identical, suggesting that the modified photochemical 
method is adequate for the isotopically non-fractionated oxidation of pore-water DOC. 

The procedure was evaluated through an analysis of DOC in pond and pore waters from a hyper- 
saline microbial mat environment. Concentrations of DOC in the water column over the mat dis- 
played a diel pattern, but the isotopic composition of this DOC remained relatively constant (average 
3~3C = - 12.4°~). Pore-water DOC exhibited a distinct concentration maximum in the mat surface 
layer, and ~ ~ 3C of pore-water DOC was nearly 8%0 lighter at 1.5-2.0-cm depth than in the mat surface 
layer (0-0.5-cm depth). These results demonstrate the effectiveness of the method in elucidating 
differences in DOC concentration and £jl3C over  biogeochemically relevant spatial and temporal scales. 
Carbon isotopic analysis of DOC in natural waters, especially pore waters, should be a useful probe 
ofbiogeochemical processes in recent environments. 

~Present address: Department of  Oceanography, Florida State University, Tallahassee, FL 32306, 
USA. 

0304-4203/91/$03.50 © 1991 - -  Elsevier Science Publishers B.V. 
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INTRODUCTION 

Dissolved organic carbon (DOC) in natural marine waters has tradition- 
ally been difficult to study as a result of its complex nature and the dilute 
concentrations in which it generally occurs. In the aphotic oceanic water col- 
umn, both DOC concentrations and stable carbon isotopic compositions are 
relatively uniform with depth (see Sackett (1989) for review). Concentra- 
tions of DOC in interstitial waters are generally greater than those in the over- 
lying water column, but the patterns and profiles are unique to the particular 
environment being investigated. Krom and Westrich (1980) identified two 
patterns of pore-water DOC concentration based upon the degree of sediment 
anoxia, with anoxic pore waters containing up to 10 times more DOC than 
oxic pore waters. There are, to our knowledge, no published reports of stable 
carbon isotope measurements of total pore-water DOC. In contrast, the iso- 
topic composition of water column DOC was first measured over 20 years 
ago (Williams, 1968; Williams and Gordon, 1970), although a relatively small 
number of subsequent determinations have been made. 

The lack of accurate information on both the quantitative and qualitative 
aspects of DOC is the result of several factors. These include uncertainties in 
traditional methods of DOC oxidation (see Williams and Druffel, 1988 ) and 
problems accompanying the handling and analysis of very large (for oceanic 
samples) or very small (for pore waters) sample volumes. Any method of 
DOC oxidation and isotopic analysis must evaluate the efficiency of oxida- 
tion, preferably against other 'high-temperature' methods, and must account 
for potential interferences in the oxidation process (e.g. by salts and CI- in 
seawater). Although this has been most frequently accomplished using data 
on DOC yields from known standards, a combination of yield (i.e. oxidation 
efficiency) data and stable isotope data on standards and representative nat- 
ural samples can be used to describe better not only the overall efficiency of 
DOC oxidation but also the kinetics of the process. In the present study we 
have taken the necessary precaution of examining DOC oxidation kinetics 
and the inhibition of these kinetics by chloride ion in an attempt to assess 
some of the limitations inherent in the 'old' wet-chemical and photo-chemical 
oxidation methods (Menzel and Vaccaro, 1964; Williams, 1969). 

The procedure which was developed in the present study for isotopic anal- 
ysis of DOC ( 1 ) quantitatively oxidizes small amounts ( 1-5 pmol) of DOC, 
(2) quantitatively recovers CO2 from the oxidized DOC for subsequent iso- 
topic analysis, and (3) determines the stable carbon isotope ratios of DOC 
with an acceptable degree of accuracy and precision. As part of a larger study 
of the carbon budget in a hypersaline microbial mat environment (Des Mar- 
ais et al., 1989), the procedure which was developed was used to determine 
the concentrations and stable carbon isotope ratios of DOC which is ex- 
changed between the mat and overlying water column as well as of DOC in 
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mat sediment pore waters. This particular environment was used to evaluate 
the method because of  both its high salinity (about 98%0) and associated 
chloride ion concentration (about 1.4 M) of  the overlying waters and pore 
waters. Also, the concentration of  DOC in this system is relatively high, thus 
allowing problems associated with sample size, handling, and contamination 
to be minimized. Measurements such as these will help lead to a quantitative 
and qualitative understanding of DOC in natural waters, which is essential 
for a complete description of  organic matter diagenesis in recent 
environments. 

