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6.1	 Introduction

Marine organic matter in seawater is one of the most active carbon reservoirs on the earth surface 
and plays an important role in earth’s climate system. Marine organic matter is also a key compo-
nent in the exchange among the biosphere, hydrosphere, and geosphere (Hedges, 1992). Therefore, 
knowledge of the cycling of organic matter in the marine environments is indispensable for under-
standing of the biogeochemistry of a variety of elements, function of ecosystems, and impact of 
human activities on global climate changes. Isotopic signatures, such as those of stable isotope 
ratios of C, N, and S, as well as radiocarbon, have been widely applied as powerful tools to study 
biogeochemical cycling of organic matter in marine environments (Eadie et al., 1978; Sigleo and 
Macko, 1985; Peterson and Fry, 1987; Altabet, 1988; Altabet et al., 1991; Cifuentes et al., 1988; 
Sackett, 1989; Rau et al., 1990, 1991a; Druffel and Williams, 1992; Druffel et al., 1992; Benner et al., 
1997; Raymond and Bauer, 2001a; Tanaka et al., 2004; Knapp et al., 2005; Chen et al., 2006; 
Tagliabue and Bopp, 2008). Interactions of organic carbon with inorganic carbon in marine envi-
ronments and their interchange with atmospheric CO2 are always accompanied by variations in 
carbon isotope signals (Tagliabue and Bopp, 2008). Therefore, isotopic measurements provide a 
baseline for assessment of sources, sinks, transport, and transformation of marine organic matter, 
as well as the geochemical processes controlling the distribution of organic matter in the oceans 
(Druffel and Williams, 1992; Tumbore and Druffel, 1995; Raymond and Bauer, 2001).

Marine organic matter is heterogeneous in terms of chemical composition (Mayer, 1994; Benner 
et al., 1997; Bergamaschi et al., 1997; Guo and Santschi, 1997a), isotopic signature (Druffel et al., 
1992; Santschi et al., 1995; Guo et al., 1996; Wang et al., 1998; Eglinton et al., 1996; Pearson and 
Eglinton, 2000; Wang and Druffel, 2001), and bioavailability (Amon and Benner, 1994; Hunt et al., 
2000). Organic matter in seawater includes three major forms based on its size spectrum (Figure 6.1) 
(Sharp, 1973; Guo and Santschi, 1997b): dissolved organic matter (DOM), colloidal organic matter 
(COM), and particulate organic matter (POM). These different organic matter phases are operation-
ally defined based on specific filtration/separation techniques.

Micro- and macrofiltration, in situ pumps, and sediment traps have been successfully used to 
collect particulate organic matter, including suspended POM, phytoplankton, and sinking POM 
from marine environments for chemical and isotopic measurements (Bishop et al., 1978; Knauer et 
al., 1979; Altabet, 1990; Fry et al., 1991; Hedges et al., 2001; Peterson et al., 2005). Ultrafiltration, 
depending on pore size cutoffs of filters or membranes, has been proven to be effective for isolating 
colloidal organic matter (Benner et al., 1992; Guo and Santschi, 1997b; Guo and Santschi, 2007). 
However, sampling of DOM from seawater for chemical and isotopic characterization remains a 
challenging task, although recent development in methodologies has allowed direct measurements 
of DO13C and DO15N in seawater (Druffel et al., 1992; Clercq et al., 1998; Gandhi et al., 2004; 
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Figure 6.1  Size spectrum of marine organic matter, including dissolved organic matter (DOM), colloidal 
organic matter (COM), and particulate organic matter (POM) in seawater.
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Knapp et al., 2005; Bouillon et al., 2006; Beaupre et al., 2007; Osburn and St.-Jean, 2007; Lang 
et al., 2007).

Biogeochemical cycling of organic matter in the ocean is complex and has not been fully under-
stood (Hedges, 2002; Lee and Wakeham, 1992; Mopper et al., 2007), partially due to the relatively 
poor characterization in chemical and isotopic compositions of marine organic matter (Benner et al., 
1992; Guo and Santschi, 1997b; Hansell and Carlson, 2002). This is largely caused by the difficulty 
in separating trace amounts of dissolved and colloidal organic matter from seawater. In general, the 
concentration of DOC in seawater is less than 0.5–1 mg-C/L, variable with water depth and ocean 
basins (Guo et al., 1995; Hansell and Carlson, 1998), while sea salt concentrations are usually in the 
order of 35,000 mg/L (Chester, 2003) (~35,000 times higher than those of bulk DOM in seawater).

Recent advances in separation and isolation techniques for DOM have greatly improved our abil-
ity to understand the cycling of DOM and COM and associated trace elements in marine environ-
ments (Hansell and Carlson, 2002; Guo and Santschi, 2007; Mopper et al., 2007). Indeed, a growing 
body of literature has reported the measurements of stable isotope and radiocarbon, especially for 
COM or high molecular weight DOM samples from the marine environments (Guo and Santschi, 
2007, and references therein). While many DOM separation techniques/methods have been used, 
depending on specific research purposes, the most common methods are cross-flow ultrafiltration 
(Benner et al., 1992; Buesseler et al., 1996; Guo and Santschi, 2007), solid phase extraction (e.g., 
Louchouarn et al., 2000; Kim et al., 2003; Dittmar et al., 2008), and reverse osmosis coupled with 
electrodialysis (Koprivnjak et al., 2006; Vetter et al., 2007).

Major elements of marine organic matter include carbon, nitrogen, phosphorus, sulfur, oxygen, 
and hydrogen. So far, most stable isotope data of marine organic matter are for carbon, and mea-
surements of N, S, and O isotopes are still scarce, especially for the DOM pool (Peterson et al., 
1985; Hoefs, 2004; Fry, 2006). In this chapter, we will first describe the basic concept on isotopic 
fractionation, the stable isotopes of C, H, N, O, and S, as well as radiocarbon and their isotopic 
composition in natural marine organic matter. The focus will be shifted to sampling procedures 
of DOM, COM, and POM, and treatment/preparation of organic matter samples for bulk isotope, 
compound classes, and compound-specific isotope analyses.

6.2	S table Isotopes and Radiocarbon

Table 6.1 lists the common isotopes of carbon, nitrogen, sulfur, oxygen, and hydrogen, along with 
their isotopic mass, natural abundance (%), and standard/reference materials for isotopic measure-
ments. Similar to carbon, nitrogen, and sulfur, phosphorus is one of the important elements that 
build biochemical molecules. However, phosphorus has only one stable isotope (31P). Although 
phosphorus has many radioactive isotopes, most of them with a half-life within minutes or seconds, 
only 32P and 33P (both of them are beta-emitters) could be useful oceanic tracers (Benitez-Nelson, 
2000, and references therein) due to their relatively longer decay half-lives. Therefore, phosphorus 
is considered to be a monoisotopic element and is not listed in Table 6.1.

In addition to traditional stable isotopes (C, N, S, H, and O), numerous stable isotope tracers with 
applicability to marine biogeochemical cycles have emerged in recent years. These nontraditional 
stable isotopes, such as Li, B, Si, Ca, Fe, Cu, Zn, Se, Mo, and Cd, can be measured via new analyti-
cal techniques, such as multiple-collector inductively coupled plasma-mass spectrometry (MC-ICP/
MS), but their isotopic variations are generally very small. These nontraditional stable isotopes are 
not discussed in this chapter.

