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Abstract 

Differential X-ray powder diffraction (DXRD) and extraction procedures were used to characterize the iron oxides 
present in four sediments from contrasting environments in the North Sea. Stations were located in depositional areas on the 
southern shelf (German Bight) and on the north-eastern shelf-slope transition (Skagerrak) and in areas with no net deposition 
in the southern North Sea. Poorly crystalline ferrihydrite and akageneite (extractable with 0.1 M HCI and 0.2 M 
NH,-oxalate) were identified in the fine sediment fraction ( < 10 pm) of surface samples at all locations. Evidence for the 
dominant role of these Fe oxides in the binding of phosphorus in North Sea sediments was obtained from the good 
relationship of both the content of Fe-bound P and the linear adsorption coefficient for phosphate with NH,-oxalate 
extractable Fe. A tight coupling of pore water Fe*’ and HPO$- was observed at 3 stations. Pore water Fe’+/HPOj- ratios 
at maximum pore water concentrations of Fe*+ were similar to NH,oxalate Fe/Fe-bound P ratios for surface sediment at 
these locations, and were in the range known for synthetic poorly crystalline Fe oxides. This suggests that pore water 
HPOi- production at the time of core collection was dominated by release from poorly crystalline Fe oxides. In contrast, at 
the German Bight station, much higher HPOi- levels and a decoupling of pore water Fe*+ and HPOi- was observed, 
suggesting a larger contribution of mineralization of organic matter to pore water HF’Oa- than at the other sites. Solid phase 
P analyses indicate possible redistribution of Fe-bound P to another inorganic phase at depth at the Skagerrak station, but not 
at the other stations. The persistence with depth of poorly crystalline Fe oxides and Fe-bound P suggests that these Fe phases 
can act as both a temporary and permanent sink for P in continental margin sediments. 

1. Introduction surface layer of the sediment can act as a “trap” for 

Iron oxides, hydroxides and oxyhydroxides 
(henceforth called Fe oxides) can provide sorption 
sites for compounds with a high affinity for the Fe 
oxide surface such as many trace metals, silica and 
phosphorus (P). The large effect of these sorption 
processes on the cycling of P in marine sediments is 
well-documented. Fe oxides present in the oxidized 
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pore water IWO%- diffusing upwards (Krom and 
Bemer, 1980; Sundby et al., 1992; Slomp and Van 
Raaphorst, 1993). Rapid sorption and release of P 
from “reactive” Fe oxides can control pore water 
IWO:-concentrations and thus directly affect sedi- 
ment-water exchange (Sundby et al., 1992; Van 
Raaphorst and Kloosterhuis, 1994). Simultaneous re- 
lease of P and fluoride from Fe oxides may provide 
the necessary conditions for early diagenetic carbon- 
ate fluorapatite (CFA) precipitation (Ruttenberg and 
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Bemer, 1993). The persistence of some Fe oxides 
with depth, as has been observed in many marine 
sediments (e.g. Sundby et al., 1992; Jensen and 
Thamdrup, 1993; Kostka and Luther, 19941, enables 
Fe-bound P to become an important permanent reser- 
voir for P in marine sediments (Ruttenberg, 1993). 
As the mineralogy and crystallinity of Fe oxides 
strongly influence their HPOi- sorption characteris- 
tics (Borggaard, 1983a; Parfitt, 1989; Ruttenberg, 
1992) and their susceptibility to reduction (Schwert- 
mann, 19911, knowledge of the character of these Fe 
phases in marine sediments is essential for a correct 
understanding of their role in the P cycle. 

The reported occurrences of Fe oxides in the 
marine environment compiled by Murray (1978) and 
Bums and Bums (1980) mostly apply to concretions 
or nodules found in deep sea sediments. Very little is 
known about the mineral forms of Fe oxides in 
coastal marine sediments. Direct determination with 
conventional techniques (e.g. X-ray powder diffrac- 
tion, X-ray microanalysis) is difficult which is due to 
their low concentrations, their (presumably) poor 
crystallinity, and the fact that they are generally 
present as coatings on other particles. As an altema- 
tive, extraction techniques which have been tested 
for their selectivity using pure mineral phases are 
widely employed (e.g. Canfield, 1988; Canfield, 
1989; Kostka and Luther, 1994). When applied to 
natural materials these techniques are only opera- 
tionally defined. Firstly, extractants always suffer 
from a lack of absolute specificity in mineral or 
phase separation. Secondly, mineral phases in sedi- 
ments may have very different solubilities compared 
to the standard materials used for calibration, e.g., 
due to another mode and environment of formation 
and variations in the extent of weathering prior to 
deposition. 

Sequential X-ray powder diffraction measure- 
ments in combination with extraction schemes (dif- 
ferential XRD: DXRD) partly circumvent the above 
mentioned problems by lowering the detection limit 
for Fe oxides and making direct identification of 
extracted phases possible (Schulze, 1981; Van der 
Gaast, 1991; Wang et al., 1993). In this study the 
DXRD technique is applied to the fine sediment 
fraction (< 10 pm> of surface samples from four 
contrasting environments in the North Sea with the 
aim of identifying the Fe oxides present. The DXRD 

results are combined with bulk sediment solid phase 
speciation (determined using extraction procedures) 
and pore water profiles of Fe*+ and I-IPOi- to 
determine whether the identified Fe oxides are re- 
sponsible for the binding of P in these sediments. 
The results show that poorly crystalline akageneite 
and ferrihydrite are the most important Fe oxides in 
these continental margin sediments and that these Fe 
phases are responsible for the binding of P. 

2. Materials and methods 

2.1. Study sites and sample collection 

The North Sea is a semi-enclosed part of the 
north-west European shelf with water depths gradu- 
ally increasing from less than 30 m in the south to 
about 200 m in the area between the Shetlands and 
the Norwegian coast. To the northeast, in the Skager- 
r&/Norwegian channel, the seafloor slopes down to 
a depth of 700 m. The water circulation and transport 
of suspended matter are predominantly counterclock- 
wise (Fig. 1). Net sedimentation of material is negli- 
gible outside the deposition areas of the inner Ger- 
man Bight and the Skagerrak/Norwegian Channel 
(Eisma and Kalf, 1987), where estimated sedimenta- 
tion rates vary between 0.5 and 1 cm yr- ’ (Van 
Haugwitz et al., 1988; Eisma and Kalf, 1987) and 
between 0.1 and 0.5 cm yr-’ (Van Weering et al., 
1987; Anton et al., 19931, respectively. An estimated 
50 to 70% of total North Sea suspended matter 
eventually is deposited in the Skagerrak/Norwegian 
Channel (Eisma and Kalf, 1987). Local sources of 
suspended matter, due to past dredging and dumping 
of harbour sludge, may be of some importance in the 
German Bight (Irion et al., 1987). In contrast to the 
Skagerrak area, large seasonal variations in deposi- 
tion and mineralization rates of organic matter occur 
in the German Bight area, leading to sediment anoxia 
in summer (Lohse et al., 1995). 

Four locations with a wide range of sediment 
characteristics (Table 1) were selected for this study. 
Stations 9 and 13 (medium silt) are located in the 
main depositional areas (Skagerrak and German 
Bight), whereas stations 5 and 14 (fine sand) are 
both located in areas with no net deposition. Station 
14 lies right outside the German Bight depositional 
area. 
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Fig. 1. Map of the North Sea showing the sampling locations and station numbers. Main transport routes of water and suspended matter in 

the North Sea am indicated (arrows). Stippled areas indicate main depositional regions. 