MATERIALS AND METHODS 

Analytical system 

The system used for DOC oxidation and C O  2 collection (Fig. 1) was a 
modified photochemical oxidation unit consisting of a quartz reaction cham- 
ber and a 40-W low-pressure, six-coil UV lamp (Dohrmann model DC-80; 
Rosemont Analytical, Santa Clara, CA). The reaction chamber contained 88 
ml of a solution of potassium persulfate (K2S208 ,  20 g l -  t ), mercury salts 
(8.6 g l - ]  HgC12 and 9.2 g l-1 Hg(NO3)2) and HNO~- (5 ml l - I ) ;  final so- 
lution pH 1 ) as prescribed by the manufacturer (Dohrmann DC-80 Opera- 
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Fig. 1. Schematic diagram of DOC oxidation unit and CO2 collection system used in the present 
study. Full descriptions of components and operating parameters are given in the Materials and 
Methods section. 
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tions Manual, 8th edn., 1984). The addition of Hg(II)  or Ag(I) has been 
previously found to have two important effects on the oxidation of aqueous 
organic carbon compounds by persulfate. First, in the presence of persulfate, 
Hg(II ) and Ag(I) undergo specific reduction/oxidation reactions which en- 
hance the production of sulfate radicals from persulfate, thereby increasing 
the rate of organic carbon oxidation (House, 1962). Second, although the 
presence of certain inert salts (i.e. halides) has been found to affect adversely 
organic carbon oxidation by persulfate (Gupta and Ghosh, 1959 ), this inhi- 
bition may be reversed by complexing the salts with transition metals 
(Skopintsev et al., 1976 ). 

At the start of each sample run, the reaction chamber was filled with fresh 
solution using an all-glass manual pump. A mass flow meter (Tylan Corp, 
Carson, CA) delivered ultra-high-purity (UHP)  N2 (Scott Specialty Gases, 
Plumsteadville, PA) through a glass frit into the bottom of the chamber at a 
rate of 115 cm 3 min -  1. All liquid lines consisted of 1/8-in o.d. Teflon tubing, 
and gas lines were I/8-in Teflon or stainless steel. The N: emerging from the 
chamber flowed sequentially through a water mist trap, a drying tube (Perma- 
Pure Dryer, Tom's River, N J) and an elemental tin trap which removed C12 
produced from the oxidation of C1-. The CO2 in the gas stream was detected 
by a non-dispersive IR spectrometer (NDIRS; Horiba Instruments, Irvine, 
CA). A peak area integrator (model 3396A; Hewlett-Packard, Palo Alto, CA) 
was interfaced to the electrical output of the NDIRS. Flow rate was moni- 
tored on the downstream side of the NDIRS. 

Two traps were placed in-line between the tin trap and NDIRS to collect 
CO: for isotopic measurement (Fig. 1 ). The first of these was a two-loop, 
1/4-in o.d. stainless steel trap immersed halfway in a bath of dry ice-metha- 
nol to collect residual HaO in the gas stream. The second was a six-loop, 1/8- 
in o.d. stainless steel trap with O-ring stopcocks (Ace Glass Co., Vineland, 
N J) at both ends. Fittings between the traps and tubing were O-ring unions 
(Ultra-Torr; Cajon Co., Salon, OH ). For CO: collection the second trap was 
half-immersed in liquid Na (LN) thus allowing each loop to function as an 
independent trap for the cryogenic removal of CO2 from the gas stream. This 
trap design was shown to retain aliquots of standard CO2 gas under the con- 
ditions of this procedure, giving 613C values within 0.1%0 of their correct value. 
Immediately upstream of the water trap, UHP He gas (Scott Specialty Gases) 
was added to the main gas stream; its flow was maintained at a rate of 10 cm 3 
min-1 using a mass flow meter (Tylan). The addition of He to the gas stream 
lowered the vapor pressure of the Na and was critical for avoiding the lique- 
fication of N2 from the stream within the stainless steel trap, which otherwise 
was shown to cause erratic CO2 recoveries and inaccurate isotope values. 

Analytical procedures 

Samples for which COa collection was not required were simply monitored 
by the NDIRS detector and integrator. Following the addition of fresh re- 
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agent to the chamber with the UV lamp on, the NDIRS baseline was allowed 
to stabilize for 8-10 min. If the stabilization period exceeded 30 min, DOC 
oxidation was severely retarded because of the UV-catalyzed depletion of 
$2 02-  from the media (data not shown). A sample or standard was injected 
using a 250- or 1000-#1 syringe (Micrometrics, Shorewood, IL) equipped with 
a non-boring needle through a Teflon-faced silicone septum located in the 
side of the reaction chamber. In this mode, the time between sample injection 
and that of maximum CO2 peak height was 1.0-1.2 min. The total elapsed 
time for sample injection, detection of the CO2 peak and re-establishment of 
detector baseline was less than 5 min. 