6.2.1	 d-Notation

The d-notation is a means to express isotopic composition of a sample relative to a standard (Hoefs, 
2004). The isotopic ratios in natural samples usually show a very small variance, sometimes in 
the range of the third to fifth decimal place. Therefore, measurements of stable isotopes at or near 
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natural abundance levels are usually reported in the delta (d) notation, whereby d is a value given in 
parts per thousand or per mil (‰). The delta value is dimensionless. The d-notation for an isotope 
of an element X can be expressed as

	 dX (‰) = [(Rsample – Rstandard)/Rstandard] × 1,000	 (6.1)

or

	 dX (‰) = [(Rsample/Rstandard – 1)] × 1,000	 (6.2)

where Rsample is the relative abundance of the heavy to the light isotope of element X in the sample, 
and Rstandard is the isotopic ratio of standard materials (e.g., Pee Dee Belemnite (PDB) for stable 
carbon isotopes and atmosphere-N2 for nitrogen isotopes). Using C isotopes as an example, the d13C 
is calculated as

	 d13C = [(13C/12C) sample/(13C/12C) standard – 1] × 1,000	 (6.3)

In addition to the d-notation, other measurement notations include atom percentage and atom per-
cent excess, among others (Hoefs, 2004).

For radiocarbon measurements, ∆14C is usually used in addition to d14C (Broecker and Peng, 1982):

	 D14C =  d14C – 2 (d13C + 25.0) (1 + d14C/1,000)	 (6.4)

The value of ∆14C here is a normalized value of d14C, taking the fractionation between 14C and 13C 
into consideration.

6.2.2	I sotope Fractionation

Isotope fractionation includes equilibrium fractionation, kinetic fractionation, and fractionation 
through physical processes. In equilibrium fractionation, the fractionation is temperature depen-
dent and related to differences in thermodynamic properties (e.g., bonding properties) of molecules 

Table 6.1
A List of Commonly Used Isotopes of Carbon, Nitrogen, Sulfur, 
Hydrogen, and Oxygen

Element Isotope Isotopic Mass Abundance (%) Isotope Standard

Carbon 12C 12.0000 99.985 Pee Dee Belemnite (PDB)
13C 13.00335 0.015
14Ca 14.0         10–10 Oxalic acid/1890 wood

Nitrogen 14N 14.00307 99.63 Atmospheric N2
15N 15.0001 0.37

Sulfur 32S 31.97207 95.00 Canyon Diablo meteorite
33S 32.97145 0.76 (CDT)
34S 33.96786 4.22
36S 35.96708 0.014

Hydrogen 1H 1.00794 99.985 Standard Mean Ocean
2H 2.0141 0.015 Water (SMOW)

Oxygen 16O 15.9949 99.758 PDB or SMOW
17O 16.9991 0.037
18O 17.9991 0.204

a 14C is a radioactive isotope with a half-life of 5,730 ± 40 years.
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with different isotopes. The fractionation is normally larger at lower temperatures and declines with 
increase in temperature. The higher the temperature the less fractionation occurs. Heavy isotopes 
are typically enriched in the more condensed phases in equilibrium fractionation (Hoefs, 2004, and 
references therein).

Kinetic fractionation occurs as a unidirectional process that separates stable isotopes from each 
other by their mass. This applies to most biogeochemical reactions. Molecules with lighter isotopes 
react more readily. For example, lighter C and N isotopes (that is, 12C and 14N) are preferentially 
incorporated into phytoplankton cells during photosynthesis in surface ocean compared to 13C and 
15N (Farquhar et al., 1989; Needoba et al., 2003). Meanwhile, fractionation is also related to both 
temperature and availability of dissolved CO2 or inorganic N in surface ocean. For 14C isotope, the 
assumption is that the fractionation of 14C relative to 12C is twice that of 13C, reflecting the differ-
ence in atomic mass (Stuiver and Polach, 1977). Other fractionations include those occurring during 
trophic transfers or food web dynamics, and other mass-independent fractionation, such as the case 
for sulfur isotopes (Hoefs, 2004).

6.2.3	I sotope Mixing between End-Member Organic Components

Delta (d) values of stable isotopes of a natural sample can usually be added linearly from different 
end-member components, making isotope mass balance equations straightforward (Fry and Sherr, 
1984; Kwak and Zedler, 1997; Raymond and Bauer, 2001b). For example, measured isotope values 
(dS) of a specific sample, which may be composed of several different end-member sources, can be 
expressed as

	 dsample = Σ fi di	 (6.5)

or

	 dSample = f1 d1 + f2 d2 + f3 d3 + …	 (6.6)

where fi is the mass or molar fraction of component i, and di is the isotope ratio of component i. This 
equation can also be used for blank corrections. According to the concept of mass balance,

	 f1 + f2 + … = 1	 (6.7)

For a two-component system, one can calculate the contribution of each component based on the 
measured isotopic values of sample and components 1 and 2. For example,

	 f1 = (dsample – d2)/(d1 – d2)	 (6.8)

Using multiple isotopes (e.g., d13C and ∆14C; d34S and d36S), one can use multiple equations to 
solve multiple unknown parameters in a multiple-component system (Bauer et al., 2001).

6.2.4	C arbon Isotopes

Carbon, along with other bioactive elements, is a building block of all biochemical molecules. 
Among the isotopes listed in Table 6.1, carbon isotopes are the most commonly used and mea-
sured for tracing the biogeochemical cycling of marine organic matter. There are three natural 
carbon isotopes: 12C, 13C, and 14C. Their average natural abundances are approximately 98.89%, 
1.11%, and 10–10 %, respectively (Table 6.1). The combined measurements of 13C and 14C provide 
a more complete picture of dynamic cycling of marine organic carbon (Hedges, 1992; Trumbore 
and Druffel, 1995). Both 13C and 14C are extensively employed to study the sources, reactivity, and 
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fates of dissolved organic carbon (DOC) and particulate organic carbon (POC) in riverine (Hedges 
et al., 1986; Peterson and Fry, 1987; Guo and Macdonald, 2006; Raymond et al., 2007), estuarine 
(Cifuentes et al., 1988; Hedges and Keil, 1999; Raymond and Bauer, 2001a, 2001b; Fry, 2006), coastal, 
and marine environments (Bauer et al., 1992, 2001; Druffel and Williams, 1992; Druffel et al., 
1992, 1996; Santschi et al., 1995; Guo et al., 1996, 2003; Wu et al., 1999; Loh et al., 2004). In 
addition, the carbon isotopic signatures tend to be less affected by photochemical degradation and 
structural modification processes than other organic biomarkers. Thus, 13C and 14C are preferen-
tially applied to study carbon biogeochemical cycles over the other organic biomarkers. However, 
the signatures of d13C and D14C in organic matter can also be altered by the bacterial activities dur-
ing mixing of water bodies (Raymond and Bauer, 2001a).

The use of isotopes d13C as fingerprints to trace the contribution from different sources relies 
on the fact that each source has a distinct d13C signal in a DOC or POC pool. Organic matter from 
marine, terrestrial, and marsh environments has a d13C range from –35‰ to –5‰ (Coffin et al., 
1994). Typically, organic matter from a terrestrial source (C3 plants) is relatively depleted in 13C 
(–35‰ to –25‰), C4 marsh macrophytes are enriched in 13C (–18‰ to –8‰), and the d13C values 
of C3 marine phytoplankton are intermediate (Fry and Sherr, 1984; Hedges et al., 1986; Tan, 1987). 
Two major factors are responsible for the large variation in d13C of various organic matter: (1) the 
pathway of carbon metabolism in plants (Fry, 2006) and (2) the isotopic composition of their carbon 
source. In the process of carbon fixation during the Calvin cycle (C3 pathway), the key carboxylating 
enzyme (ribulose bishposphate carboxylase) discriminates further against the heavier carbon (13C) 
than the enzyme (phosphoenolpyruvate carboxylase) produced in the Hatch-Slack cycle (C4 path-
way), resulting in a more negative d13C in the C3 plants than in C4 plants. On the other hand, land 
plants use atmospheric CO2 (d13C = –7‰) as their carbon source, while marine plants assimilate 
HCO3

– (d13C = ~0‰) from seawater (Libes, 1992). Other factors also contribute to the fractionation 
of 13C and 14C in plants, including temperature (Rau et al., 1982), partial pressure of CO2 (Rau 
et al., 1991b), growth rate (Laws et al., 1995), and community structure of the primary producer 
(Falkowski, 1991).