Table 1 
Location, depth and some general characteristics of the sediment at the sampling locations (median gram size determined in the upper O-O.5 

cm of the sediment, all other parameters are averages for the 0- 1 .O cm layer). Sediment classification is based on the Wentworth size scale 

(Pettijohn and Potter, 1972) 

St. nr. Location Water Porosity org. c Org. N 0rg.P CaCO, <lOpm Median Sediment 

Lat. Long. 
depth (v/v) (%o) (%) (o/o) (o/o) fraction grain size classification 

Cm> (o/o) ( pm) 
N E 

5 54.25 4.04 49 0.49 0.17 0.027 0.0023 1.7 8 103 very fine sand 
9 58.20 10.27 330 0.89 2.83 0.338 0.0291 9.6 72 6 medium silt 

13 54.05 8.09 19 0.64 0.82 0.097 0.0108 10.3 42 1.5 medium silt 
14 54.14 7.20 39 0.56 0.36 0.047 0.0050 6.5 7 98 very fine sand 
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In February 1992 sediment cores were obtained 
with a cylindrical box corer (31 cm i.d.) which 
enclosed 30 to 50 cm of sediment column together 
with 15 to 25 1 of overlying bottom water. Subsam- 
ples were taken from the box core with acrylic liners 
which were closed with rubber stoppers. Only cores 
without any visible surface disturbance were used. 
At all stations a brown surface layer was observed, 
varying in thickness from - 5-7 cm (St. 5, 13, 14) 
to - 10 cm (St. 9). The underlying sediment was 
either black (st. 131, brown/black (st. 5, 9) or 
grey/black (st. 14). 

2.2. Pore water and solid phase analysis 

To obtain pore water, sediment from lo-15 sub- 
cores (i.d. 3.1 cm) was sliced in a nitrogen flushed 
box immediately after collection. Slices from 9 depth 
intervals (o-0.4, 0.4-1, 1-1.5, 1.5-2, 2-3, 3-4, 
4-6,6-S, 8-10 cm> were pooled in teflon centrifuge 

tubes with a built-in filter specially designed for 
sandy, low porosity sediments (Saager et al., 1990) 
at stations 5 and 14, and in 50 ml polypropylene 
centrifuge tubes at stations 9 and 13. These were 
centrifuged for 10 min at 1700 g. The filtered 
(cellulose acetate, 0.45 pm> samples were acidified 
to pH = 1 and stored at 4°C until analysis for I-II?O~-, 
Fe’+ and Mn2+. All sample manipulations took 
place at in situ temperature (4.4 to 6.4”C). 

Sliced sediment from 8-10 additional subcores 
was pooled and stored frozen (- 20°C) until solid 
phase analysis. Sediment from 7 depth intervals (O- 
0.5, 0.5-1, 1-2, 2-4, 4-6, 6-8, 8-12 cm> was 
subjected to five (non-sequential) extraction proce- 
dures for Fe: (1) 0.1 M HCl for 18 h (Duinker et al., 
1974); (2) 1 M HCl for 24 h (Canfield, 1988); (3) 
0.2 M NH,-oxalate/oxalic acid buffer (pH 3.0) for 2 
h under oxic conditions in the dark (Schwertmann 
and Cornell, 1991); (4) 0.5 M oxalic acid for 2 h (pH 
1.7) (Schwertmann and Cornell, 1991); (5) citrate- 

Table 2 
Percentages of Fe extracted from common Fe-containing phases as determined either directly or estimated using standard minerals and four 
types of extraction solutions under various extraction conditions 

Mineral Oxalate lMHC1 Oxalic ac. Dithionite 

% Fe Ref. % Fe Ref. % Fe Ref. % Fe Ref. 

Amorphous Fe oxide 40-70 b 34-72 b 95 b 
Ferrihydrite (FesHO, .4H,O) 47-82.70-80, 100 &fag 100 a 100 a,Lg 
Akageneite ( PFeOOH) <3, + f,e 

Lepidocrocite (y-FeOOH) < 2.42, 50 f,d,a 7 a 100 a 
Goethite ( cr-FeOOH) < 1, < 3,35 gab,f,b < 0.5, < 3 b,a 4-6 b 60-93, 100 ftkg,a,l 
Hematite (a-Fe,O,) <I,<5 gabf < 0.5, < 3 b,a 7-12 b 5-30.63.98, 100 f,g,a,kl 
Magnetite (Fe,O,) 20,60,70,95 b,g.f,a < 0.5, < 3 b,a 28-35.100 b,m 3.90 a,g 
Amorphous FeS 100 g 100 c 100 g 
Mackinawite (FeS) 92 c 

Siderite (FeCO,) 
Gmigite (Fess,) 40-67 c 

Pyrite (FeS,) 0 c h 
ChlOlite <3,3 a.g 32 a 2. 5.7 i,g,a 
Smectite _ j j 
Vermiculite + k 
Nontronite <3 a 7 a 27 a 
Illite j j 
Glauconite <3 a 10 a 10 a 
Biotite <3 a 22 a 

Garnet <3 a <3 a <3 a 

Key to the references: (a) Canfield, 1988; (b) Chao and Zhuo, 1983; (c) Comwell and Morse, 1987, (d) Karim, 1984, (e) Kauffman and 
Hazel, 1975; (0 Kodama and Ross, 1991 (g) Kostka and Luther, 1994; (h) Lord, 1982; (i) Lucotte and d’Anglejan. 1985; (i> McKeague and 
Day, 1966; (k) Mehra and Jackson, 1960; (1) Ruttenberg, 1992, (m) Schwertmann and Cornell, 1991. + and - indicate substantial and 
minor dissolution, respectively, but % Fe extracted unknown. Letters not subdivided by commas refer to the same percentage in the table. 
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dithionite-bicarbonate solution (CDB, pH 7.3, 8 h, 
20°C) (Ruttenberg, 1992). We tested the effect of the 
use of a higher temperature (70°C) and a shorter 
extraction time (15 min) as suggested in the original 
procedure for CDB-extractable Fe (Mehra and Jack- 
son, 1960) using surface sediment from stations 5 
and 9. We found no significant difference with the 8 
h extraction at room temperature (2O”C), even upon 
repeated (2 X > extraction. Oven-dried (6O”C), ground 
(teflon mortar and pestle) material was used for the 
HCl extractions. Untreated, wet sediment was used 
for all other procedures. Oven-drying may lead to 
phase modification and transformation of particularly 
poorly crystalline Fe oxides, and this may result in 
changes in their solubility (Schwertmann and Cor- 
nell, 1991). We checked whether this occurred at our 
relatively low oven-temperature by extracting both 
oven-dried and wet surface sediment from station 5 
with 1 M HCl. We found no significant difference 
between the quantities of Fe extracted. All extraction 
procedures were performed with sediment under oxic 
conditions, therefore all Fe profiles include oxidized 
FeS. We have no data on FeS in these sediments, but 
based on results of other studies on Fe in North Sea 
sediments (Jorgensen, 1989; Canfield et al., 1993) 
we assume that FeS accounted for less than 10% of 
CDB-Fe. 

Table 2 gives an overview of the percentages of 
Fe that are extracted from common Fe-containing 
phases as determined using standard minerals and 
four types of extraction solutions with similar active 
components (i.e. oxalic acid, 1 M HCl, oxalate and 
dithionite) to those applied in this study. A part of 
the observed variation in the efficiency of the extrac- 
tions can be attributed to differences in the extraction 
conditions used in each study (extraction time, buffer 
system, etc.). Oxalate extractable Fe is often used as 
a rough indication of the amount of poorly crys- 
talline Fe oxides in a sediment. 1 M HCl would be 
expected to additionally extract Fe from clay miner- 
als. Although no evidence from experiments with 
standard minerals are available, oxalic acid may also 
extract clay mineral Fe (due to its low pH) and 
would be expected to give results comparable to 1 M 
HCl. Dithionite extractable Fe should give a measure 
for total Fe oxide Fe. No tests of 0.1 M HCl 
extractions with standard minerals are known, but it 
is assumed to extract the same phases as 1 M HCl 

with less attack on clay minerals (Duinker et al., 
1974). 