When CO2 was collected for isotopic analysis a procedure similar to that 
above was followed but with both the water and CO2 traps in line. After it was 
placed in line, the two-loop water trap was immediately immersed in the dry 
ice-methanol bath, but the six-loop CO2 trap was left at room temperature. 
A period of 18 min was allowed to pass between reagent addition and sample 
injection, to allow the reagent to consume extraneous organic carbon and thus 
minimize the carbon procedural blank (see Fig. 2A). The CO2 trap was then 
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Fig. 2. Amount of CO2 from procedural blank as a function of the time after addition of fresh 
persulfate to the reaction chamber (A) and as a function of the time of cryogenic collection on 
DOC oxidation/CO2 collection system (B). Concentration of CO2 was determined by NDIRS. 
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placed in LN, and the sample was injected into the reaction chamber. After 8 
min, the valves adjacent to the COz trap were closed, and the entire trap as- 
sembly was removed from the line. The 8-min collection period was chosen 
because it represented twice the time necessary for the CO2 signal on the 
NDIRS to return to its baseline value, thus ensuring complete cryogenic re- 
covery of CO2. The procedural blank increased with time of collection (Fig. 
2B ) and averaged 0.14 _+ 0.03/tmol CO2 per 8 min collection period over all 
runs. Injections (250-1000/~1) of quartz-distilled water were found to con- 
tribute insignificantly to this blank. It was concluded that the action of fresh 
UV-catalyzed persulfate on the tubing, glass and septa of the system, and re- 
sidual carbon in the reagent solution, were responsible for the CO2 blank. 

For isotopic analysis, the six-loop trap containing the CO2 was kept in LN 
and transferred to a vacuum line. Carbon dioxide was isolated from non-vol- 
atile contaminants and water by transferring the contents of the six-loop trap 
under vacuum to a variable-temperature trap (VTT; Des Marais, 1978 ) held 
sequentially a t -  190, 0, -140 ,  and -190°C .  This procedure allowed the 
entire initially frozen matrix to volatilize (at 0 °C), with water and non-vol- 
atile contaminants 'layered' onto the VTT surface (at - 140 °C) beneath the 
CO2 (at - 190 ° C ). Non-condensable contaminants were pumped out of the 
VTT after it had been lowered to - 190 ° C, and the CO2 was finally distilled 
off at - 140 ° C, quantified using a mercury manometer and flame-sealed in a 
6-mm glass tube (Pyrex; Corning, NY).  Carbon isotopic analysis was carried 
out with a Nuclide 6-60RMS mass spectrometer modified for small sample 
analysis (Hayes et al., 1977). Isotopic results are reported as per mil values 
relative to the Peedee belemnite (PDB) carbonate standard as 

¢~13C~--- [ (Rsample/Rstandard) - -  1 ] X lO00 

where R = '3C/12C and R s t a n d a r d  = 0.0112372. 
Several standards of known isotopic composition were used to evaluate the 

following characteristics of the system: ( 1 ) the efficiency of DOC oxidation; 
(2) the efficiency of cryogenically trapping CO2 from a flowing gas stream; 
and (3) the isotopic precision and accuracy of the CO2 generated and col- 
lected by this method. Standards included pure CO2 gas (Coleman Instru- 
ment Grade; Matheson Gas Products, East Rutherford, N J),  recrystallized 
sodium acetate, sodium citrate (both from Baker Chemical Co., Phillipsburg, 
N J),  glucose (Mallinckrodt, St. Louis, MO), glutamic acid (Mann Research 
Laboratories, New York, NY),  and fulvic and humic acids (International 
Humic Substances Society, Denver, CO). Standards were prepared daily in 
low-carbon, quartz-distilled water with or without additions of pre-com- 
busted (525°C for 6 h) NaCI. Before injection, all samples and standards 
were acidified with 100-102% phosphoric acid ( 1 drop ml-  1 ) and sparged 
with 100 cm 3 min-  l UHP 02 (Scott Specialty Gases) for 2-3 min. The acid 
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was prepared from 85% H3PO4 by removing water and potential contami- 
nants under vacuum. This treatment was found to remove completely inor- 
ganic carbon from solution. All glassware and metal used in sample and stan- 
dard preparation and handling were cleaned with acid, distilled water and 
methanol, followed by combustion at 525 °C for 12 h. Specific procedures for 
the determination of system performance characteristics will be described in 
greater detail in the results section. 