Because the 14C is radioactive, one can use it to measure apparent ages of organic matter in 
marine environments (Williams and Druffel, 1987; Bauer et al., 1992; Santschi et al., 1995). The 
presence of 14C in organic materials is the basis of the radiocarbon dating method. The half-life 
of 14C is 5,730 ± 40 years. Therefore, radiocarbon can be used to trace marine biogeochemical 
processes with a timescale of ~50,000 years. The relationship between D14C and the age of carbon-
containing materials can be expressed as

	 Radiocarbon age (years BP) = –8033 × ln [1 + (D14C/1,000)]	 (6.9)

where –8,033 represents the mean lifetime of 14C and ln represents the natural logarithm. Table 6.2 
shows examples of the radiocarbon composition of marine organic matter. One fundamental assump-
tion for radiocarbon dating is that there is a negligible exchange of organic carbon between the tar-
get reservoir and its environment. The application of 14C as a proxy of the age of organic matter is, 
however, complicated and ambiguous (Bauer, 2002; Mortazavi and Chanton, 2004), mainly due to 
mixing processes. Single-compound dating could better reflect the true age of the source material.

6.2.5	 Nitrogen Isotopes

Nitrogen has two stable isotopes, 14N and 15N, and their natural abundances are 99.63% and 0.37%, 
respectively. The average abundance of 15N in the atmosphere (d15N = 0‰) is relatively constant 
at 0.366%. Atmospheric N2 is thus used as the standard for reporting d15N values. The natural 
variation of the N isotopic signal of different source materials is useful for understanding food web 
dynamics and organic matter cycling in ecosystems, especially for tracing the source of nitrogen to 
aquatic systems (Schell et al., 1998; Sigman, 2000; Knapp et al., 2005; Fry, 2006). While C isotopes 
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vary little during trophic transfers, N isotopes undergo significant changes between trophic levels in 
marine environments (e.g., Schell et al., 1998). Thus, the use of multiple stable isotopes can provide 
insights into the biogeochemical cycling of marine organic matter.

Examples of N-isotope measurements for marine organic matter are given in Table 6.2. Most 
environmental d15N values vary within the range from –10 to +20‰ (Peterson and Fry, 1987). 
Although N isotopic measurements have been applied to study the effects of denitrification and 
assimilation in the ocean (Liu and Kaplan, 1984; Sigman, 2000), measurements of N isotopes in 
marine organic matter so far have been carried out mainly on phytoplankton, suspended and settling 
particles, and sediment samples (Wada and Hattori, 1976; Altabet, 1988; Saino and Hattori, 1987; 
Cifuentes et al., 1988; Benner et al., 1997; Schell et al., 1998; Chen et al., 2006). Measurements of 
d15N on marine dissolved organic matter are still scarce, although there are increasing reports on 
COM and DO15N measurements (Sigleo and Macko, 1985; Feuerstein et al., 1997; Guo et al., 2003; 
Knapp et al., 2005; Miyajima et al., 2005).

6.2.6	S ulfur Isotopes

Sulfur has four stable isotopes, 32S, 33S, 34S, and 36S. Their abundances are 95.02%, 0.76 %, 4.22%, 
and 0.02%, respectively (Table 6.1). Canyon Diablo meteorite is used as a standard for sulfur isotope 
measurements, which are reported relative to troilite in the Canyon Diablo iron meteorite (CDT).

Sulfur is normally a minor component of natural organic matter. On average, sulfur to organic 
carbon ratios range from 0.014 for humic substance (Aiken et al., 1985; Thurman, 1985) to 0.037 
for marine organic matter (Guo et al., 1999). In marine sediments, the organic S/C ratio varied 

Table 6.2
Examples of Stable Isotope Composition of Marine Organic Material

Location Organic Fraction d13C (‰) d15N (‰) Reference

Marine DOC -21.8 — Eadie et al. (1978)

Pacific DON — 4–11 Gedeon et al. (2001)
Atlantic DON — 3.35–4.68 Knapp et al. (2005)
Patuxent estuary COM –24.8 8.5–10.8 Sigleo and Macko (1985) 

Sigleo (1996)
Pacific Ocean COM -21.63 ± 0.17 7.93 ± 0.69 Benner et al. (1997)

Atlantic Ocean COM -22.0 ± 0.26 8.0 ± 1.2 Benner et al. (1997)

Chesapeake Bay COM -24.08 ± 0.42 8.83 ± 0.19 Sigleo and Macko (2002)

San Francisco Bay COM -26.70 ± 0.72 7.92 ± 0.84 Sigleo and Macko (2002)

Gulf of Mexico COM -21.67 ± 0.76 3.87 ± 0.65 Guo et al. (2003)

Middle Atlantic Bight COM -21.2 ± 0.15 5.49 ± 0.77 Guo et al. (2003)

Boston Harbor COM -30.1 to –23.7 2.8–5.7 Zou et al. (2004)

Delaware/Chesapeake Bay COM -25.1 to –23.1 4.4–8.9 Zou et al. (2004)

San Francisco Bay COM -26.1 to –23.1 5.1–6.4 Zou et al. (2004)

Mississippi River plume COM -22.6 ± 1.0 4.3 ± 0.5 Guo et al. (submitted)

Atlantic POM — 4–11 Altabet (1988)
North Pacific POM -23.20 ± 0.62 3.06 ± 1.16 Wu et al. (1999)

Atlantic POM — -0.8–5.4 Mino et al. (2002)

Seawater Plankton -21.3 ± 1.1 8.6 ± 1.0 Peterson et al. (1985)

Arctic Zooplankton -20.2 to -25.6 5.8–14.2 Schell et al. (1998)

Note: DOM, dissolved organic matter in <0.45 or 0.7 µm bulk fraction; COM, colloidal organic matter in the size fraction 
between 1 kDa and 0.2 or 0.7 µm; POM, particulate organic matter in the >0.7 µm or sediment trap samples.
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from 0.01 in surface sediments to 0.11 in deeper or older sediments (Lückge et al., 2002). Natural 
variation in sulfur isotopes can be used for tracing sediment diagenesis, organic matter cycling, and 
natural and anthropogenic solute sources. However, few measurements of sulfur isotopes in marine 
organic matter have been made. Available data of sulfur isotopic composition are for organic matter 
in suspended particulate matter, sinking particles, and marine organisms (Peterson and Fry, 1987). 
Since the concentration of inorganic sulfate in seawater far outweighs the concentration of organic 
matter, separation and purification of organic sulfur from sea salts and sulfate is the first step for the 
measurement of its isotopes in marine organic matter, especially dissolved organic matter. Adding 
to this difficulty, sulfur content in organic matter is much lower than the contents of carbon and 
nitrogen (Guo et al., 1999); therefore, the measurements of sulfur isotopes require a much larger 
sample size than C and N isotope analysis.

6.2.7	 Hydrogen Isotopes

Hydrogen has three isotopes, two stable isotopes, 1H and 2H (D for deuterium), and one radioactive 
isotope (3H or T for tritium). The radioactive isotope tritium (half-life t1/2 = 12.3 years) can be used 
for tracing water mixing with a timescale within 100 years. Although most measurements of dD or 
D/H ratio are used to trace water sources and hydrological processes, the D/H ratio has been widely 
used to study the diagenesis of sedimentary organic matter, organic geochemistry, and climate and 
environmental changes, since D/H ratios of organic hydrogen can preserve quantitative informa-
tion about paleoenvironmental and paleoclimate conditions. In recent years, measurements of D/H 
ratios of carbon-bound hydrogen in individual organic compounds have considerably advanced our 
knowledge on climate and environmental changes (Sauer et al., 2001; Huang et al., 2004). However, 
measurements of hydrogen isotopes of marine organic matter are still scarce despite their great 
potential to trace terrestrial input to the marine environment, link food web and hydrology, and 
extend the carbon cycling studies (Malej et al., 1993; Fry, 2006).