CDB-extractable P is used as a measure for total 
Fe-bound P (Ruttenberg, 1992). Inorganic and total P 
were determined as 1 M HCl-extractable P (24 h) 
before and after ignition of the sediment at 550°C (2 
h). The difference between total and inorganic P is 
used as a measure for organic-P (Aspila et al., 1976; 
Ruttenberg, 1992). Dilute (0.1 M) HCl, NH,-oxalate, 
and oxalic acid extractions can partially solubilize 
apatite P (Lucotte and d’Anglejan, 1985) and P 
attached to surfaces of crystalline Fe oxides. There- 
fore it is not possible to differentiate directly be- 
tween P bound to different types of Fe oxides with 
these extractions. 

Porosity was determined by weight loss of the 
sediment after drying at 60°C for 48 h and assuming 
a specific sediment weight of 2.65 kg dme3. Grain 
size distribution was determined with a Malvem 
particle analyzer. Total C and N and organic C were 
measured with a Carlo Erba 1500-2 elemental ana- 
lyzer (Verardo et al., 1990). All sediment N was 
assumed to be in an organic form. CaCO, contents 
were calculated from inorganic C contents. A good 
correlation with CaCO, values calculated from 1 M 
HCl extractable da was found (HCl-CaCO, = 0.93 
X Inorg.C-CaCO, + 0.11; R2 = 0.93). 

2.3. DifSerential X-ray powder difSraction 

The < 10 pm fraction of surface sediment from 
all four stations was used for the XRD analysis for 
two reasons. Firstly, Fe oxides are expected to be 
mostly present in the fine sediment fraction, either in 
the form of coatings on other particles such as clay 
minerals or as very small crystals (5-150 nm in size; 
Schwertmann, 1991). Secondly, the particle size of 
substances analyzed with XRD is preferred to be 
below 10 pm (Van der Gaast, 1991). 

In order to concentrate the Fe oxides the < 10 
pm fraction of sediment from 0.5-1.0 cm depth 
(insufficient material was available from the O-O.5 
cm depth layer) was separated by repeated centrifu- 
gation and resuspension. Microscopic examination 
(1000 X magnification) showed that very few parti- 
cles larger than 10 pm were present indeed. Calcium 
carbonate was removed by a 1 h extraction with 1 M 
sodium acetate buffer (pH 5) to prevent the forma- 
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tion of a Ca-oxalate complex during extraction with 
oxalic acid or NH,-oxalate. The XRD characteristics 
of smectites depend on the type of cation that they 
hold in their exchange sites. To ensure that the 
exchange sites of the sediment smectites were al- 
ways saturated with Ca, the sediment was exchanged 
with Ca using a CaCl, solution after each extraction 
step. This was followed by a rinse to remove the 
excess Ca. An ethanol-water mixture (l/l) was 
used for this rinse, to minimize hydrogen ion substi- 
tution for the exchangeable Ca (Moore and Reynolds, 
1989). XRD analysis was performed on vacuum 
dried samples before and after each extraction. The 
sediment portions from each station were extracted 
non-sequentially with NH,-oxalate and oxalic acid. 
The sample from station 5 was also extracted with 
0.1 M HCl. Only following the oxalic acid extraction 
the sediment residues were subjected to two sequen- 
tial CDB-extractions. 

Randomly oriented specimens were prepared by 
gently pressing N 10 mg of sample material in a 
depression of a monocrystalline Si-disc which pro- 
vides a very low background and no diffraction 
peaks. The XRD analysis was carried out using 
COK~Y-radiation (40 kV, 40 mA) and a wide angle 
goniometer (PW 1050/25, Philips). The apparatus 
was equipped with a long fine focus X-ray tube, a 
graphite monochromator and a vacuum-helium de- 
vice. Further details on instrumentation and method- 
ology are given by Van der Gaast (1991). 

DXRD patterns were obtained by subtraction of 
the XRD pattern after treatment from that before 
treatment. The patterns were normalized by calculat- 
ing an intensity-ratio from a part of the pattern 
between 1.5 and 18” 28, from which only incoherent 
radiation was detected. After subtraction, the patterns 
were smoothed over nine points of equal weight. The 
removal of Fe oxides from sediments often results in 
an improved orientation of clay minerals (Moore and 
Reynolds, 1989). This causes an increase in their 001 
(i.e. the diagnostic reflections used for the identifica- 
tion of the clay minerals) and a decrease in their hk 
(non-diagnostic) reflections. As a consequence, sub- 
traction results in negative and positive peaks in the 
DXRD pattern, at the positions of the diagnostic and 
non-diagnostic reflections, respectively. These posi- 
tive peaks are thus not indicative of clay mineral 
dissolution but solely reflect the change in clay 

mineral orientation. The same holds for positive 
peaks in the DXRD pattern for feldspar and quartz. 

Due to a strong shift in the reflections of smectite 
as a result of NH, fixation in all samples extracted 
with NH,-oxalate, interpretation of the matching 
XRD and DXRD diagrams was not possible (also 
see Kodama and Ross, 1991). We tried using Na- 
oxalate as an alternative, but found that a precipitate 
was formed when making a 0.2 M buffer solution of 
pH 3. Consequently, DXRD could only be applied to 
the 0.1 M HCl, oxalic acid and CDB extracted 
sediments. 

2.4. Chemical analysis 

Total Fe and Mn in the pore water (mostly present 
as Fe’+ and Mn2+), Fe and Mn in the sediment 
extracts, and Ca in the 1 M HCl extracts were 
determined with a Perkin Elmer 5100 PC Atomic 
Absorption Spectrophotometer. Pore water HPOi- 
and 1 M HCl-extractable P were determined on a 
Shimadzu Double beam Spectrophotometer with the 
method of Strickland and Parsons (1972). Total Fe, 
Al, Si and P in the NH,-oxalate, the oxalic acid and 
the CDB solutions and in the DXRD-0.1 M HCl 
solution for station 5 were determined with an ICP 
Spectroflame (Spectra Analytical Instruments). Ox- 
alic acid extractable elements were only analyzed for 
three sediment depths (5-10, 20-40, 60-80 mm). 
There was a good agreement between the Fe analysis 
with the AAS and ICP (R2 = 0.93). Reproducibility 
of the analysis of the pore water and of the sediment 
extractions of bulk samples and of the < 10 pm 
fraction was generally better than 4%, 5% and 15%, 
respectively. The relatively large variation for the 
extractions of the fine material can be explained by 
the larger effect of sample heterogeneity when using 
small quantities of sample. 

3. Results 

3.1. Diflerential X-ray powder diffraction ( < 10 pm 
fraction) 

XRD and DXRD analysis of the fine sediment 
fraction from 0.5-1.0 cm depth at all four stations 
gave essentially the same results. To avoid repetition 
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of very similar patterns only those for station 5 and 
14 are presented. When “reading” the diagrams in 
Figs. 2-5, it should be kept in mind that (1) peak 
positions (each mineral is characterized by a “set” 
of peaks) indicate which mineral has been detected, 
(2) peak intensities or height may be used to, very 
roughly, quantify the amount of this mineral, and (3) 
peak width indicates how well-crystalline a mineral 
is. As DXRD patterns are obtained by subtraction of 
the XRD diagram after treatment from the XRD 
diagram obtained before treatment, minerals that have 
been dissolved will appear as positive peaks in the 
pattern. 

