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LETTER

The nature of organic phosphorus in marine sediments: New insights from 3'P NMR
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Abstract—Different classes of organic phosphorus compounds have been identified in marine sediment
samples taken at depth in cores from pelagic, lower slope, and continental shelf depositional environments
using solution and solid-state magic angle spinning (MAS) >'P nuclear magnetic resonance (NMR) tech-
niques. Phosphate esters have been identified as the major form of organic phosphorus in all sediment
extracts and in separated bulk organic matter. Phosphonates, a form of organic P previously unreported
in marine sediments, were identified in all but one of the samples. The persistence of both phosphate
esters and phosphonates at depth in sediment cores suggests that these compound classes include unde-
gradable forms of organic phosphorus that represent an important sink for phosphorus in the ocean.

INTRODUCTION

BECAUSE OF THE IMPORTANCE of the nutrient element phos-
phorus in marine biological cycles, much effort has been made
in recent years to quantify the sources and sinks of phosphorus
in the ocean (e.g., MEYBECK, 1982; FROELICH et al., 1982;
RUTTENBERG, 1990). One quantitatively important sink is
the burial of organic phosphorus in marine sediments
(FROELICH et al., 1982; INGALL and VAN CAPPELLEN, 1990).
It has been proposed that the burial of organic phosphorus
compounds resistant to diagenetic breakdown (refractory or-
ganic P) may play a significant role in the overall marine
phosphorus budget (FROELICH et al., 1982; INGALL and VAN
CAPPELLEN, 1990). Despite the importance of organic phos-
phorus burial, little is known about the speciation of organic
phosphorus compounds in marine sediments. As a direct
method of characterizing organic phosphorus in sediment
organic matter, both solution and solid-state magic angle
spinning (MAS) *'P nuclear magnetic resonance (NMR)
techniques were employed.

In a typical down-core profile, organic phosphorus con-
centrations in marine sediments decrease rapidly in the first
few cm and then approach a constant value. The rapid de-
crease in organic phosphorus concentration reflects the bac-
terial breakdown and release of phosphorus from the most
labile fractions of organic matter (KROM and BERNER, 1981).
It has been proposed that during further bacterial breakdown,
differential rates of organic carbon and phosphorus release
lead to the formation of a phosphorus-enriched residual or-
ganic matter made up entirely of refractory (i.e., less degrad-
able) phases (INGALL and VAN CAPPELLEN, 1990). In order
to characterize organic phosphorus in marine sediments and
to look for potentially refractory phosphorus phases, samples
were taken at depth in cores from a wide range of marine
depositional environments (Table 1). Freeze-dried phyto-
plankton also was analyzed in order to characterize one of
the many possible organic inputs to the sediments.
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METHODS

Table 1 includes sample descriptions and gives references con-
taining additional site information. All samples were pre-treated with
a citrate-dithionite-bicarbonate (CDB) solution buffered to pH 7.6
(RUTTENBERG, 1990) to remove paramagnetic iron phases which
have been shown to interfere strongly with the collection of NMR
spectra (VASSALLO et al., 1987). This treatment is also effective in
removing inorganic iron-phosphate phases. Samples were prepared
for solution NMR by placing approximately 30 g of dry sediment in
200 mi of 0.5 N NaOH and stirring for 24 h. This treatment extracted
13-44% of the organic phosphorus and 22-42% of the organic carbon
from the sediments (Table 1). The resulting solution was centrifuged,
to remove suspended solids > 0.2 um, and then concentrated by
evaporation to a volume of approximately 10 ml.

Approximately 5 g of dry sediment were used for solid-state MAS
NMR experiments. These sediments were first treated with CDB,
washed twice with 1 N HC1, and then repeatedly washed with 20%
HF in | N HC1. Before decanting the wash solution after each step,
samples were centrifuged to remove suspended solids < 0.2 ym from
solution. This method dissolved most mineral phases, including in-
organic phosphorus compounds, and concentrated the organic matter.
Solution samples were analyzed at 11.7 T using a Bruker NMR spec-
trometer. Solid samples were analyzed at 7 T using a home-built
spectrometer equipped with a Doty Scientific high-speed spinning
probe. Both NMR spectrometers are housed at the Yale Department
of Chemistry.

RESULTS AND DISCUSSION

Samples were chosen to reflect a wide range of marine
depositional environments in terms of sedimentation rate.
This variable has been shown to be key in terms of sedimen-
tary organic matter preservation (INGALL and VAN CAPPEL-
LEN, 1990; CANFIELD 1989). Depositional age (Table 1), cal-
culated using the sedimentation rate and the depth of the
sampled core interval, provides a maximum indication of
how long organic matter in a given sediment has been exposed
to near-surface diagenetic processing. Samples also cover a
wide range of organic carbon and organic phosphorus con-
centrations and extrabilities (Table 1).
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Table 1. Sample information.

