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Abstract

This paper describes the detrital mineralogy, early diagenetic reactions and authigenic mineral precipitates for freshwa-
ter contaminated sediments deposited in an urban water body (the Salford Quays of the Manchester Ship Canal, Greater
Manchester, UK). These sediments contain a mix of natural and anthropogenic detrital grains. Detrital grains are dom-
inated by quartz and clay grains, whilst anthropogenic grains are dominated by metal-rich glass grains, concentrated at a
depth of 12–17 cm in the sediment as a result of historical inputs. Sediment porewaters contain significant concentrations
of Fe, Mn, Zn and phosphate. Bacterial Fe(III) and Mn(IV) reduction are hypothesised to supply Fe2+ and Mn2+ to pore-
waters, with phosphate released from Fe oxide reduction or organic matter oxidation. Petrographic observations indicate
that the metal-rich glass grains are undergoing chemical dissolution during early diagenesis, supplying Fe and Zn to
porewaters.

The most abundant authigenic mineral in the sediments is vivianite (Fe3(PO4)2 Æ 8H2O), containing a significant level of
redlingite ðMn2þ

3 ðPO4Þ2 � 8H2OÞ, with minor framboidal pyrite (FeS2). Electron microprobe analysis shows the vivianite to
contain Zn, Cu and Pb, suggesting that vivianite acts as a long-term sink for these metals in this sediment. This implies that
authigenic vivianite in freshwater sediments may act as a long-term sink for metals, in a similar manner to sulphides in
marine sediments. This study highlights that the nature of detrital and diagenetic mineralogy, in addition to porewater
and sediment chemistry, needs to be considered in assessing contaminated sediments.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The interactions between sediment and water
play a major role in the movement and fate of both
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contaminants and nutrients in aquatic environ-
ments. It has long been recognised that contaminant
transport in freshwater systems is overwhelmingly
associated with the particulate phase (e.g. Trefry
and Presley, 1976; Gibbs, 1977; Salomons and
Forstner, 1984; Horowitz et al., 1993). As a result,
sediments accumulating in aquatic systems are a sig-
nificant reservoir of contaminants (Horowitz et al.,
.
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1995; Macklin, 1996). This has been exploited to
good effect in the documentation of contaminant
chronologies from sediment records in aquatic sys-
tems (Renberg et al., 1994; Callender and Van
Metre, 1997; Hudson-Edwards et al., 1999). How-
ever, once deposited and buried sediment-bound
contaminants commonly undergo significant geo-
chemical changes over both short-term (days to
months) and long-term (years to tens of years)
time-scales. A range of post-depositional processes
of a physical, chemical or biological nature may
lead to the release of contaminants and nutrients
to interstitial or overlying waters, and/or the re-pre-
cipitation of more stable minerals in the sediment.

Studies in lakes and shallow marine systems have
clearly documented the early diagenetic release of
contaminants from sediments (Hamilton-Taylor
et al., 1996a,b; Widerlund, 1996; Bryant et al.,
1997; Rivera-Duarte and Flegal, 1997; Gill et al.,
1999). In many of these studies, the resulting flux
of contaminants out of the sediments into overlying
waters has been estimated to be of the same order of
magnitude as runoff input (Rivera-Duarte and
Flegal, 1997; Shine et al., 1998; Covelli et al.,
1999). Equally, the release of P from sediments dur-
ing early diagenesis has been recognised to be an
important control on water quality in freshwater
systems (Carignan and Flett, 1981; Jensen et al.,
1992; Hupfer et al., 1995; Gonsiorczyk et al.,
2001). As diagenesis proceeds, a build up of pore-
water-solutes may lead to mineral saturation, result-
ing in the precipitation of authigenic sulphide,
carbonate and phosphate minerals. These precipi-
tates may also sorb or co-precipitate trace metals,
thereby acting as long-term sinks for contaminants
in sediments. For example, early diagenetic sulfides
have been shown to act as sinks for the metals Cu,
Pb and Zn (Parkman et al., 1996; Pirrie et al., 1999).