6.2.8	O xygen Isotopes

Oxygen has three stable isotopes, 16O, 17O, and 18O. Natural variation of the oxygen isotopic compo-
sition can be used for determining water mixing, precipitation sources, and evaporation effects, as 
well as for deciphering paleoceanographic, paleoclimate, and paleohydrologic records. Similar to 
hydrogen isotopes, measurements of oxygen isotopes in marine samples have been mostly made for 
water samples and sediment core samples. Few measurements of oxygen isotopes have been made 
for marine dissolved organic matter, and little is known about how oxygen isotopes are incorporated 
into marine organic matter.

Table 6.3
Examples of Radiocarbon Composition of Marine Dissolved, Colloidal, 
and Particulate Organic Matter

Location
Organic Matter 

Type ∆14C (‰)
Apparent 14C Age 

(Year BP) Reference

Pacific DOC –150 to –540 1,300 to 5,710 Williams and Druffel (1987)
Gulf of Mexico COM –126 to –432 1,076 to 4,538 Santschi et al. (1995)
Atlantic COM –89 to –403 751–4,143 Guo et al. (1996)
Arctic COM –87 to –379 680–3,770 Benner et al. (2004)
Pacific POC 43–139 > Modern Druffel and Williams (1990)

Pacific Sinking POC 99–136 > Modern Druffel and Williams (1990)
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6.3	S ampling of Marine Dissolved Organic Matter

The IR-MS system coupled with elemental analyzer and combustion chamber has become a 
routine procedure for stable isotope measurements of bulk organic carbon and nitrogen. Many 
commercial stable isotope facilities or organizations/agencies have provided services for routine 
analyses of d13C and d15N in water samples at affordable prices (e.g., http://stableisotopefacility.
ucdavis.edu/). Similarly, advances in accelerator mass spectrometry (AMS) have reduced the 
sample size for radiocarbon analysis to micrograms of carbon (e.g., Tuniz et al., 1998). However, 
direct measurements of stable isotope composition of marine dissolved organic matter remain 
difficult except for carbon isotopes (Beaupre et al., 2007; Osburn and St.-Jean, 2007; Lang et al., 
2007). Sampling of marine organic matter is a limiting step in the measurements of isotope 
composition, especially for N and S isotope analyses. The development in sampling technique of 
particulate organic matter (suspended and sinking particles, plankton and sediment samples) has 
provided sufficient amounts of particulate material for the measurement of isotope composition. 
In this section, focus will be on the sampling of DOM and COM from seawater for stable isotope 
analysis.

6.3.1	B ulk DOM for d13C and ∆14C Measurements

There are several factors causing measurements of d13C and D14C in seawater DOC to be difficult. 
First, the DOC concentrations in seawater are very low, ranging from 35–45 µM in deep waters 
to 60–80 µM in surface waters (Guo et al., 1995; Hansell and Carlson, 1998; see also Chapter 2). 
In addition, there are different ways to oxidize the DOC, including high-energy UV irradiation 
(Williams and Gordon, 1970; Williams and Druffel, 1987; Bauer et al., 1992; Beaupre et al., 2007), 
wet chemical oxidation (St.-Jean, 2003; Osburn and St.-Jean, 2007), high-temperature sealed tube 
oxidation of the lyophilized DOC/salt mixture (Peterson et al., 1994; Fry et al., 1996), combined 
UV-persulfate oxidation (Bauer et al., 1992; Clercq et al., 1998; Bouillon et al., 2006), and high-
temperature catalytic oxidation of seawater DOC (Lang et al., 2007). However, some uncertainties 
exist in the quantitative oxidation of DOC and subsequent conversion to CO2 (see Chapter 2).

Measurements of isotopic composition (d13C and ∆14C) of dissolved organic carbon (DOC) in the 
ocean have been reported since the 1960s (Williams et al., 1969; Williams and Gordon, 1970). In 
recent years, UV oxidation and high-temperature combustion are the most used techniques to con-
vent DOC into CO2 for isotope analysis (Bauer et al., 1992; Druffel et al., 1992; Beaupre et al., 2007; 
Lang et al., 2007). For low-DOC oceanic waters, a traditional vacuum line is needed to carry out 
large-volume seawater DOC oxidation and CO2 purification using either UV oxidation (Figure 6.2) 
or high-temperature catalytic oxidation (Figure 6.3).

Seawater samples are filtered through precombusted quartz filters or glass fiber filters (GF/F, 0.7 
µm) or prerinsed polycarbonate Nuclepore filters (0.45 μm) to remove particulate organic matter 
(see Section 2.3.1). Such pore size of filters cannot remove all bacteria from the seawater, and the 
DOM in samples can be decomposed microbially and photochemically. Thus, samples should be 
preserved or frozen immediately after sample filtration to prevent bacterial utilization of DOC (see 
Section 2.3.2). However, many laboratories do not recommend preservation with HgCl2.

Precombusted quartz or glass bottles are used for DOC sampling and storage. Based on recom-
mendations by the JGOFS program and GEOTRACES studies, high-density polyethylene (HDPE) 
bottles can also be used for DOC sampling (Dickson et al., 2007) and have been adopted by com-
mercial stable isotope laboratories. One advantage of using HDPE bottles is that samples are safer 
during sample freezing and transportation than those in quartz or glass bottles.

Due to low DOC concentration in seawater, at least 50 ml of filtered seawater is needed to yield 
a total of 20–50 µg of DOC for C isotope analysis. With an improved low-blank UV oxidation and 
extraction system, this sample size is now sufficient for both d13C and ∆14C measurements (Beaupre 
et al., 2007), which could not be measured previously.
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6.3.2	B ulk DOM for Stable N Isotope Analysis

Measurements of N isotopes have been widely conducted for nitrate or dissolved inorganic nitro-
gen (DIN) pools in seawater (Liu and Kaplan, 1984, 1989; Sigman et al., 2001, 2005) and marine 
particulate organic matter samples (Altabet, 1988; Wu et al., 1997; Schell et al., 1998; Waser et al., 
2000). However, procedures for direct measurements of N isotopes in the DON pool are still lack-
ing. Currently used methods involve multiple measurements and a number of complex preparation 
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Figure 6.2  A schematic showing traditional vacuum line for purifying CO2 from the oxidation of DOC in 
seawater. Individual components are connected by spherical joints with Viton o-rings. (A) Flow meter 1, (K) 
flow meter 2,(B, F, I, N) capacitance manometers, (J, P) thermocouple pressure gauge sensors, (C) KI solution 
trap, (D) modified Horibe trap 1 (dry ice/isopropanol slush bath), (G) modified Horibe trap 2 (liquid nitrogen 
bath), (M) U-tube trap, (O) calibrated volume with a 7 mm OD, 7 cm long cold-finger, (Q, R) break-seal tubes 
for 14C and 13C splits, respectively, secured by internally threaded o-ring adapters with Teflon bushings, 
(E, H, L, S) conduits of a manifold (not shown for clarity) leading to the vacuum pump. (From Beaupre et al., 
2007; with kind permission of American Society of Limnology and Oceanography.)
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processes prior to mass spectrometric determination of the 15N/14N ratio. Recently, Miyajima et al. 
(2005) used gas chromatography/negative-ion chemical ionization mass spectrometry (GC-NICI-MS) 
to determine 15N enrichment of DON in natural waters after derivatization of NO3 with pentaflu-
orobenzyl bromide. Knapp et al. (2005) have reported d15N isotope values for bulk DON in seawater, 
based on the measurements of N isotopes in the nitrate (NO3–) pool coupled with the commonly 
used persulfate oxidation method to convert total dissolved nitrogen (TDN) into nitrate (see Section 
9.4.1.2), followed by the denitrifier method for isotopic analysis of NO3. Similar to the measurements 
of DON, this method also involves multiple procedures and measurements, but it provides reasonable 
values of d15N of bulk DON pool in seawater for the first time.