Site Name Location & Depositional ~ Water  Organic C® OrganicP? % of Organic % of Organic
& Description  Core Interval (cm) Age (years)> Depth (m) % umol/g C extracted P extracted
Carmen Basin!  Gulf of California 225 3.5 9.38 42 35
26°28.3'N 110°00.0W
(40-50)
DOMES? N. Equatorial Pacific 57,000 0.3 4.33 26 13
Site C 57-58 15°9.5'N 125°54.4'W
(7-9)
SEEP A3 Continental Shelf 19 2.9 16.1 22 44
83 Gyre 9 Mid Adantc Bight
Sta. 1 40°28.1'N 70°54.1'W
(15.5-17.5)
SEEP C3 Continental Slope 97 1.1 5.3 40 2
83 Gyre 9 Mid Atlantic Bight
Stas 39°10.9'N 70°42.9'W
(13.5-15.5)
Walvis Bay4 Namibian Shelf 42 4.8 23
All-93/3-15 22°36.0'S 14°07.0 E
(40-48)

Additional site information: IDEMASTER and TUREKIAN (1987); 2COCHRAN and KRISHNASWAMI (1980); 3ANDERSON ET AL.

(1988); 4DEMASTER (1979).

SDepositional ages calculated using mid-depth of analyzed core interval divided by the reported bulk sedimentation rate.
6Determined using the method described in KROM and BERNER (1983).

7The method used to determine organic phosphorus concentrations (ASPILA ET AL., 1976) cannot be applied to sediments with
high concentrations of inorganic phosphorus such as those from Walvis Bay.

Solution and solid-state NMR spectra are presented in Figs.
1, and 2 respectively. Chemical shifts are reported in ppm
using 85% phosphoric acid as the standard. Several things
should be noted regarding the interpretation of the spectra.
First, peak areas are dependent both on abundance and cou-
pling effects on phosphorus spin systems in the different mo-
lecular groups. Since coupling effects were not determined
as part of this study, quantitative estimates of various phos-

Plankton
Walvis Bay

phorus species were not attempted. Caution should be applied
in evaluating relative peak areas in a given spectrum. Second,
the base extracts used in solution NMR experiments only
represent a portion of the organic phosphorus (13-44%, Table
1) contained in a sediment; hence, some organic phosphorus
phases are potentially missed. Finally, the severe nature of
sample extraction necessary to prepare samples for both so-
lution and solid-state NMR results in the alteration of some
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FIG 1. *'P NMR solution spectra for NaOH extracts of marine phytoplankton and sediment samples listed in Table
1. Arrows indicate probable phosphonate peaks. Data collected over 7000-37,000 scans, using a 0.4 sec recycle time,

15 usec 30° pulse time and 32 K data points.
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FiG 2. ¥P MAS NMR spectra of Walvis Bay and SEEP A organic
concentrates at spinning frequencies of 9 and 8 kHz, respectively.
Data collected over 750 scans, using a 90 sec recycle time, 4-phased
cycled 4 usec 90° pulse time and 1 K data points. Full width at half
maximum is 4 ppm for Walvis Bay and 8 ppm for SEEP A.

organic phosphorus compounds. The nature of these potential
extraction effects are considered in the following discussion.

The sharp peak at 6 ppm, highest on all solution spectra
(Fig. 1), is characteristic of free inorganic orthophosphate in
a strong NaOH solution (HAWKES et al., 1984). This peak
probably represents phosphate liberated from mineral and
organic phases during base extraction. Spectra for the SEEP
A, SEEP C, DOMES, and Carmen Basin extracts, have a
small peak at approximately 20 ppm {denoted by the arrows
in Fig. 1). In addition, chemical shifts of 18.2 and 16.6 ppm
are observed in the spectra of SEEP A. Chemical shifts in
this region have been attributed to phosphonic compounds
in extracts of soils (HAWKES et al., 1984; TATE and NEWMAN,
1982; NEWMAN and TATE, 1980) and marine organisms
{HILDERBRAND, 1983; HENDERSON et al., 1972; GLONEK et
al., 1970; QuIN, 1967; KiTTREDGE and ROBERTS et al., 1969;
KITTREDGE et al., 1969). To our knowledge, these results
document for the first time the occurrence of phosphonic
compounds in marine sediments.