Station 5 

0 10 20 30 40 50 

’ 28 CoKa 

15 10 5A4 3 2.5 

Fig. 2. X-ray powder diffraction (XRD) patterns for the < 10 pm 

sediment fraction from station 5. Patterns labelled “start”, 

“ox.ac.” and “HCI”, were made before extraction, after oxalic 

acid extraction, and after 0.1 M HCI extraction, respectively. 

Sm = Smectite, C = Chlorite, M/I = Mica/Illite, K = Kaolinite, 

Q = Quartz, F = Feldspar, P = Pyrite, hk = non-diagnostic clay 

mineral reflections. 

Station 14 

0 i 

0 10 20 30 40 50 

’ 29 CoK. 

15 10 5A4 3 2.5 

Fig. 3. X-ray powder diffraction (XRD) patterns for the < 10 Frn 

sediment fraction from station 14. Patterns labelled “start”, 

“ox.ac” and “CDB”, were made before extraction, after oxalic 

acid extraction, and after two sequential CDB extractions, respec- 

tively. Peak labels as in Fig. 2. 

Chlorite, kaolinite, pyrite 
quartz identified all diagrams 

2 3). broad at A, 
by small, chlorite is of 

The pronounced of 
peak station (and then station (and 
suggests presence a crystalline 
at first stations. on peak a 

in mica/illite kaolinite 
tents observed the sequence: > > 

5: Highest contents found sta- 
13, decreasing the se- 

14 5 9. 
the patterns 2 31, increase 

intensity the clay reflections 
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Station 5 

hk 0 C hka 

Station 14 

A c hk OF hk 

A 
0 

. . . . 
start-ox.ac. OP _- 

0 

/l 
f+i/+ 

. . I I 

0 10 20 xl 40 50 

* 29 CoKa 

j 2:s 

C 
Fh 

Ak 

OP 

'0 lo 20 i 40 50 

’ 20 CoKo 

151b i,i > i.5 

Fig. 4. Differential X-my powder diffraction (DXRD) patterns for 
the < 10 I*rn sediment fraction from station 5. Patterns labellcd 
(A) ‘Mart-ox.ac.” and (B) “start-HCl”, were obtained through 
subtraction of the “oxac.” diagram from the “start” diagram 
and through subtraction of the “HCl” diagram from the “start” 
diagram. Op = Opal, Ph = Fenihydrite, Ak = Akageneite. Pat- 
terns labelled (C) Op, Fh and Ak are schematic XRD patterns for 
opal (Van der Gaast, 1991). natural siliceous ferrihydrite (Parfitt 
et al., 1992) and synthetic akageneite (Schwertmann and Cornell, 
1991). respectively. All further peak labels as in Fig. 2. 

0 10 20 30 40 50 

’ 28 CoKa 

15 10 5A4 3 2.5 

C 
Fh 

Ak 

OP 

0 10 20 SO 40 50 

’ 28 CoKa 

15 10 
=A4 3 2.5 

Fig. 5. Differential X-my powder diffraction (DXRD) patterns for 
the < 10 Frn sediment fraction from station 14. Patterns labelled 
(A) “start-ox.ac.” and (B) “ox.ac-CDB”, were obtained through 
subtraction of the “ox.ac.” diagram from the “start” diagram 
and through subtraction of the “CDB” diagram from the “oxac.” 
diagram. Patterns labelled (C) Op. Fh and Ak are schematic XRD 
patterns for opal (Van der Gaast, 1991). natural siliceous ferrihy- 
drite (Parfitt et al., 1992) and synthetic akageneite (Schwertmann 
and Cornell, 19911, respectively. All peak labels as in Fig. 2 and 
4. 
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Table 3 

Organic C and N contents (in wt.%) in the < 10 km fraction before and after oxalic acid and 0.1 M HCl extraction 

Station Before extraction Oxalic acid tnzated 0.1 M HCl treated 

Org. C (8) Org. N (o/o) org. c (o/o) Org. N (%b) org. c (o/o) Org. N (%I 

5 3.17 0.41 3.63 0.59 4.34 0.46 
9 4.05 0.47 4.34 0.46 - 

13 4.74 0.56 5.35 0.63 
14 4.25 0.54 4.70 0.55 - 

and a decrease in intensity of the feldspar and quartz in the corresponding DXRD patterns (Fig. 4A and B 
and the non-diagnostic (hk) clay mineral reflections and 5A). These peaks are attributed to changes in 
were observed after oxalic acid and 0.1 M HCl mineral orientation (see Methods section) and thus 
extraction. This resulted in negative peaks at the do not indicate mineral dissolution. Instead of the 
locations of the diagnostic clay mineral reflections 
and positive peaks at the locations of the quartz, 

expected increase jn intensity of the diagnostic chlo- 
rite peak at 14.1 A after the oxalic acid treatment, a 

feldspar and non-diagnostic clay mineral reflections decrease was observed at stations 9, 13 and 14 

Table 4 

Fe, Al, Si, and P (in kmol/g) extracted from the fine sediment fraction (< 10 pm) with 0.1 M HCl (st. 5). NH,-oxalate and sequentially 

with oxalic acid and CDB (all stations) 

Solution Station Fe Al 

( pmol/ ( pmol/ 

g) g) 

Si P Fe/Al Fe/Si Si/Al Fe/P 

( pmol/ Yimol/ (mol/ (mol/ (mol/ (mol/ 

g, g) mol) mol) mol) mol) 

0.1 M HCI 5 131 

NH,-oxalate 5 166 

9 114 

13 222 

14 211 

Oxalic acid 5 307 

9 224 

13 287 

14 290 

CDB-1 5 145 

9 125 

13 109 

14 107 

CDB-II 5 29 

9 27 

13 26 

14 26 

Sum 5 482 

9 375 

13 422 

14 423 

167 198 n.d. 1.4 

27 64 19 1.5 

27 50 12 1.8 

50 80 25 5.5 

41 55 19 6.0 

110 52 26 2.5 

98 64 11 1.9 

103 75 23 4.6 

97 89 21 5.3 

48 235 5.7 0.8 

55 321 6.1 0.5 

58 539 6.3 0.8 

59 426 6.7 0.6 

31 81 0 0 

29 85 0 0 

33 201 0 0 

32 164 0 0 

189 369 31 3.3 

183 470 17 2.4 

194 814 29 5.4 

188 680 28 5.9 

0.8 0.7 1.2 - 

6.1 2.6 2.3 8.9 

4.2 2.3 1.9 9.4 

4.5 2.8 1.6 8.7 

5.2 3.8 1.4 11.3 

2.8 5.8 0.5 12 

2.3 3.5 0.7 20 

2.8 3.8 0.7 12 

3.0 3.3 0.9 14 

3.0 0.6 4.9 25 

2.2 0.4 5.8 21 

1.9 0.2 9.3 17 

1.8 0.3 7.2 16 

0.9 0.4 2.6 - 

0.9 0.3 2.9 - 

0.8 0.1 6.1 - 

0.8 0.2 5.2 - 

2.5 1.3 2.0 15 

2.1 0.8 2.6 22 

2.2 0.5 4.2 14 

2.3 0.6 3.6 15 
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(shown for station 14 in Fig. 3), resulting in positive 
peaks in the DXRD patterns (shown for station 14 in 
Fig. 5A). This suggests dissolution of chlorite or 
alteration of the chlorite Fe/Mg-hydroxide interlayer 
upon oxalic acid extraction. 