Based on Knapp et al. (2005), 12 ml of filtered seawater is used for the conversion of TDN to 
NO3

–, with the addition of 2 ml of a persulfate oxidizing reagent (Solorzano and Sharp, 1980), 
followed by autoclaving for 55 minutes on a slow vent setting. The reagent blank is based on the 
measurements of NO3

– and d15N in 12 ml of the persulfate oxidizing reagent. The concentration and 
isotopic composition of DON are calculated by mass balance from the analyses of d15N of TDN and 
NO3

– in filtered seawater samples.

6.3.3	S eawater Dissolved Organic Sulfur for Isotope Analysis

All four stable isotopes of sulfur (32S, 33S, 34S, and 36S) can be measured at the nanomole level (Ono 
et al., 2006). However, there are no reports for direct measurements of S isotope composition in 
marine dissolved organic matter samples. This is largely due to the low organic sulfur concentration 
and high sea salt content in seawater, although measurements of stable S isotopes in the sulfate pool 
have been reported previously (Rees et al., 1978).

6.4	S ampling of HMW Dissolved Organic Matter from Seawater

As discussed in the previous section, measurements of stable isotopic composition in marine dis-
solved organic matter have been hampered by the difficulty in the quantitative extraction of DOM 
from seawater. Once DOM is isolated from sea salt and lyophilized into powdered DOM samples, 
measurements of stable isotopes will become routine.

As shown in Figure 6.1, dissolved organic matter also contains a significant or considerable por-
tion of high molecular weight (HMW) or colloidal organic matter that can be further isolated using a 
number of separation and isolation techniques, such as cross-flow ultrafiltration, solid phase extrac-
tion, and reverse osmosis coupled with electrodialysis. Marine DOM is heterogeneous and contains 
different organic components with different molecular weights and isotope signatures, which makes 
the sampling of size-fractionated DOM and the measurement of their isotopes even more meaning-
ful (Santschi et al., 1995, 1998; Guo et al., 1996; Loh et al., 2004; Wang et al., 2006). The solid 
phase extraction method has been proved to be simple and efficient for extracting DOM from sea-
water, although it requires adjustments of the pH of samples before extraction (Dittmar et al., 2008). 
In this section, the ultrafiltration method, solid phase extraction, and the newly developed reverse 
osmosis/electrodialysis method will be discussed.

6.4.1	U ltrafiltration Method for Isolating HMW-DOM

Cross-flow ultrafiltration has been widely applied to extract DOC from seawater due to its capability 
in processing large volumes of seawater, and has proven to be an effective and efficient tool for deci-
phering chemical and isotopic composition of marine dissolved organic matter (Benner et al., 1992; 
Moran and Buesseler, 1992; Santschi et al., 1995; Guo et al., 1996; Guo and Santschi, 2007, and 
references therein). A typical ultrafiltration system is composed of a prefiltration component and 
ultrafiltration component (Figure 6.4). The prefiltration system is usually composed of a peristaltic 
pump, tubing, and a prefilter with a pore size ranging from 0.2 to 1 µm, depending on research pur-
poses, while the ultrafiltration system consists of ultrafiltration cartridges with a molecular weight 
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cutoff ranging from 0.5 to 200 kDa, reservoirs for prefiltered seawater and permeate, a pump, Teflon 
tubing, and other accessories (Figure 6.4).

To avoid contamination, surface seawater is peristaltically pumped through a prerinsed cartridge 
prefilter (in-line setup) into an ultrafiltration reservoir. The first several tens of liters of filtrate 
should be discarded and used for rinsing reservoirs. Deep water collected by Niskin bottles is trans-
ferred to an enclosed reservoir by closed in-line tubing and then pumped peristaltically through a 
prerinsed filter cartridge into an ultrafiltration reservoir. Filtered seawater should be ultrafiltered 
immediately after sample collection (Guo et al., 1996).

New ultrafiltration cartridges should be thoroughly cleaned with laboratory detergent (e.g., Micro 
solution), NaOH, HCl solution, and large volumes of ultrapure water before sampling. Concentrations 
of each chemical are determined based on manufacturer recommendations for specific ultrafiltration 
membranes. Between cleaning solutions, large volumes of ultrapure water should be used to rinse 
the cartridges. To enhance the efficiency during cartridge cleaning, a recirculation mode is used for 
cleaning with chemical solutions (e.g., Micro, NaOH, and HCl), while a flushing mode or once-
through mode (both retentate and permeate lines going into a waste) is used during ultrapure water 
rinsing/cleaning. Each chemical is recycled for 20–30 minutes under normal operating conditions 
and allowed to soak for another 20–30 minutes. Between each solution, large volumes of ultrapure 
water are then flushed through the ultrafiltration system, and after chemical cleaning, more ultrapure 
water is flushed again under normal ultrafiltration operating conditions. Once the cartridges are 
cleaned, a small volume of prefiltered seawater is used to condition the cartridges before ultrafiltra-
tion (Guo et al., 2000). Used ultrafiltration membranes are usually preserved in NaN3 solution, so 
they should be cleaned before sampling based on the same cleaning procedure for new cartridges.

Cartridges are cleaned between samples (or sampling stations) with NaOH and HCl solutions. 
All ultrafiltration cartridges should be calibrated and checked for their integrity before use with mac-
romolecules of known molecular weights based on specific cartridge cutoffs. The standard macro-
molecules used for calibration should have a molecular weight slightly higher than the membrane’s 
molecular cutoff (e.g., >1 kDa standard molecule vs.1 kDa membrane, 14 kDa standard molecule 
vs. 10 kDa membrane, etc.). Further details about cartridge calibration procedures are described in 
Guo et al. (2000).

The HMW-DOC fraction isolated by cross-flow ultrafiltration is largely dependent on membrane 
pore size (usually ranging from 0.5 to 200 kDa), membrane materials (hydrophobic vs. hydrophilic), 
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Figure 6.4  A diagram showing components of a typical cross-flow ultrafiltration system, including prefil-
tration and ultrafiltration. The prefiltration system is usually composed of a peristaltic pump, a prefilter with a 
pore size ranging from 0.2 µ to 1 µm, and Teflon tubing, while the ultrafiltration system consists of ultrafiltra-
tion cartridge(s), reservoirs for prefiltered seawater and permeate, pump, tubing, and other accessories.
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and operational conditions (e.g., concentration factor used). A significant fraction of low molecular 
weight (LMW) DOC can be retained during ultrafiltration (Guo and Santschi, 1996; Guo et al., 
2000). Therefore, a high concentration factor is recommended, although the retained LMW-DOC 
may be flushed out during the diafiltration process (Guo et al., 2000, 2001). After ultrafiltration, the 
retentate of the water sample, which is highly concentrated in DOC, is desalted using diafiltration 
with large volumes of ultrapure water. Then, the sample is freeze-dried at –45°C to become pow-
dered DOM for further analysis (Guo and Santschi, 1996). Due to the low concentrations of DOC in 
seawater and high concentrations of sea salts, diafiltration (desalting) is a necessary step in isolating 
COM for isotopic and chemical characterization. About 20 L of ultrapure water is sufficient for the 
diafiltration of a retentate solution (Guo and Santschi, 1996). After desalting, the isolated HMW-
DOC may represent 5–45% of the bulk DOC in seawater, depending on initial DOC concentration 
and ultrafilter cutoffs used in ultrafiltration.

6.4.2	S olid Phase Extraction Method

Solid phase extraction has been used in isolating DOM samples from seawater for chemical and 
isotopic characterization (Louchouarn et al., 2000; Dittmar et al., 2008, and references therein). 
Louchouarn et al. (2000) used C18–solid phase extraction (SPE) cartridges to determine the DOM 
extraction efficiency from seawater and the reusability of the C18-SPE cartridges. They found that 
the DOM recovery rate by the C18-SPE cartridges was comparable to that by the ultrafiltration 
method and higher at lower pH (1.5–4.0) conditions, while the extraction efficiencies were indepen-
dent of flow rate.