Pore water and hypersaline pond water collection and analysis 

Samples for DOC and solid-phase analyses were obtained in July 1988 from 
microbial mats and hypersaline pond waters at the Exportadora de Sal, S.A. 
salt works located in Guerrero Negro, Baja California Sur, Mexico (a com- 
plete description of the mat has been given by D'Amelio et al. ( 1989 ) ). Dia- 
toms and cyanobacteria (oxygenic phototrophs) generally dominate the sur- 
face layers of these submerged mats. The upper several millimeters of the mat 
also harbor purple and green sulfur bacteria (anoxygenic phototrophs), sul- 
fide-oxidizing chemoautotrophic bacteria and sulfate-reducing bacteria. Ear- 
lier investigations of this and other hypersaline microbial mats indicated that 
the rates of various microbial activities are greatest in the top few millimeters 
of the mat (Jorgensen and Cohen, 1977; Jorgensen et al., 1987). 

Samples of microbial mat from Guerrero Negro were collected using PVC 
cores (acid-cleaned PVC tubing of 5.5-cm i.d.) in July 1988, immediately 
before sunrise and immediately before sunset, from mat sections which had 
been maintained in aquaria for 24 h. The subcores were kept dark and placed 
in a N2-filled glove bag, where the mat was quickly extruded and sectioned. 
Pore water was collected by centrifugation at 1500 g for 5-10 min inside the 
glove bag. Pore waters and samples of pond water overlying the mat (mea- 
sured in the headspaces of benthic chambers over a 24-h period) were fil- 
tered, using a glass syringe (Becton-Dickinson, Rutherford, NJ ), through pre- 
combusted GF /F  glass-fiber filters (Whatman, Hillsboro, OR) into 2-ml 
crimp-top serum vials equipped with Teflon-faced silicone septa (Fisher, 
Pittsburgh, PA). The salinity of both the pond waters and pore waters was 
96-98%0 in all samples. Samples were frozen at about - 5 °C until their return 
to NASA-Ames Research Center, where they were stored at - 7 0 ° C  until 
analysis. The total sample volumes analyzed ranged from 50 to 500/tl for pore 
waters and 0.5 to 1.0 ml for pond waters. Measurements of DOC concentra- 
tion and isotopic composition were performed as described in the Analytical 
Procedures section. Methods for the sampling and analysis of pore-water dis- 
solved inorganic carbon (DIC) and solid-phase organic carbon (SPOC) have 
been presented elsewhere (Des Marais et al., 1989). All concentrations and 
613 C values were corrected for the appropriate blank values. 
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RESULTS AND DISCUSSION 

Oxidation system characteristics 

To assess the efficiency of the DOC oxidation method used in the present 
study (i.e. UV- and Hg2+-catalyzed persulfate oxidation) we made several 
comparisons with other commonly used methods. These were UV irradiation 
only (Williams, 1969) and persulfate chemical oxidation only (Menzel and 
Vaccaro, 1964), with and without mercury added. Neither UV irradiation 
nor persulfate, when used individually and with or without mercury, was found 
to be adequate for the oxidation of DOC using the present system (data not 
shown). In general, results were erratic, and the rate of carbon oxidation was 
so slow that the integrator had difficulty distinguishing the sample CO2 peak 
from normal baseline electrical noise. These methods, when used separately, 
may eventually oxidize most of the DOC, especially in chloride-free solutions 
(see below). However, to obtain a clear, distinct CO2 peak using flow-through 
systems, rapid oxidation kinetics are necessary. We also believe that rapid 
kinetics are of even greater importance for obtaining accurate isotope ratios 
of  DOC with minimum fractionation and for keeping the associated system 
blank as low as possible. 

To assess the effectiveness of the present method for marine samples it was 
also necessary to explore the effect of salts on the oxidation process. Without 
Hg 2+, only small amounts of CI- were necessary to hinder the oxidation of 
acetate (Table 1 ). As C1- concentrations were increased above 0.9 mM (the 
final [C1- ] in the reactor after sample injection), several symptoms of lower 
oxidation rates appeared, including decreased CO2-peak area, longer times 
for CO2 production, and a broadening and lowering in height of the CO2 peak. 
This effect would preclude accurate analysis of all but very small injections 
(less than 200 ~1 of a sample at seawater salinity) of chloride-containing 
waters. 