All DXRD patterns obtained after the oxalic acid 
extraction, as shown for stations 5 and 14 (Fig. 4A 
and Fig. 5A), showed several broad bulges (indicated 
with curved lines) underlying the sharper reflection 
peaks. Similar broad bulges were obtained in the 
DXRD patterns after the 0.1 M HCl extraction at 
station 5 (Fig. 4B). These broad bulges suggest 
dissolution of poorly crystalline material with oxalic 
acid and 0.1 M HCl. The positions of the bulges in 
the DXRD patterns in Fig. 4A and B and Fig. 5A, 
suggest dissolution of opal (4.1 ii>, ferrihydrite (2.6 
A) and akageneite (2.5 and 3.3 A). Schematic XRD 
patterns for opal (Van der Gaast, 1991), natural 
siliceous ferrihydrite (Parfitt et al., 1992) and syn- 
thetic akageneite (Schwertmann and Cornell, 1991) 
are shown in Fig. 4C and Fig. 5C for comparison. 
The 5.3 and 7.4 A reflections (at 19 and 14”28) 
observed for synthetic akageneite by Schwertmann 
and Cornell (1991) are weak or absent in our pat- 
terns. At the presence, width and intensity of the 
observed reflections are a direct result of the mor- 
phology of the particles, the akageneite in our sam- 
ples may be of different morphology than the syn- 
thetic akageneite of Schwertmann and Cornell (199 1). 

As removal of several wt.% of organic matter 
may also give this type of bulges in DXRD patterns 
(Van der Gaast, 1991), the effect of oxalic acid and 
0.1 M HCl on organic material was addressed. Or- 
ganic C and N contents on average increased - 10% 
upon extraction with oxalic acid (Table 3). After the 
0.1 M HCl extraction for station 5 a similar increase 
in organic N and even a larger increase in organic C 
(- 25%) was found. The increase can be explained 
by weight loss during extraction due to dissolution of 
Fe oxides (upto - 5 wt.%) and other compounds. 
Obviously, extraction of organic material cannot ac- 
count for the (positive) bulges in Fig. 4A and B and 
Fig. 5A. We conclude that, although identification of 
ferrihydrite and akageneite based on one or two 
broad peaks remains provisional, it is the most likely 
explanation for the observed DXRD patterns. 

After two extractions with the CDB-solution (only 
shown for station 14 in Fig. 5B), the intensity of the 

diagnostic clay mineral reflections (especially chlo- 
rite) further increased. All DXRD patterns showed 
almost complete removal of pyrite, as shown for 
station 14 in Fig. 5B. 

3.2. Chemistry of sediment extractions (< IO pm 
fraction) 

The sum of the Fe extracted by consecutive oxalic 
acid and CDB treatments varied between 375 (st. 9) 
and 482 Fmol/g (st. 5) or 2.1-2.7 wt.% Fe (Table 
4). Most Fe (60-69% of total extracted Fe) was 
dissolved in the oxalic acid step. Oxalic acid always 
extracted more Fe than NH,-oxalate (a factor 1.8 
and 2.0, and 1.3 and 1.4 at stations 5 and 9, and 13 
and 14, respectively), whereas NH,-oxalate extracted 
only slightly more (1.2 times) Fe than 0.1 M HCl (st. 
5). 

Fe*+ (t.rM) HPO,*‘ (PM) 
0 20 40 0 5 
I 

lo- L I 

6 

6 

10 

0 5 10 

11‘1-j 
9 

101 II I 

Fig. 6. Pore water profiles of Fez+ and HPOi- ( pmol I-‘) at 

the four stations. 
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Of the total extractable Al and Si, oxalic acid 
extracted 52-58% and 9-14%, respectively. The 
remaining extractable Al and Si was extracted in the 
two following CDB steps. No large differences be- 
tween stations could be observed for oxalic acid and 
CDB-extractable Al. CDB-extractable Si showed a 
clear gradient, however, decreasing in the station 
sequence: 13 > 14 > 9 > 5. Generally, the amount of 
Fe extracted relative to Al and Si decreased with 
each successive extraction step resulting in a de- 
crease in Fe/Al and Fe/Si ratios. 

Oxalic acid dissolved 64-86% of total extractable 
P. The remaining P was dissolved in the first CDB 
step. Generally, very similar amounts were extracted 
at all stations, both with oxalic acid and NH,-oxalate. 
Only at station 9 less P was extracted than at the 
other stations (11 versus 19-25 pmol/g). Fe/P 
ratios at all stations were very similar (m 9-l 1 for 

NH,-oxalate, N 12- 14 for oxalic acid with the ex- 
ception of the value of 20 for station 9). Fe/P ratios 
for the first CDB step ranged from 16 to 25. 77-90% 
of total Mn was extracted in the oxalic acid step. Mn 
contents at stations 5 and 9 are a factor 2 lower than 
at stations 13 and 14. 

Of the non-sequential extraction procedures used, 
oxalic acid extracted the most Fe at all stations. 
Much less Fe was extracted in the two following 
CDB extractions. No clear relationship was observed 
between extracted Fe and Si, Al and Mn. 

3.3. Pore water projiles 

Pore water profiles of Fe2+ and HPOi- (Fig. 6), 
and solid phase and pore water profiles of Mn2+ (not 
shown) indicate the presence of an oxidized surface 
layer at all stations. This is confirmed by simultane- 

Fe (pmol.g-‘) 

4- 

6- 

a- 

lo- 

0 Nlipalate -con 
n O.lM HCI -o-- 1M HCI 

------- O.lM HCli?W,-oxalate T Oxalic acid 

a0 

Fig. 7. Solid phase profiles of Fe ( pmol g- ‘) as obtained with five (non-sequential) extraction procedures. 
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ously measured NO; profiles (Lohse et al., 19951, 
which show that nitrate was virtually absent below 
2-3 cm depth at all stations. Here, pore water Fe’+ 
(Fig. 6) reaches maximum values of N 50 pmol l- ’ 
at the sandy stations (5 and 14) and _ 120 and 
N 100 pmol 1-l at the silty stations (9 and 13). At 
all stations Fe2+ concentrations drop sharply to rela- 
tively constant values between 2.5 and 5 pmol 1-l 
in the oxidized surface layer, implying precipitation 
of Fe’+ in the upper 2-3 cm of the sediment. Pore 
water HPOi- profiles show a strong resemblance to 
the Fe’+ profiles at stations 5, 9 and 14, with 
maximum values which are a factor 7-10 lower than 
those for Fe2+, and relatively constant values in the 
oxidized surface layer between 0.8 and 2 pmol 1-l. 
At station 13, much higher HPOi- concentrations 
(m 200 pmol 1-l > and a decoupling of pore water 
Fe2+ and HPOi- is observed. 

3.4. Solid phase projles 

Solid phase profiles of Fe obtained with the vari- 
ous extraction solutions are shown for each location 
in Fig. 7. NH,-oxalate extracted m 10% more Fe 
than 0.1 M HCI, but both extractants give similar 
profiles. Oxalic acid extracted 1.8-2.4 and 1.5- 1.6 
times more Fe than NH,-oxalate at stations 5 and 9, 
and 13 and 14, respectively. Oxalic acid extracted 
equal or higher amounts of Fe compared to 1 M HCl 
but overall, there was a good correlation (Fe-oxalic 
acid= l.O8XFe-1 M HCl- 1.12; R2=0.98, n= 
12). CDB dissolved similar amounts of Fe as NH,- 
oxalate and 0.1 M HCl at station 13 (3 depths) and 
14, but much higher amounts at stations 5 and 9. The 
profile shapes obtained with the 5 methods are quite 
consistent at stations 13 and 14, but are much more 
variable at stations 5 and 9. Sediment analysis (par- 

P (pm0l.g“) 
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Solid phase profiles of P ( pmol g - ’ ) as obtained with four (non-sequential) extraction procedures. Fig. 8. 
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title size, porosity, organic C, N, P, microscopic 
examination (8-50 X magnification)) indicated an 
enrichment in aggregated particles (presumably fae- 
cal pellets) comprised of fine material between 1.5 
and 7 cm at station 13. This observed enrichment 
correlates with the high extractable Fe, suggesting a 
relationship. 