Phosphonic compounds occur widely in nature (HILD-
ERBRAND, 1983; QUIN, 1967). They have been shown to
comprise approximately 3% of the total phosphorus in an
undifferentiated sample of marine phytoplankton and mi-
crozooplankton (KITTREDGE et al., 1969). The absence of a
peak at =20 ppm in our marine phytoplankton sample
probably means that their concentration in the extract was
below detection. Phosphonic compounds are unique in that
phosphorus is bonded into an organic molecule via a direct
carbon-phosphorus (C-P) bond. The chemical stability of the
C-P bond makes release of phosphorus from phosphonic
compounds difficuit even after prolonged acid and base hy-
drolysis (QUIN, 1967; KITTREDGE and ROBERTS, 1969). It
has been shown that while certain marine microorganisms
can break down aminophosphonic acids, this process is in-
hibited in the presence of orthophosphate-containing com-
pounds (ROSENBERG and LA NAUZE, 1967). Preferential de-
composition of the orthophosphate-containing organic com-
pounds enriching the sedimentary organic matter in the more
resistant phosphonic compounds could explain our obser-
vations,

Peaks in the range 5.5 to —4 ppm on the solution and
solid-state spectra are characteristic of orthophosphate esters
and diesters. It is impossible at the resolution of our method
to attribute any given chemical shift to specific phosphorus
monoesters or diesters. Naturally occurring orthophosphate

monoesters generally appear in the region from 5 to 3.5 ppm
in basic solutions (HAWKES et al., 1984; TATE and NEWMAN,
1982; NEWMAN and TATE, 1980; GLONEK et al., 1970). Or-
thophosphate diesters generally have chemical shifts at lower
ppm values relative to monoesters, due to increased shielding
of the P nuclei by ester linkages, and could explain the peaks
at <3.5 ppm on both solution and solid spectra. One potential
candidate for a phosphate monoester that would be poten-
tially stable during early diagenesis would be the inositol
phosphates. Inositol phosphates make up a large fraction of
the organic phosphorus in soils (STEVENSON, 1986) and have
also been shown to occur in marine sediments (WHITE and
MILLER, 1976). The chemical shift of inositol hexaphosphate
run at the same conditions as the sediment samples consists
of a series of closely spaced peaks from 4.8 to 4.1 ppm, ap-
proximately the region covered by the largest observed phos-
phate ester peak in all spectra. Inositol phosphates have been
shown to be resistant to acid and base hydrolysis (STEVENSON,
1986; WHITE and MILLER, 1976) and thus are another po-
tential refractory organic phosphorus phase.

Peaks in the <3.5 ppm region both in solution spectra and
solid-state NMR spectra for SEEP A and Walvis Bay most
likely reflect the presence of phosphate diesters. Of many
naturally occurring phosphate diesters, phospholipids are a
geologically reasonable candidate. Phospholipids have not
been specifically identified in marine sediments, but chemical
shifts in the region of —2 ppm have been assigned to phos-
pholipids in base extracts of soils (HAWKES et al., 1984; TATE
and NEWMAN, 1982; NEWMAN and TATE, 1980). Interpre~
tation of these peaks as phospholipids would be consistent
with organic geochemical studies on SEEP A and Walvis Bay
showing that sediment organic matter at these sites contains
a high proportion of lipid material (VENKATESAN et al., 1988;
DEMASTER, 1979), If present, some of the phospholipids are
apparently resistant, during processing for NMR study, to
both strong acid (solid-state NMR) and to strong base (so-
lution NMR). Absence of a peak corresponding to ortho-
phosphate in the solid-state spectra, and its presence in the
solution spectra, suggests that hydrolysis of some of the ester
linkages to orthophosphate occurs during treatment with
strong base, as found by others (HAWKES et al., 1984; TATE
and NEWMAN, 1982; NEWMAN and TATE, 1980).

CONCLUSIONS

Decomposition of organic matter has been shown to be
extensive in pelagic sediments (INGALL and VAN CAPPELLEN,
1990) such as those at the DOMES site. Presence of organic
phosphate esters in the DOMES sediment with a depositional
age of 57,000 a (Table 1) indicates that some compounds in
this class are resistant to long-term diagenesis, In addition,
phosphonates, a clearly refractory form of organic phospho-
rus, were identified in all but one of the sediment samples.
The similarity in the spectra .of the DOMES sediment and
the sediments with depositional ages that are younger by 2
to 3 orders of magnitude suggests that diagenetic release of
labile phosphorus phases and the formation of a residual or-
ganic matter made up of refractory phosphate esters and
phosphonates occur on a geologically rapid time scale.
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