When U g  2+ was  added to the persulfate solution, the amount of C1- re- 
quired to interfere with the oxidation process was much greater than without 
Hg 2+ (Table 2 ) and was in stoichiometric agreement with free Hg 2+. This 
assumes that HgxCl~ complexes with a mean stoichiometry of 1 Hg2+ :2C1 - 
(the two dominant forms are HgC1 + and HgCI~- under the conditions of the 
reaction (Nordstrom et al., 1979; Turner et al., 1981 ) ). By adding more Hg 2+ 
to solution, samples that had greater concentrations of C1- were analyzed 
quantitatively without interference (see below). This effect was further cor- 
roborated by cryogenic collection of CO2 from acetate oxidation followed by 
its isotopic analysis (Table 3 ). When the concentration of C1- was below the 
equivalent stoichiometric amount of rig 2+ (i.e. at 0 and 2.8 mM final [C1- ] ), 
both manometric recovery and 613C of the CO2 derived from acetate were in 
excellent agreement with their expected values. At the high C1- concentration 
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TABLE 1 

Effect of chloride ion concentration on the photochemical oxidation of acetate as determined by NDIRS 
response 

Sample Final Peak area Time d B-B e A / H  f 
[C1- ] (M)  ~ [C1- ] (mM)  b (%)~ 

0 0 100 1.3 4.5 1.13 
0.01 0.09 100 1.3 4.5 1.14 
0.08 0.91 100 1.7 5.5 1.80 
0.16 1.82 97 2.2 8.0 2.74 
0.24 2.73 91 2,4 11.0 3.52 
0.32 3.64 86 2,5 13.0 4.03 
0.40 4.55 82 3,0 16.0 5.32 

alnitial concentration of CI-  in acetate solution before injection. All injections were 1000 pl. 
bFinal concentration of CI-  in reaction chamber following injection. No Hg(II)  was added to the 
solution. 
cPer cent area relative to 0 mM C1- peak area response. Standard deviation of replicate injections was 
+ 1% of mean area. Acetate was added to reaction chamber in injections containing 3.0 pmol C. 
dTime of maximum height of CO2 peak, in minutes. 
eTime interval occupied by CO2 peak from baseline to baseline, in minutes. 
fRatio of CO2 peak area to height. 

TABLE 2 

Effect of chloride ion concentration on the photochemical oxidation of acetate in the presence of 
Hg( II ) as determined by NDIRS response 

Sample Final Peak area Time d B-B e A / H  f 
[C1-] (M)a [CI-  ] (mM)  b (%)~ 

0 0 100 1.3 5.0 1.01 
0.25 2.8 100 1.2 5.5 1.07 
0.50 5.7 100 1.3 5.5 1.11 
0,60 6.8 97 2.7 6.0 2.05 
0.75 8.5 96 2.0 9.0 3.58 
1.0 11.4 69 2.7 15.0 4.97 

alnitial concentration of CI-  in acetate solution before injection. All injections were 1000 #1. 
bFinal concentration of CI-  in reaction chamber following injection. Concentration of Hg(II )  in so- 
lution was 3.0 mM. 
cPer cent area relative to 0 mM CI- peak area response. Standard deviation of replicate injections was 
+_ 1% of mean area. Acetate was added to reaction chamber in injections containing 3.0 #tool C. 
dTime of maximum height of CO2 peak, in minutes. 
eTime interval occupied by CO2 peak from baseline to baseline, in minutes. 
fRatio of CO2 peak area to height. 

(8.5 mM final [C1- ] ), however, only 95% of the C O  2 w a s  recovered, and its 
g~3C shifted by 0.7%0. This adverse effect should worsen as the ratio of C1- 
to Hg 2+ increases. 

The effects noted above suggest that C1- competes with DOC for sulfate 
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TABLE 3 

Effect of chloride ion concentration on the manometric recovery and isotopic composition of acetate 
using photochemical oxidation in the presence of Hg(I!  ) 

Initial Final Recovery + s.d. 813 C -~- s.d. 
[CI-- ] (M)a [C1-- ] (mM)b (%)c (0/0o) d 