Recently, Dittmar et al. (2008) presented a protocol for efficient extraction of DOM from sea-
water using commercially prepacked cartridges. They found a much higher DOM recovery using 
styrene divinyl benzene polymer type sorbents (PPL) compared to the C18 cartridges. Based on 
results from NMR, C/N, and d13C measurements, they found that styrene divinyl benzene polymer 
type sorbents (PPL) could extract up to 62% of DOC as salt-free extracts, while the C18 extracts 
about 40% of bulk DOC. Figure 6.5 shows the seawater DOM extraction procedures using styrene 
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Figure 6.5  Procedures of DOM solid phase extraction using commercially prepacked cartridges, sty-
rene divinyl benzene polymer type sorbents (PPL). (From Dittmar et al., 2008, with kind permission of the 
American Society of Limnology and Oceanography.)

73060_C006.indd   109 12/31/08   9:59:09 AM



110	 Practical Guidelines for the Analysis of Seawater

divinyl benzene polymer type sorbents based on Dittmar et al. (2008). After seawater samples are 
filtered through precombusted GF/Fs, filtrates are acidified to pH 2 with HCl for the extraction of 
organic acids and phenols. To avoid overloading, less than 10 L of sample or a total of 2 mmol of 
DOC for 1 g of sorbent is used for extraction. The cartridges are rinsed with one column volume 
(CV) of methanol before extraction. To extract DOM, the seawater samples are passed through the 
cartridges with a peristaltic pump or gravity at a flow rate of 40 ml min–1 (Figure 6.5, step 3). Before 
DOM elution, the cartridges are rinsed with at least two CV of 0.01 M HCl to remove residual salts. 
DOM is eluted with one CV of methanol at a flow rate of <2 ml min–1 into muffled glass ampoules 
(Figure 6.5, step 6). The elutes are stored at –20°C until further processing and analysis.

6.4.3	R everse Osmosis/Electrodialysis Method

Vetter et al. (2007) used the coupled reverse osmosis (RO)/electrodialysis (ED) system to sepa-
rate DOC from seawater samples (Figure  6.6). This new separation method can recover up to 
64–93% of marine DOC and has greatly improved the recovery efficiency of marine DOM. This 
system could be used on board research vessels. Immediately after sample collection, seawater is 
filtered through a 0.45 µm filter to remove particulate matter and transferred to the tank of the RO/
ED system. The RO/ED system includes a commercial RO module (Dow FilmTec TW30-4021) 
from the Dow Chemical Company (Midland, Michigan), a Standex Procon CMP-7500 SS pump 
(Procon, Murfreesboro, Tennessee), and stainless steel tubing and fittings (Figure 6.6). The perme-
ate fluxes are about 0.5–2 L min–1 under 200–210 PSIG. The electrodialysis component is composed 
of membranes (Neosepta AMX and CMX, from Ameridia) and electrodialysis stacks (Type 100, 
DeukumGmbH, Frickenhausen, Germany; 50 and 100 cell pairs, respectively). The anode is plati-
nized titanium mesh, while the cathode is a stainless steel plate.

The RO system is operated at 200 PSIG pressure with a feed flow rate of 400 L per hour to the 
module. The flow rate through the seawater circuit of the ED system is about 640 L per hour. The 
flow rate in the ED concentrate circuit was roughly equal to that in the seawater circuit, while the 
flow rate in the ED electrode rinse was adjusted to avoid pressure gradients to the concentrate and 
seawater circuits. Before sampling, the RO/ED system, tanks, and tubing are first rinsed with fil-
tered seawater. After every run, the RO module is rinsed with NaOH solution (0.01 M) manually by 
slowly filling and draining the RO pressure vessel several times. Electrodialysis is performed in the 
constant electrical current/variable voltage mode.
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Figure 6.6  System for DOM separation from seawater combining reverse osmosis and electrodialysis tech-
niques. (from Vetter et al., 2007, with kind permission from Elsevier Limited.)
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6.5	S ampling of Particulate Organic Matter from Seawater

Conventional gravity and vacuum filtration methods have been widely used for collecting POM 
samples for stable isotope analysis (Sharp, 1973; Druffel and Williams, 1990). However, there are 
potential problems related to small-volume filtration, such as blank and DOC sorption on filters 
(Moran et al., 1999; Liu et al., 2005). Other practical methods for collecting marine POM samples 
include (see also Chapter 13):

Multiple-unit large-volume •	 in situ filtration system (MULVFS): This in situ filtration 
system can collect up to 100–200 mg of particulate samples (e.g., 1–53 µm or >1 µm) 
for organic and isotopic analyses, depending on membrane pore size, type of filters, and 
pumping time (Bishop and Edmond, 1976).
McLane filtration system: This filtration system can collect particulate sample onto a •	
142 mm membrane filter (either GF/F or other membrane types) by drawing ambient 
seawater through the filter holder with a rotary pulse pump. This is a single-event filtra-
tion system, capable of pumping up to 25,000 L per deployment, and requires multiple 
systems for multiple-layer sampling (see also http://www.mclanelabs.com).
Sediment traps: This device can collect sinking particles •	 in situ by differential settling 
in a cylindrical settling trap. It could also separate different particle size fractions with 
different settling velocities (Peterson et al., 2005; Buesseler et al., 2007). While some 
preservatives used in sediment trap deployment may affect measurements of stable iso-
topes and other organic components, short-term sediment trap deployments may provide 
sufficient amounts of POM for isotope analysis.

In addition to these methods, continuous flow centrifugation, Go-Flo rosette filtration, including 
direct filtration (see Figure 8.3) and offline filtration of seawater subsample, aggregate sampling 
devices (e.g., Lunau et al., 2004), and other in situ filtration devices are being used for collecting 
POM samples from seawater.

6.6	S ample Preparation

6.6.1	S ample Processing for Bulk Organic Samples

Sample processing for direct measurements of stable C and N isotopes in bulk DOM samples is 
discussed in Sections 6.3.1 and 6.3.2. For isolated COM and POM samples, carbonates are first 
removed before organic carbon and its isotope analyses (Guo and Macdonald, 2006). This is done 
through either acid fuming by using concentrated HCl in a closed desiccator or acid treatment using 
diluted HCl solution. Recent studies recommend the use of acid fuming for the removal of inorganic 
carbon from organic samples for stable isotope and radiocarbon analyses (Komada et al., 2008; 
see Section 2.3.3 for detailed procedure). While there is a difference in OC content and its isotope 
composition between acid fumigation and direct acidification, N and its isotope composition show 
little difference between these two removal processes.

For isolated COM samples, most of the DIC, DIN, and sulfate can be removed during diafil-
tration processes, and only DOM components are retained after diafiltration. Thus, there will be 
little inorganic substances in the desalted COM samples. However, measurements on COM samples 
without proper desalting or diafiltration could bias the isotope signatures of COM due to the influ-
ence of residual DIC, DIN, and sulfate in isolated COM samples.

6.6.2	O rganic Compound Class Separation for Stable Isotope Analysis

Using stable C isotope as an example, methods for separating total lipid, total hydrolyzable amino 
acids (THAAs), total carbohydrates (TCHOs), and other organic residue fractions have been 
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developed and successfully used in many previous studies on COM, POM, and SOM (Wang et al., 
1996, 1998, 2006; Wang and Druffel, 2001; Loh et al., 2004; Zou et al., 2004). Sample size for com-
pound class isotopic analysis can be as little as a few milligrams of organic carbon, which can be 
separated into several organic fractions, with 97–103% recovery for organic C using standard com-
pounds (Wang et al., 1996, 1998). The blank effects on ∆14C and d13C measurements during sample 
processing and combustion are negligible (Wang et al., 1998). Separation procedures for total lipids, 
THAAs, TCHOs, and organic residue are briefly described below.

6.6.2.1	L ipid Extraction

Isolated marine organic matter samples are first extracted for total lipids with a 2:1 v/v mixture of 
methylene chloride:methanol (both high-purity grade). The extraction is repeated four times, and 
the combined extracts are dried by rotary evaporation. The dried sample is transferred with meth-
ylene chloride into a precombusted quartz tube and then dried with a high-purity N2 gas stream. 
The extracted residue left in the centrifuge tube after lipid extraction is dried at room temperature 
for THAA and TCHO extractions (Wang et al., 1998).