Extraction with CDB (which gives a measure of 
Fe-bound P) and NH,-oxalate resulted in similar 
profiles for P at stations 5, 13 and 14 (Fig. 8). At 
station 9, however, much more P was extracted with 
NH,-oxalate than with CDB and the profile of 
NH,-oxalate P was almost identical to that of inor- 
ganic P. This indicates that NH,-oxalate dissolved 
apatite P besides Fe-bound P at this station. Fe-bound 
P and inorganic P both show a decrease with depth 
at stations 5, 9 and 14. Only at station 9 the decrease 
of Fe-bound P is significantly larger than that of 
inorganic P (and total P>, suggesting an increase of 
another inorganic phase containing P with depth. 
From the difference between inorganic and CDB P 
this non-Fe-bound inorganic P phase can be esti- 
mated to increase from - 2 pmol g- ’ in the surface 
sediment to _ 7 pm01 g-’ in deeper layers. Fe- 
bound P on average accounts for N 21 and 30%, and 
_ 68 and 70% of inorganic P at the sandy (5 and 14) 
and silty (13 and 9) stations, respectively. Total P 
profiles relative to those for inorganic P suggest a 
slight decrease of organic P with depth at stations 9 
and 14 and an enrichment of organic P between 1.5 
and 7 cm at stations 5 and 13. Organic P on average 
contributes to 10 and 12%, and 22 and 37% of total 
P at the sandy (5 and 14) and silty (13 and 9) 
locations, respectively. 

4. Discussion 

4.1. Sediment composition (-C 10 pm fraction) 

The similar mineralogical composition of the fine 
sediment fraction at all four locations suggests a 
common source for most of the deposited fine mate- 
rial. This is in line with the large contribution (up to 
85%) of well-mixed North Atlantic, Channel and 
seafloor erosion derived material to suspended mat- 
ter transported through the North Sea (Eisma and 
Kalf, 1987). The suggested presence of a poorly 

crystalline smectite at the German Bight stations (13, 
14) may be indicative of the contribution of more 
local sources in this area (h-ion et al., 1987). 

The much higher Mn (Table 4) and pyrite con- 
tents (Figs. 2 and 3) in the fine sediment at stations 
13 and 14 (German Bight) can be attributed to 
diagenetic processes as these sediments become 
completely anoxic in summer in contrast to stations 
5 and 9 (Oystergrounds and Skagerrak, respectively) 
(Lohse et al., 1995). Despite their difference in 
grain-size, a greater degree of consistency between 
the Fe extraction results (e.g. NH,-oxalate and oxalic 
acid Fe ratios) was observed for stations 13 and 14 
than for stations with a more comparable grain size 
(st. 9 and 5, respectively). This could also be ex- 
plained by diagenetic processes. A higher clay min- 
eral content of the fine sediment fraction at the latter 
stations, and perhaps a different clay mineral compo- 
sition are more likely explanations, however, as will 
become clear from the calibration of the Fe extrac- 
tions with DXRD further in the text. 

4.2. Identijication of Fe oxides with DXRD f < IO 
fun fraction) 

The results of the DXRD analysis (Figs. 4 and 5) 
indicate that both poorly crystalline ferrihydrite and 
akageneite were dissolved with oxalic acid and 0.1 
M HCl during the extraction of the fine sediment 
fraction. Results from laboratory and field studies 
suggest that both ferrihydrite and akageneite could 
form under conditions typical for coastal marine 
environments. Ferrihydrite is a relatively common Fe 
oxide in soil and sediment environments where oxi- 
dizing and reducing conditions alternate and hence 
an active Fe turnover exists (Schwertmann, 1988a; 
Schwertmann and Cornell, 1991). Inhibitors, such as 
phosphate, silicate and organics are known to stabi- 
lize ferrihydrite and to retard its transformation into 
more crystalline minerals (Karim, 1984; Cornell, 
1985; Cornell et al., 1987; Schwertmamr and Cor- 
nell, 1991). Akageneite, in contrast, is very rare in 
soils. The conditions for formation of akageneite in 
the marine environment are favourable, however, as 
high Cl- (or F-) concentrations are a prerequisite 
for its formation (Childs et al., 1980; Schwertmann 
and Cornell, 1991). Murray (1978) found it to be the 
form of Fe that precipitates from Fe3+ in seawater 
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and suggested (Murray, 1979) that hydrolysis of 
Fe*+ in seawater may also produce akageneite. 

No evidence for the presence of goethite, which is 
the most probable crystalline Fe oxide in temperate 
regions (Schwertmann, 1988a), was found in the 
XRD or DXRD patterns. As the detection limit for 
goethite in our laboratory is - 0.5% wt.% (55 pmol 
g- ’ >, it can account for some but not all of the Fe 
dissolved during the two CDB extractions. At sta- 
tions 13 and 14 pyrite dissolution (_ 1 wt.% FeS, = 
83 pmol g-l> contributes substantially to extracted 
Fe, as indicated by the DXRD diagram for station 14 
(Fig. 5), which h s owed almost complete removal 
with CDB. Due to the low pyrite contents at stations 
5 and 9, another source should be responsible for 
most of the extracted Fe there. The dissolution of 
pyrite by CDB was unexpected (Table 2; Kostka and 
Luther, 1994), but may be explained by the strong 
complexing activity of the citrate and, possibly, by 
instability of the pyrite in the oxidized environment 
of the surface sediment. Again, this illustrates the 
pitfalls involved in the use of extraction procedures 
for natural sediments. 

4.3. Calibration of the extraction procedures for bulk 
sediment samples 

Oxalic acid dissolved Al, Si, Fe and P in similar 
proportions both from the fine sediment fraction and 
from the bulk sediment samples (Fig. 9A). This was 
also the case for NH,-oxalate extractable Al, Fe and 
P (Fig. 9B). Only NH,-oxalate extractable Si con- 
tents relative to Fe (and Al) were grain size depen- 
dent. Ratios of NH,-oxalate and oxalic acid ex- 
tractable Fe were similar for the fine (1.8 and 2.0, 
and 1.3 and 1.4 at stations 5 and 9, and 13 and 14, 
respectively) and bulk sediment (1.8 and 2.4, and 1.5 
and 1.6). This implies that the same Fe phases were 
dissolved from the fine and bulk sediment samples 
with both extractants. Thus it is possible to use the 
DXRD and extraction results for the < 10 pm 
fraction as a calibration of the non-sequential extrac- 
tion procedures for Fe for bulk sediment samples. 

Only a fraction of total sediment Al and Si was 
extracted with oxalic acid, NH,-oxalate and CDB. 
Due to the large differences in affinity of oxalate and 
citrate for Al, Si and Fe (Furrer and Stumm, 1986; 
Bennett, 1991; Kodama and Ross, 1991) and the 

A) Oxalic acid B) NH,-oxalate 

(II;1 l ,*;; y ‘:j& 

0 150 300 0 150 300 

“JLJ.i. , 
0 150 300 0 150 300 

0 
80 ,=- 9 

z 
3 40 

iii 

0 

I._- a0 
0 

.,= 

0 150 300 

80 0 
0 

0 0 
40 

0 L- + 

0 150 300 

Fe (pmol.ge’) Fe (pm&g-‘) 

0 40pm fraction 
0 bulk sediment 

Fig. 9. Relationship between the quantity of Fe, Al, P, and Si 
extracted from the fme sediment fraction (open circles) and from 
bulk sediment samples (tilled circles) at all four stations using (A) 
oxalic acid and (B) NH,-oxalate. 

many mineral sources possible (besides Fe oxides 
also clay minerals, amorphous silica, quartz), the 
quantity of Al and Si extracted and the Fe/Al, 
Fe/Si and Si/Al ratios cannot be used for direct 
identification of Fe sources in the extractions. For 
example, it is apparent that CDB-I-Fe and CDB-I-Si 
have a different source (Table 4), given the fact that 
samples from stations where the highest quantities of 
Fe were dissolved showed the least release of Si, and 
vice versa. All calibration is thus solely based on the 
amount of Fe extracted with each procedure and the 
DXRD results. 