0 0 101 1 --23.7 0.2 
0.13 2.8 100 1 --23.7 0.2 
0.38 8.5 95 1 --23.0 0.4 

alnitial concentration of C1- in acetate solution before injection. All injections were 1000 #1. 
bFinal concentration of CI-  in reaction chamber following injection. Concentration of Hg (II)  in so- 
lution was 3.0 raM. 
cper cent recovery of carbon as CO2 (determined manometrically) based on known amount  of acetate 
injected (3.8/~mol C). N =  2 for all measurements. 
d(~ 13 C of acetate as determined by high-temperature sealed-tube combustion was - 23.7 + 0.1%0. 

radicals. Skopintsev et al. (1976) noted that DOC oxidation by persulfate 
was inhibited when NaC1 was added to natural salt-free waters, but this effect 
was reversed by the addition of Ag2SO4, which removes C1- from solution as 
highly insoluble AgC1. The other halides have also been found to inhibit the 
oxidation of model organic compounds (formic and oxalic acids) by persul- 
fate in the order I - >  B r - >  C I - >  F -  (Srivastava and Ghosh, 1956), which 
indicates that this effect is not unique to C1-. 

The efficiency of cryogenically trapping small volumes of CO2 gas which 
passed through the entire oxidation/collection system was excellent for 1-5 
/~mol of CO2 (Fig. 3A). The average c~13C of these CO2 standards was 
-40.1  +0.3o/00 ( N = 6 ) ,  in close agreement with the known value of 
-40 .5  _+ 0.01%o. This demonstrates that CO2 gas, whether introduced by in- 
jection or by the oxidation of DOC, can be quantitatively recovered from the 
flowing gas stream and that it undergoes a minimal isotopic shift during the 
collection and purification process. 

Various DOC standards were tested to determine their oxidation efficien- 
cies and isotopic compositions using the DOC oxidation/CO2 collection sys- 
tem. The recovery and manometric measurement of CO2 derived from two 
standards, acetate and glutamate, showed 1 : 1 correspondence with the known 
amounts of each standard added to the oxidation system (Figs. 3B and C). 
The relative ease with which samples of 1-5 #mol could be collected and the 
small blank-to-sample ratio (0.12-0.02) helped to determine the working 
sample size range of the DOC system. The capability for analyzing relatively 
small sample sizes is helpful because the volume of available water (e.g. in 
sediments) or DOC concentration is often a limiting factor. The remainder 
of the discussion of DOC sample and standard analysis will therefore be lim- 
ited to samples of between 1 and 5 pmol C. The lower end of this range is 
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Fig. 3. Amounts of standard CO2 gas (A), glutamic acid (B), and acetic acid (C) recovered as 
CO2 on DOC oxidation/CO2 collection system relative to the amount of gas or standard ini- 
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defined by the need to minimize the blank-to-sample ratio, and the upper 
limit is defined by the amount of carbon (preferably 1-5/tmol) expected in 
a minimum injection volume (10-50/A) of high DOC (tens ofmillimolar C) 
samples. The combined oxidation efficiencies of the other standards used in 
this study were all 100% within the analytical error (Table 4). The isotopic 
ratios of all the standards were, with one exception, within _+ 0.3%0 of the 
known values (Table 4). 

The oxidation efficiency and recovery of DOC and its ~3C in a natural 
sample were also explored using two oxidation methods. We used pore water 
from the hypersaline mats and compared recoveries from the Dohrmann DOC 
system with those obtained from high-temperature sealed-tube combustion 
(Frazier, 1962; Frazier and Crawford, 1963; Table 5 ). The sample (from 0- 
0.5-cm depth ) was treated in one of three ways: ( 1 ) acidification and sparg- 
ing followed by the modified photochemical oxidation method (treatment 
S ); (2) acidification followed by dehydration under vacuum and subsequent 
sealed-tube combustion at 900°C with CuO for 2 h (treatment C); or (3) 
acidification and dehydration (as in (2))  followed by rehydration with or- 
ganic-free water, acidification, sparging and photochemical oxidation (treat- 
ment RH ). These treatments were chosen as a means not only of cross-check- 
ing the merits of the two methods of oxidation but also of evaluating potential 
artifacts in the preparation steps of each treatment. Recovery wag in the order 
of treatments S> C>RH.  The difference between treatments S and C (3.3 

T A B L E  4 

R e c o v e r i e s  a n d  i s o t o p i c  f i de l i t i e s  o f  D O C  s t a n d a r d s  as  m e a s u r e d  b y  p h o t o c h e m i c a l  o x i d a t i o n  a n d  

s u b s e q u e n t  C O 2  c o l l e c t i o n  a n d  a n a l y s i s  

S t a n d a r d  R a n g e  R e c o v e r y  + s .d ."  J~ t3cb --+- s .d ."  