6.6.2.2	T otal Hydrolyzable Amino Acids Isolation

Isolation of the THAA fraction from marine DOM and POM requires acid hydrolysis to break 
down the polymer forms, such as proteins (or peptides), to the free amino acids (McCarthy et al., 
2004). After lipid extraction, half of each dried DOM/POM sample is weighed directly into a 50 ml 
glass centrifuge tube and hydrolyzed with 6 M HCl (Ultrex pure) under N2 at 100°C in an oven for 
19 hours. After hydrolysis, samples are centrifuged and the supernatants are transferred into 100 ml 
pear-shaped glass flasks. The remaining solid material is rinsed twice with ultrapure water, centri-
fuged, and the supernatants combined with the acid hydrolysate. The hydrolysate is dried by either 
rotary evaporation or freeze drying.

lhe dried THAA fraction is dissolved in 2 ml of ultrapure water and desalted using cation exchange 
column chromatography, with AG 50 W-X8 resin (100–200 mesh, analytical grade, BioRad) that 
had been soaked in 6 M, double-distilled HCl for at least 1 week and rinsed with ultrapure water 
several times. Free amino acids are collected in a 1.5 N NH4OH elute and dried by rotary evapora-
tion or freeze drying. The dried sample is transferred with ultrapure water to a precombusted quartz 
tube and dried again in a desiccator in vacuo for final combustion (Wang et al., 1998).

6.6.2.3	T otal Carbohydrate Isolation

The extraction and isolation of total carbohydrates (TCHOs) is based on the method used by Cowie 
and Hedges (1984). Another half of the residue in the centrifuge tube after lipid extraction is hydro-
lyzed with H2SO4 at 100°C for 3 hours. After hydrolysis, finely ground Ba(OH)2

•8H2O is added to 
neutralize the acid, and the resulting BaSO4 is removed by centrifuging. The solution is adjusted to a 
pH of 6–7 with 1.5 N NH4OH. The hydrolysate containing free sugars is desalted on a 20 ml mixed 
cation/anion column packed with mixed (1:1 v/v) cation AG 50W-X8 (100–200 mesh) and anion 
AG 1-X8 (100–200 mesh) resins. The volume of TCHO fraction collected by elution with ultrapure 
water is reduced to about 2 ml by rotary evaporator at 50°C, then transferred into a precombusted 
quartz tube for final combustion (Wang et al., 1998). Santschi et al. (1998) used an alcohol extrac-
tion/precipitation method to extract and purify polysaccharides from marine HMW-DOM samples 
for radiocarbon measurements.

6.6.2.4	A cid-Insoluble Fraction

The material left in the centrifuge tube after removal of the supernatant and rinses is defined as the 
acid-insoluble fraction. This solid material is transferred into a precombusted quartz tube (with 1 ml 
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ultrapure water, three or four times), and the sample is dried in a desiccator in vacuo for later 
combustion.

6.6.3	P rocedures for Specific Organic Compound Separation

6.6.3.1	 Fatty Acid Separation

Aliquots of freeze-dried isolated DOM, COM, or POM samples (about 10–90 mg of organic matter) 
are first extracted with 10 ml of methanol, followed by 3 × 10 ml of methylene chloride:methanol 
(2:1 v/v). The extracted lipids are further saponified at 100°C with 0.5 M KOH in methanol/H2O 
(95:5 v/v) for 2 hours. Neutral lipids are first extracted from the solution at pH ~13, while fatty acids 
are extracted at pH < 2 after addition of HCl to the solution. Fatty acids are methylated with BF3-
methanol at 100°C for 2 hours to form fatty acid methyl esters (FAMEs). The FAMEs are quantified 
by capillary gas chromatography (GC) with an on-column injector and a flame ionization detector. 
Prior to GC analysis, a known amount of internal standard (nonadecanoic acid methyl ester) is added 
to each extract to aid quantification. FAMEs are analyzed on a 30 m × 0.25 mm i.d. HP-5 column 
coated with 5% diphenyl–95% dimethylsiloxane copolymer (0.25 µm film thickness). The follow-
ing GC temperature program is implemented: 60 to 150°C at 10°C min–1, then 150 to 310°C at 4°C 
min–1 and isothermally at 310°C for 5 minutes. FAMEs are identified from mass spectra obtained 
from a GC-MS system. The operating conditions for GC-MS are helium as carrier gas; mass range 
50–610 kDa with a 0.4-second scan interval; 70 eV ionizing energy; GC temperature program 50 to 
150°C at 20°C min–1 followed by 150 to 310°C at 4°C min–1 and a 5-minute hold at 310°C.

Fatty acid molecular stable carbon isotopic compositions are measured using a GC combustion 
system interfaced with an isotope ratio mass spectrometer (IR-MS). Compounds are separated with 
a 30 m × 0.25 mm i.d. column, and the GC temperature is programmed for 50 to 170°C at 20°C 
min–1, followed by 170 to 300°C at 4°C min–1 and a 15-minute hold at 300°C. Peaks eluting from the 
GC column are combusted to CO2 over CuO/Pt wires at 850°C and online transported to the IR-MS. 
The isotopic composition of CO2 peaks is measured by the IR-MS operated at 10 kV acceleration 
potential and by magnetic-sector mass separation. To obtain actual fatty acid isotope ratios, the d13C 
of FAMEs is corrected for the carbon added during methylation (Zou et al., 2006).

6.6.3.2	A mino Acids

Individual amino acid isotopic analyses on isolated DOM, COM, or POM samples are made after 
acid hydrolysis with 6 M HCl at 100°C for 20 hours using isopropyl-TFA derivatives. Samples are 
hydrolyzed in duplicate, derivatized, and analyzed on a GC-IR-MS. McCarthy et al. (2004, 2007) 
reported the results of d13C measurements on specific amino acid species, including alanine (Ala), 
aspartic acid + asparagine (Asp), glutamic acid + glutamine (Glu), glycine (Gly), valine (Val), leu-
cine (Leu), isoleucine (Ile), lysine (Lys), and phenylalanine (Phe). Isotope variability of individual 
amino acid species is dependent on the sample size of marine organic matter. For example, total 
variability of individual AA isotope composition is usually lower in biological and particulate sam-
ples but higher in isolated DOM and COM samples (McCarthy et al., 2004). Similarly, individual 
AA species, which can be well separated chromatographically from other AA compounds, have a 
lower analytical variability.

6.6.3.3	O ther Organic Compounds

Eglinton et al. (1996) first used automated preparative capillary gas chromatography (PCGC) 
coupled with a fraction collector to separate and recover sufficient quantities of individual target 
compounds for natural abundance 14C analysis by accelerator mass spectrometry (AMS). Based on 
the PCGC approach, the natural radiocarbon abundance can be accurately determined on specific 
compounds in marine organic samples, which are complex and heterogeneous.
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Repeta and Aluwihare (2006) measured compound-specific natural abundance radiocarbon of 
seven neutral sugar species in HMW-DOM from the North Pacific Ocean. The isolated HMW-DOM 
is hydrolyzed to release neutral sugars, which are then purified by high-pressure liquid chromatog-
raphy and analyzed for radiocarbon content. The hydrolysis is conducted with 4 M HCl at 108°C for 
4 hours. Following the hydrolysis, acid is removed by freeze drying and the residue is dissolved in 
ultrapure water and desalted using Biorex 5 anion exchange resin. The resin column is washed with 
30 ml of pure water to elute the carbohydrate fraction. The carbohydrate fraction is freeze-dried, 
dissolved in ultrapure water, and further purified by HPLC with refractive index detection using 
two cation exchange columns. Monosaccharides are collected in three fractions (glucose/rhamnose, 
galactose/mannose/xylose, and fucose/arabinose). After freeze drying, each fraction is dissolved 
in ultrapure water, diluted with acetonitrile, and further purified by reverse phase HPLC (Repeta 
and Aluwihare, 2006). Purified sugars are collected, evaporated to dryness, dissolved in ultrapure 
water, and transferred to a precombusted quartz tube containing 300 to 500 mg of copper oxide. 
After freeze drying, the sealed tubes are combusted at 850°C to convert sugars into carbon dioxide 
for natural abundance radiocarbon analyses using AMS.