The DXRD diagrams for the < 10 pm fraction 
from station 5 indicate that ferrihydrite and aka- 
gene&e were dissolved both with 0.1 M HCl and 
oxalic acid (Figs. 4 and 5). The amount of Fe 
extracted with 0.1 M HCl was less than half of that 
extracted with oxalic acid (Table 4). A good correla- 
tion between 0.1 M HCI Fe and NH,-oxalate Fe was 
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observed (Fig. 7). This suggests that (1) 0.1 M HCl 
Fe and NH,-oxalate Fe are both a good measure for 
the ferrihydrite and akageneite content in these sedi- 
ments, and that (2) oxalic acid extracts additional Fe 
from another source. The ratios of NH,-oxalate/ox- 
alit acid Fe indicate that this source is more impor- 
tant at stations 5 and 9 than at stations 13 and 14. 

The CDB extractions cannot be calibrated in a 
similar manner, as the extraction of the < 10 pm 
fraction was performed as part of a sequential extrac- 
tion scheme, in contrast to the non-sequential bulk 
sediment extractions. It is clear, however, that the 
various sources of Fe in the < 10 pm fraction and 
in the bulk sediment samples do not contribute to 
CDB Fe in similar proportions. Pyrite dissolution 
accounts for an important part of CDB Fe in the 
< 10 pm fraction at stations 13 and 14. CDB, 0.1 M 
HCl and NH,-oxalate Fe were approximately equal 
in the bulk sediment samples at these stations (Fig. 
7). Therefore, pyrite dissolution cannot contribute 
substantially to the CDB Fe extracted from the bulk 
sediment samples either at stations 13 and 14 or 5 
and 9. This is in line with previous observations that 
bulk sediment pyrite contents in North Sea sediments 
are low (Jorgensen, 1989; Canfield et al., 1993). As 
CDB Fe was substantially higher than 0.1 M HCl 
and NH,-oxalate Fe in the bulk sediment extractions 
for stations 5 and 9 (Fig. 71, this leaves us with an 
unknown source of CDB Fe at these locations. 

chlorite as an important source of the “extra” Fe. 
Additional evidence in the case of the oxalic acid 
extraction is provided by the alteration of the chlorite 
peaks in the DXRD patterns (Fig. 5A), and the good 
correlation of oxalic-acid extractable Fe with 1 M 
HCl extractable-Fe (bulk sediment extractions; Fig. 
71, as 1 M HCl should dissolve some fraction of the 
clay minerals but not the most crystalline Fe oxides 
(Table 2). 

Combining these results with the Fe profiles in 
Fig. 7, we conclude that at stations 13 and 14, 
ferrihydrite and akageneite are practically the only 
Fe oxide phases present. At stations 5 and 9, ferrihy- 
drite and akageneite are also present but account for 
only -65 and - 50% of CDB-Fe in the surface 
sediment. Remarkably, NH,-oxalate and 0.1 M HCl 
extractable Fe show no gradient with depth at sta- 
tions 5 and 9, whereas CDB-Fe does. Substantial 
release of Fe from clay minerals upon burial at these 
locations is unlikely (e.g. Hathaway, 1979). Incom- 
plete extraction of the less crystalline Fe oxides by 
the NH,-oxalate and 0.1 M HCl, e.g., due to protec- 
tion by adsorbed Si, P or organics (Karim, 1984; 
Borggaard, 1991; Schwertmann, 19911, is a more 
probable explanation. 

4.4. Fe oxides and the binding of P in North Sea 

sediments 

As mentioned earlier, goethite may account for A close relationship between P adsorption or the 
some but not all of this CDB Fe. Minor quantities of amount of Fe-bound P, and the concentration of total 
Fe’+ are known to catalyze the reduction and disso- or poorly crystalline Fe oxides has been demon- 
lution of crystalline Fe oxides in the presence of strated frequently for different types of soils and 
oxalate (Sulzberger et al., 1989; Kostka and Luther, sediments (e.g. Borggaard, 1983b; Jensen and Tham- 
1994). This catalysis reaction does not occur when drup, 1993). Both experiments with natural and syn- 
using 0.1 M HCl as an extractant for poorly crys- thetic mineral phases (Borggaard, 1983a and b; 
talline Fe oxides. The good correlation between 0.1 Schwertmann, 1988b; Parfitt, 1989; Torrent et al., 
M HCl and NH,-oxalate Fe at all stations and the 1992) have shown that the specific surface area of Fe 
much higher quantities of CDB Fe at stations 5 and 9 oxides largely determines their P sorption capacity 
suggest that this catalysis reaction did not occur and intensity and that, due to their larger surface 
during the oxalate extraction. This provides further areas, poorly crystalline or “amorphous” Fe oxides 
support for only a minor contribution of crystalline have a larger potential for P sorption than more 
Fe oxides to CDB Fe. crystalline Fe phases. 

Both oxalic acid and CDB may extract Fe from 
chlorite interlayers (Harward and Theisen, 1962; 
Weaver and Pollard, 1972). The higher chlorite con- 
tent of the sediments at stations 5 and 9 relative to 
those of stations 13 and 14 supports the role of 

Evidence for the dominant role of poorly crys- 
talline Fe oxides in the binding of P in North Sea 
sediments was obtained by plotting Fe-bound P and 
the buffer intensity for HPOi- (linear adsorption 
coefficient K at [I-IPO:-] = 1 pmol/l, including 
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Fig. 10. (A) Relationship between Fe-hound P and NH,-oxalate 
(open circles) and CDB (filled circles) extractable Fe at four 
North Sea stations (Fe-bnd P = O.l5XNH,-ox.-Fe-3.19, R* = 

0.84, n=28; Fe-bnd P=O.l6XCDB-Fe-4.41, R* =0.96, n= 
21. excluding st. 9); (B) Relationship between the linear adsorp- 
tion coefficient (K) for HPOZ- and NH,oxalate (open circles) 
and CDB (tilled circles) extractable Fe at 8 North Sea stations (K 
values from Slomp and Van Raaphorst, 1993; K = 4.1 X NH .,-ox.- 
Fe-43.6, R2 = 0.74, K = 3.6XCDB-Fe-72.5, R* = 0.56, ex- 
cluding st. 9). 

results from four additional stations; Slomp and Van 
Raaphorst, 1993) versus NH,-oxalate Fe and CDB 
Fe (Fig. 10A and B, respectively). K and the concen- 
tration of Fe-bound P are well correlated with NH,- 
oxalate Fe and CDB Fe at all stations where similar 
amounts of Fe were extracted with both solutions. At 
station 9 the “extra” Fe phase (relative to NH,- 
oxalate Fe) extracted with CDB apparently had no 
affinity for P and did not contribute to Fe-bound P. 
Fe contents at station 5 were too low to enable 
similar observations. This strongly supports binding 
of P to poorly crystalline ferrihydrite and akageneite 
in these sediments, and provides further support for 
the suggested minor contribution of crystalline Fe 

oxides to the “extra” CDB Fe at stations 5 and 9, as 
a contribution to P binding would be expected for 
crystalline Fe oxides but not necessarily for clay 
minerals (Krom and Bemer, 1980; Pa&t, 1989). 