( p m o l )  ( % )  

A c e t a t e  1 - 2  - - + 0 .3  0 . 0  

4 - 5  - - + 0 . 1  0 .0  

1 - 5  99 .3  1.0 - - 

G l u c o s e  1 - 2  - - 0 .0  0 .2  

4 - 5  - - - 0 . 7  0.1 

1 - 5  100 .5  1.4 - - 

C i t r a t e  1 - 2  - - + 0.1 0.1 

4 - 5  - - - 0 . 3  0 .0  

1 - 5  99 .6  0 .4  - - 

F u l v i c  a c i d  1 - 2  - - - 0.1 0.1 

4 - 5  - - 0 .0  0.1 

1 - 5  9 9 . 5  2 .0  - - 

a _+ 1 s .d .  N>_ 2 r e p l i c a t e  s a m p l e s  f o r  al l  m e a s u r e m e n t s .  

bJ~3C ( i s o t o p i c  f i d e l i t y )  d e f i n e d  as  ~13C o f  C O 2  d e r i v e d  f r o m  p h o t o c h e m i c a l  o x i d a t i o n  o f  a s t a n d a r d  

m i n u s  ~ 3 C  o f  t h e  C O 2  d e r i v e d  f r o m  h i g h - t e m p e r a t u r e  s e a l e d - t u b e  c o m b u s t i o n  o f  t h a t  s t a n d a r d .  
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TABLE 5 

Recover ies  and  isotopic compos i t ion  o f  D O C  f rom Guer re ro  Negro microbial  ma t  pore water  us ing 
var ious  m e t h o d s  o f  oxidat ion;  a full descr ip t ion o f  t r ea tmen t s  is given in the  text 

T r e a t m e n t  a D O C  ( m M )  b +_ s.d.C d t 3 C (%o) + s . d :  

S 40.0 0.7 - 12.5 0.4 
C 36.7 0.7 - 11.5 0.4 
RH 34.4 0.6 - 11.5 0.1 
V d 3.2 0.9 - 20.0 0.5 

aS - sparged, photochemica l ly  oxidized; C - dehydra t ion  followed by close-tube combus t ion ;  RH - 
dehydra t ion  followed by rehydra t ion  and  photochemica l  oxidat ion;  V - volatiles. 
bConcentra t ions  de t e rmined  by m a n o m e t r i c  m e a s u r e m e n t  o f  CO2 evolved f rom D O C  oxidat ion.  
c + 1 s.d. N >  2 replicate samples .  
dVolatile fract ion de t e rmined  as difference between fract ions S and  RH.  

mM or 8%) was attributed to losses during handling (minimal between the 
two treatments) and to volatile compounds removed under vacuum. The dif- 
ference between treatments C and RH (2.3 mM or 6%) is a result of both 
handling losses (several per cent ) and 'combustible but non-photooxidizable' 
DOC. Even with these two loss factors, treatment RH was 94% of treatment 
C, indicating that the photochemical oxidation system recovers nearly all, if 
not all, of mat pore-water non-volatile DOC. Furthermore, the corresponding 
isotopic values for each of these treatments strongly suggest that only han- 
dling losses affected the loss of DOC between C and RH (Table 5). Treat- 
ment S yielded a mean d13C of - 12.5%o whereas treatments C and RH both 
were -11.5%o; this indicates that no detectable isotopic fractionation oc- 
curred using the present method of DOC oxidation compared with high-tem- 
perature sealed-tube combustion. The isotope difference between treatment 
S and treatments C and RH is interpreted to result from the loss of an isotop- 
ically light volatile DOC fraction during sample dehydration. A mass balance 
calculation yields a d l3C value of -20.0%o for the 'volatile' fraction of DOC, 
which may have important implications for profiles of mat DOC (see below). 

Isotopic signatures of DOC from a hypersaline microbial mat environment 

The DOC concentrations in water overlying the microbial mat increased 
from 3.1 to 3.9 mM during the night and decreased again to 3.4 mM during 
the daylight period (Table 6 ). In contrast to total concentrations, ~13C of the 
pond-water total DOC did not differ significantly over time and averaged 
-9.9+0.3%o.  