6.7	 Instrument for the Measurements 
of Stable Isotopes and Radiocarbon

6.7.1 	I sotope Ratio Mass Spectrometer

The isotope ratio mass spectrometer (IR-MS) is the instrument used for the precise measurement of 
stable isotope ratios. Traditionally, isotope analysis has been carried out using offline preparation 
systems followed by automated analysis. Recent advances using fully automated online preparation 
systems allow routine high-throughput measurements of small amounts of marine organic matter 
samples (a few micrograms). The mass spectrometer can be configured in both continuous-flow and 
dual-inlet modes, providing high precision for the determination of H/D, 13C/12C, 15N/14N, 18O/16O, 
34S/32S (from SO2 and SF6), and other isotope ratios. The IR-MS instrument has the following basic 
components (Figure 6.7): ion source, magnet, and collectors (usually an array of Faraday cups). It 
can measure reference and sample at the same time and provide simultaneous detection of multiple 
isotopes.

An elemental analyzer is used to combust organic matter in filter, powdered, or liquid samples. 
Evolved gases (e.g., CO2, N2, H2O vapor) are carried through an oxidizing furnace tube, a reducing 
furnace tube, and a water trap. The mixed gases are separated based on their different affinities for 
the chromatography column, with nitrogen eluting from the column before carbon dioxide. The 
gases are sequentially transported with the helium stream to the mass spectrometer, where they 
are analyzed by continuous flow mode. The coupling of IR-MS and an elemental analyzer allows 

Magnet

Faraday
collectorsIon

source

Figure 6.7  A diagram showing components in a typical isotope ratio mass spectrometer (IR-MS). (From 
Karl von Reden, Woods Hole Oceanographic Institution, with kind permission of Media Relations, Woods 
Hole Oceanographic Institution.)
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routine d15N and d13C analyses for organic samples. Although it is not as precise as the dual inlet, 
an elemental analyzer makes sample preparation much easier, and both d15N and d13C are measured 
on the same sample.

Furthermore, the IR-MS can also be interfaced with a gas chromatograph (GC) and a combustor, 
called GC-C-IR-MS. The GC-C-IR-MS allows measurement of isotope composition of individual 
compounds, such as fatty acid and amino acids (see also Section 6.6.3).

6.7.2	A ccelerator Mass Spectrometer

Radiocarbon can be measured by either beta counting or accelerator mass spectrometry (AMS) 
techniques (see Chapter 13). AMS has an advantage in the measurements of natural abundance 
radiocarbon in organic matter samples, when sample size is too small (e.g., marine DOM samples) 
to be accurately measured by beta counting (e.g., Tuniz et al., 1998). Components of the AMS 
system include ion source, injector magnet, tandem accelerator, analyzing and switching magnets, 
electrostatic analyzer, and gas ionization detector (Figure 6.8). The strength of AMS is its power to 
separate a rare isotope (e.g., 14C, with an abundance in parts per trillion) from other abundant iso-
topes (e.g., 12C, with a abundance in 98.89%). This makes it possible to detect many naturally occur-
ring, long-lived radionuclides that can be used as tracers for organic carbon cycles, such as 14C and 
129I (see Chapter 13). Therefore, AMS techniques, where all the 14C atoms are counted directly, can 
outperform the decay counting techniques, where only those decaying during the counting interval 
are counted. Especially for isotopes with a long half-life, decay counting techniques become much 
disadvantaged compared to AMS techniques. The isotopic fractionation on the 14C/12C ratio is about 
two times that on the 13C/12C ratio due to the difference in mass. To account for differences in isoto-
pic fractionation between 14C and 12C, values of d13C are needed. Depending on the detection limit 
and decay half-life of 14C, the timescales that can be resolved using radiocarbon are higher than 
50 years (the standard deviation may be larger than the age obtained for recent or young samples), 
but less than 50,000–60,000 years. This maximum 14C age limit is encountered when the 14C activ-
ity in a sample is too low to be determined compared to the background 14C activity. Thus, no age 
is reported greater than 60,000 years.

6.7.3	GC -IR-MS

The coupling of a conventional GC with a specialized isotope ratio mass spectrometer allows the 
interface to convert all organic matter continuously and quantitatively into a single molecular form 
for isotopic measurements (e.g., Eglinton et al., 1996; Sessions, 2006). In general, if a compound of 
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Figure 6.8  A diagram showing component of an accelerator mass spectrometer (AMS).
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interest can be analyzed by GC or GC-MS, the 13C isotope ratio can be measured using a specific 
GC column and oven program.

Figure 6.9 shows a typical GC-IR-MS system configured for D/H analysis (Sessions, 2006). 
Major components include: (1) injector, (2) analytical column, (3) flame ionization detector, (4) 
unions, (5) back flush valves, (6) pyrolysis reactor, (7) open split, (8) reference gas injector, (9) 
electron impact ionization source, (10) magnetic-sector mass analyzer, (11) Faraday detectors, 
and (12) analog electrometers. Isotopes of C and N are analyzed, respectively, as CO2 and N2, 
derived from combustion of sample residues, while H and O are analyzed as H2 and CO produced 
by pyrolysis.

6.8	 Quality Assurance

Common quality assurance and quality control (QA/QC) should be performed on a daily basis. 
Before sample analysis, standard reference materials are analyzed to verify instrument performance. 
If the values of the standard materials do not fall within the expected range, samples are not ana-
lyzed until the expected performance has been established. During sample analysis, blank samples, 
including procedural, reagent, and instrument blanks, and reference standard samples are analyzed 
with the samples frequently for the purpose of quality assurance and quality control. Furthermore, 
replicate measurements should be done for each sample to determine the reproducibility and to ver-
ify the performance of the IR-MS system. By evaluating the data from reference materials, blanks, 
reproducibility, and instrument drift, the data quality can be evaluated. If a problem is detected 
with either drift or poor performance, the samples should be reanalyzed. The standard deviation of 
IR-MS analyses (about ±0.4‰) can be obtained based on internal standard measurements over a few 
days’ operation. Precision is normally 0.1‰ for d13C and 0.2‰ for d15N.

6.9	 Future Research

Stable isotopes and radiocarbon composition of organic matter can provide useful information on 
biogeochemical cycles of DOM, COM, and POM in estuarine, coastal, and oceanic environments. 
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Figure 6.9  Schematic of a typical GC-IR-MS system configured for D/H analysis. Major components are: 
(1) injector, (2) analytical column, (3) FID, (4) unions, (5) back flush valves, (6) pyrolysis reactor, (7) open 
split, (8) reference gas injector, (9) electron impact ionization source, (10) magnetic-sector mass analyzer, (11) 
Faraday detectors, and (12) analog electrometers. (From Sessions, 2006, with kind permission from Elsevier 
Limited.)
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A combination of multiple isotope measurements enhances the power to understand the compli-
cated systems and the interlinked processes. Further research is needed to focus on:

Improving the efficiency of DOM isolation and separation from seawater for multiple •	
isotope analyses
Analysis of sulfur isotopic composition in marine organic samples with low sulfur abun-•	
dance, and improving direct measurements of DON-d15N in seawater samples
Improving online coupling between compound separation techniques such as GC and •	
HPLC, and specialized instruments for isotope and radiocarbon analyses, such as IR-MS 
and AMS
Finding a specific organic compound in the marine organic matter pool that has a dis-•	
tinctive stable isotope signature in terrestrial, marine, atmospheric, and anthropogenic 
organic sources, so that the relative contribution of autochthonous and allochthonous 
sources can be quantified in the marine environment
Coupling of organic size fractionation with compound class and compound specific •	
separation techniques for the measurements of isotopic composition of marine organic 
matter
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