A tight coupling of pore water HPOi- and Fe*+ 
was observed at stations 5, 9 and 14. Here, 
Fe2f/I-IPO~- ratios at maximum pore water con- 
centrations of Fe (N 7-14) were in the same range 
as NH,-oxalate Fe/Fe-bound P ratios for the fine 
fraction ( N 9-l l), and for bulk sediment samples 
( N 7- 13) from the upper layer, and as Fe/P values 
known for synthetic poorly crystalline Fe oxides 
(- 10; Borggaard, 1983a; Gerke and Hermann, 
1992). This suggests that at these three stations pore 
water HPO,2- production at the time of core collec- 
tion (February 1992) was dominated by release from 
poorly crystalline Fe oxides. Only at station 13, a 
decoupling of pore water Fe’+ and HPOi- was 
observed. At the maximum in pore water Fe*+, the 
Fe*+/I-IPO~- ratio (m 13) was still in the range 
suggesting release from Fe oxides, but at depth in the 
sediment much higher I-IPOZ- concentrations ( m 200 
pmol 1-l ), and much lower Fe2+/HPO~- ratios 
were observed. This suggests a larger production of 
HPOi- due to organic matter mineralization in 
deeper layers than at the other stations. The NH,- 
oxalate Fe/Fe-bound P ratios are comparable to 
amorphous Fe/Fe-bound P ratios found previously 
for the Kattegat (N 8) and Aarhus Bay ( - 8-9) 
(Jensen and Thamdrup, 1993) and to total Fe-oxide 
Fe/Fe-bound P (- 10) in Laurentian Trough sedi- 
ments (Sundby et al., 1992). Jensen and Than&up 
(1993) found higher amorphous Fe/Fe-bound P ra- 
tios (- 17) in Skagerrak sediment and concluded 
that here the Fe oxides might be less capable of 
adsorbing P or were less saturated with P. They 
determined amorphous Fe as the difference between 
total Fe extracted with 0.5 M HCl and Fe(U) ex- 
tracted with oxalate buffer under anoxic conditions. 
As 0.5 M HCl probably extracts more Fe from clay 
minerals than NH,-oxalate (Table 2), and as we 
found the same high Fe/P ratio of 17 in Skagerrak 
surface sediment when using CDB or oxalic acid Fe 
as a measure for Fe in Fe oxides, they probably 
attributed Fe from clay minerals to amorphous Fe. 
We conclude that ratios of poorly crystalline Fe 
oxides and Fe-bound P are very similar (- 10) in 
many marine sediments. 
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HPOi- released to the pore water can (1) (re)ad- 
sorb to Fe oxides in the upper part of the sediment; 
(2) escape to the overlying water or (3) precipitate as 
an authigenic phase in the sediment. The decrease 
with depth of both Fe-bound and inorganic P at the 
stations where no net sedimentation of material oc- 
curs (St. 5 and 14; Fig. 8) suggests that here most of 
the P released upon reduction of Fe oxides (Fig. 6) is 
readsorbed in the upper part of the sediment or 
released to the overlying water. Only in the deposi- 
tional area of the Skagerrak (st. 9) a substantial 
increase of another inorganic phase containing P 
with depth can be inferred from Fig. 8. Although 
non-steady state changes in composition of the de- 
posited material cannot be ruled out, this may be 
indicative of an early diagenetic “sink switching” 
from Fe oxides to another inorganic phase (e.g. 
CFA), as has recently been suggested for Laurentian 
Trough sediments (Lucotte et al., 1994). 

Poorly crystalline Fe oxides and Fe-bound P 
clearly persisted into the reduced zone (down to 
lo- 12 cm), thus making these Fe oxides at least a 
temporary sink for P in North Sea sediments. Persis- 
tence of Fe-bound P with depth (down to 160 cm> at 
a deeper Skagerrak station (Jensen and Thamdrup, 
1993) suggests that poorly crystalline Fe oxides may 
also form a permanent sink for P, as has been 
observed for other continental margin sediments (e.g. 
Bemer et al., 1993; Ruttenberg and Bemer, 1993). 
This implies that these Fe oxide forms are protected 
against reduction, presumably due to coatings with 
reduced iron compounds (Postma, 1993) and due to 
the presence of surface bound P, Si and organics 
(Borggaard, 1991; Biber et al., 1994). 

The absence or only minor role of crystalline Fe 
oxides, such as goethite, in North Sea surface sedi- 
ments, despite their higher resistance against reduc- 
tion compared to poorly crystalline phases, can be 
attributed to three factors. First, there is a relatively 
low input of terrestrial material adding crystalline Fe 
oxides in this shelf sea due to trapping of material in 
estuaries (Eisma et al., 1982; Eisma and Kalf, 1987). 
Second, long residence times of material on the shelf 
due to frequent deposition and resuspension prior to 
burial in the main deposition areas (Eisma and Kalf, 
1987), combined with a frequent cycling of Fe be- 
tween oxidized and reduced Fe forms (Canfield et 
al., 19931, promote formation of poorly crystalline 

Fe oxides. Third, inhibition of formation of crys- 
talline Fe oxides in continental margin sediments is 
expected due to the abundant presence of P, Si and 
organics (Cornell, 1985; Cornell et al., 1987). 

5. Conclusions 

In this study, a combination of extraction proce- 
dures and X-ray powder diffraction has been used to 
identify the Fe oxides responsible for the binding of 
P in four sediments from contrasting environments 
on a continental margin. Poorly crystalline aka- 
geneite and ferrihydrite (extractable with 0.2 M 
NH,-oxalate or 0.1 M HCl) were found to be the 
most important Fe oxides at all locations. A good 
relationship of both the concentration of Fe-bound P 
and the linear adsorption coefficient for I-IPO~- with 
NH,-oxalate Fe provides evidence for the dominant 
role of this poorly crystalline fenihydrite and aka- 
geneite in the binding of P in these sediments. The 
ratios of NH,-oxalate Fe/Fe-bound P were compa- 
rable to values found for synthetic poorly crystalline 
Fe oxides, and for amorphous Fe or total Fe- 
oxide/Fe-bound P ratios in other marine sediments. 
This suggests that ratios of poorly crystalline Fe 
oxides and Fe-bound P may be very similar (N 10) 
in many marine sediments. 

Pore water HPO:- can be produced both due to 
organic matter decomposition and due to release 
from Fe oxides. The tight coupling of pore water 
Fe*+ and I-IPOZ- and the observed Fe*‘/I-IPO~- 
ratios at maximum pore water Fe*+ concentrations 
at three locations suggest that here, pore water 
HPOj- production at the time of core collection was 
dominated by release from poorly crystalline Fe 
oxides. At the German Bight station, the much higher 
HPOi- levels and decoupling of pore water Fe*+ 
and HPOi- suggest a larger direct contribution from 
mineralization of organic matter to pore water 
HPOi- than at the other sites. 

The solid phase P profiles at the stations with no 
net sedimentation suggest that here HPOi- released 
to the pore water is either readsorbed to Fe oxides in 
the upper part of the sediment or released to the 
overlying water. In the Skagerrak, however, the de- 
crease with depth of Fe-bound P and the suggested 
increase of another inorganic phase containing P, 
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may indicate an early diagenetir “sink switching” 
of P. 

The persistence of poorly crystalline Fe oxides 
and Fe-bound P with depth, as observed in this 
study, is in line with the large range in susceptibility 
to reduction known for Fe oxides in sediments. This 
enables these Fe phases to act as both a temporary 
and permanent sink for P in continental margin 
sediments. 
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