The DOC of microbial mat interstitial waters showed significant variation 
in concentration and d~3C as a function of both depth and, in the layer nearest 
the surface, sampling period (Figs. 4A and B). The highest values of DOC 
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TABLE 6 

Concentrations and isotopic compositions of DOC in hypersaline water overlying microbial mats 

Date Time of day DOC (mM)a ___~ s.d.b ~ 13 C _+ s.d.b 
(h) (%o) 

8 July 1988 20:00 3. l 0.1 - 10.0 0.4 
9 July 1988 07:30 3.9 0.0 - 9 . 8  0.1 
9 July 1988 18:30 3.4 0.1 - 9 . 9  0.6 

~Concentrations determined by manometric measurement of CO2 evolved from DOC oxidation. 
b_+ 1 s.d. N >  2 replicate samples. 
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Fig. 4. Concentrations (A)  and c~3C (B)  of  DOC in pore waters of  hypersaline microbial  mat. 
Values are means + 1 s.d. o f  measurements made on duplicate cores taken from both dark and 
light periods. Vertical bars indicate depth intervals sampled. 

were in the shallowest layers of the mat. This is consistent with observations 
by Jorgensen and Cohen ( 1977 ) and Jorgensen et al. ( 1987 ) that the greatest 
rates of  microbial activities occur in the layers of  hypersaline mats closest to 
the surface. The mean light-period DOC concentration (42 mM) was signif- 
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Fig. 5. Overall mean values of 613C of SPOC and pore-water DIC and DOC as a function of 
depth in hypersaline microbial mat. 

icantly higher than that measured during the dark period (28 mM).  Below 
the surface layer, DOC concentrations rapidly decreased to a background level 
of about 10 mM (Fig. 4A). The photic zone of these mats is completely within 
the top 0.5 cm, and thus diurnal effects below 0.5 cm would be expected to be 
minimal. Concentrations of pore-water DOC From Pond 5 mats are greater 
than those of other marine interstitial waters and are believed to be among 
the highest reported for any natural system. 

The ~I3C of the DOC decreased with depth between the mat-water inter- 
face and 2-cm depth and then increased again between 2 and 4 cm (Fig. 4B ). 
A significant difference in ~ 13 C of the DOC was measured between light and 
dark periods in the shallowest samples only (0-0.5 cm), and the ~13C of this 
near-surface DOC is consistent with a source from those layers' SPOC (Fig. 
5 ). Below 2 cm, ~13C of DOC increased and became more variable. The range 
ofO ~3C values for pore-water DOC was nearly 8%0 and was much greater than 
that of either SPOC or DIC (Fig. 5), which suggests that a variety of pro- 
cesses apart from simple molecular diffusion of total DOC may be responsi- 
ble for DOC isotopic abundances. An examination of the specific substrates 
produced and utilized by the various microbial communities in the mat could 
help to elucidate the isotopic differences between DOC and other carbon pools. 

CONCLUSIONS 

A method has been developed which gives quantitative recovery of DOC 
from at least certain natural waters and provides accurate estimates of the 
stable carbon isotope ratios of that DOC. The method is rapid and takes a 
total time of about 1 h from sample injection to final isolation of purified 
CO2. Although we have used the method for DOC quantification and isotopic 
analysis of waters from a recent (i.e. microbial mat pond and pore waters) 
environment only, it should be useful for analysis of a wide variety of natural 
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saline waters of  relatively high DOC content (0.5 mM C or more, using a 2- 
ml injection). It should also be possible to analyze DOC at still lower concen- 
trations in fresher waters, because of these waters' lower CI- content. Analy- 
sis of  DOC is currently limited to no less than 1/~mol of  total carbon as a 
result of the blank-to-sample ratio (about 0.1 ). The amount  of  rig 2÷ used in 
the method as it is described here would theoretically allow for analysis of  up 
to 10 ml of  chloride-containing water at seawater salinity. For saline waters, 
the amount  of  Hg 2+ in the reagent solution can be increased to the point of 
saturation to accommodate  greater amounts  of C1-. The useful range should 
be expanded once improvements in the method are made. Because of  the range 
in oxidizability of DOC from different environments,  this method should be 
checked against other methods of  DOC oxidation (i.e. high-temperature cat- 
alytic (Sugimura and Suzuki, 1988 ) or sealed-tube combustions ). 

Evaluation of the method through an analysis of  waters from a hypersaline 
microbial mat sediment revealed sharp gradients in the isotopic ratios of pore- 
water DOC and suggest that DOC in interstitial waters can be isotopically 
distinct from both SPOC and DIC from the same sedimentary strata. The 
ability to perform rapid isotopic measurements of DOC should contribute to 
a better understanding of organic matter diagenesis in sedimentary and aquatic 
environments which have high concentrations of  recently formed 'non-refrac- 
tory' DOC. 
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