Although the importance of diagenesis in model-
ling contaminant cycling and risk assessment has
been recognised, most models and assessments are
based upon porewater and bulk sediment chemistry
data. There have been few attempts in contaminated
sediment assessment to integrate the mineralogy
and geochemistry of detrital grains and diagenetic
mineral precipitates with porewater and sediment
chemistry. Such an approach is critical to fully
understanding the host species for contaminants
and the minerals controlling contaminant release
or uptake. This paper describes the nature of the
grain-specific geochemistry and mineralogy,
together with the sediment and porewater chemis-
try, in heavily contaminated freshwater sediment
deposited in a major urban water body (the Salford
Quays of the Manchester Ship Canal, Manchester,
UK), and documents the key role that the dissolu-
tion of detrital anthropogenic grains and the precip-
itation of early diagenetic minerals play in metal
cycling. Urban water bodies, including canals,
docks and lakes, are important components of
urban catchments (e.g. Bromhead and Beckwith,
1994; Charlesworth and Foster, 1999; Dodd et al.,
2000; Qu and Kelderman, 2001; Hu et al., 2001).
They are commonly heavily modified and receive
significant amounts of anthropogenic particulate
material. The study presented here not only contrib-
utes to methods of contaminated sediment assess-
ment, but also provides information on the poorly
studied urban sedimentary system.

2. Study site

The contaminated sediment described in this
study is from the Salford Quays, an urban water
body which was originally the docks at the end of
the Manchester Ship Canal (MSC), Greater Man-
chester, UK (Fig. 1). The MSC was built in 1895
to allow for direct shipping access to the City of
Manchester Docks. The MSC begins at the conflu-
ence of three rivers (Irwell, Medlock and Irk) that
form the major drainage conduit for the Greater
Manchester conurbation, while in the past com-
bined sewer overflows have supplied domestic and
industrial sewage, and road runoff to the canal.
The Manchester Ship Canal is up to 8 m deep, steep
sided and up to 50 m wide. As a result, flow is slow,
and this has led to the accumulation of highly con-
taminated, organic-rich sediments. These contami-
nated sediments have caused a range of
environmental problems in the past, including
water-column anoxia, sediment rafting, noxious-
gas generation and metal mobilisation (White
et al., 1993; Boult and Hendry, 1995). Growth in
the value of urban watersides has led to the redevel-
opment of Salford Quays, at the Manchester end of
the MSC (Fig. 1). Water quality remediation has
taken two stages. Firstly, in 1987 the Salford Quays
were hydrologically isolated from the MSC, to pre-
vent future contaminated sediment input. However,
the highly contaminated sediment was not removed.
The high O2 demand of this sewage-rich sediment,
coupled with the steep-sided nature of the Quays,
led to the depletion of O2 within the water column.
As a result the Salford Quays basins experienced
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Fig. 1. Location map of Salford Quays and the Manchester Ship Canal, showing the location of Basin 9 where sediments for this study
were sampled.
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prolonged periods of water column anoxia (White
et al., 1993), which was remedied through the use
of Helixor pumps to circulate compressed air
through the water column and keep water well-
mixed (Struthers, 1997). Taylor et al. (2003) docu-
mented the bulk chemical and physical nature of
sediment change in response to the remediation of
the site. The pre-remediation sediment is organic-
rich and has high, but variable, metal concentra-
tions. The post-remediation sediment is low in con-
taminant metals, and dominated by the deposition
of autochthonous clays and algal material. Between
these two sediments there is a marked layer of high
metal enrichment, as a result of the input of indus-
trial waste material into the Quays during the site
clearance and remediation period (1987–1990).

3. Methods

Sediment cores were taken on average every six
weeks from Basin 9 of the Salford Quays (Fig. 1)
over the period March 2000 to March 2001. In total,
eight cores were collected and the porewater ana-
lysed. Three of these cores were analysed for sedi-
ment chemistry and mineralogy. Cores were
collected using a 1 m long, 60 mm diameter stainless
steel corer, with a stainless steel liner. The corer was
pushed into the sediment using lengths of steel rod,
and the core retrieved. Sediment was held in the
corer barrel by suction. The collected core was split
into 1 cm vertical sub-sections by use of a screw-
threaded plunger, in a N2-filled glove-bag to mini-
mise oxidation of reduced species, and samples
placed into acid-washed, N2-purged centrifuge tubes
and sealed. Bottom water samples were decanted
from the water column immediately overlying the
sediments in the core. All sampling was carried
out within 2 h of core collection. Porewaters were
separated from the solid sediments by centrifuga-
tion at 4500 rpm, followed by decantation and fil-
tration again under a N2 atmosphere. Upon
separation, the porewaters were immediately filtered
through pre-washed (with 10 mL de-ionised water)
0.2 lm membrane filter papers and split into two
aliquots. One aliquot was acidified to pH 2 with a
few drops of analytical grade HNO3 and stored at
4 �C for metal analysis. The other aliquot was
analysed for NHþ4 immediately using an ion selec-
tive electrode (DirectIon, Sentek Ltd). Detection
limits were 0.1 mg/L NHþ4 , with accuracy ±3%,
and precision ±3% of the reading. Sulphate, NO�3
and PO2�

4 were determined in this same aliquot by
ion chromatography (IC) using a Dionex Ltd DX-
100, within 24 h of sample collection. Detection
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limits for both anions were 0.1 mg/L. Metal analysis
was undertaken on the acidified aliquot by ICP-
OES (VG Horizon) with an ultrasonic nebuliser
for increased resolution at trace concentrations.
Detection limits for Fe, Mn, Zn were 10 lg/L. For
all porewaters blanks were run on matrix-matched
samples (DIW and HNO3) which were subtracted
from sample analyses. Although no certified pore-
water reference samples were analysed, matrix-
matched standards were made up for the analysis
of Fe, Mn and Zn from standard stock solutions.
Concentrations of Fe and Mn measured in pore-
water were significantly above blank levels contrib-
uted from analytical grade HNO3 (<0.00001%),
whilst Zn contents were only a factor of 5 higher.
All porewater cation and anion concentrations are
quoted in lmol/L. Porewater data for all cores ana-
lysed were similar, although the length of recovered
cores varied. Limited porewater sample volume
meant that Eh and pH were not measured.

The solid sediments from each subsample were
dried at 105 �C. Pseudo-total metal concentrations
were estimated by hot digestion in concentrated
analytical grade HNO3. Sediment (0.5 g) was
digested in 10 mL of acid at 85 �C for 2 h. The
resulting solutions were filtered using 0.45 lm filters
and made up to 50 mL volume with de-ionised
water. Metal concentrations in the resulting solu-
tions were determined by flame atomic absorption
spectrophotometry (Unicam 929 AAS). Analytical
variability was tested by repeating the full analysis
on every third sample. Precision was found to be
within 5%. Blank samples were analysed through-
out. The accuracy of the extraction procedure was
determined by analysing certified reference material
(stream sediment GBW07311), and was found to be
within 10% for all elements. Although many studies
utilise a hot aqua regia digest for pseudo-total metal
determination, intra-laboratory comparison sug-
gested that hot HNO3 digest resulted in similar
extraction efficiencies for all elements. Inorganic P
in the sediment was determined by the method of
Aspila et al. (1976). One gram of sediment was
digested for 24 h in 1 M HCl at room temperature.
An estimate of total P was made on HNO3 dige-
state, as for metal determination, recognising that
this will not remove all P in the sediment sample.
Phosphorus in the resulting solutions was deter-
mined by ICP-AES. TOC analyses were determined
on one core by analysing acid digested powdered
samples in an induction furnace (Leco C/S ana-
lyser). Two cores were analysed for metal concen-
trations, both showing similar contents and
profiles. Only the data on one core, for which P
and TOC were analysed, are presented here.

Qualitative information on the sediment mineral-
ogy was obtained through the use of whole rock
X-ray diffraction analysis of powdered samples,
air-dried at room temperature. Samples were run
on a Philips PW1050 X-ray diffractometer, using
CuKa radiation, with scans taken from 4� to 64�
at a scan rate of 2�/min. Whilst poorly-crystalline
redox-sensitive phases are prone to oxidation under
such conditions (e.g. Nriagu, 1972), the presence of
mineral peaks identified in XRD traces, together
with observations of well-crystallised phases under
SEM observation suggests that these phases do
not undergo rapid oxidation. Petrographic and
quantitative chemical data were obtained through
the use of scanning electron microscopy and elec-
tron microprobe analysis. Air-dried samples of sed-
iment were impregnated with epoxy resin and
polished surface blocks produced. Petrography on
these samples was analysed using a JEOL 5600LV
scanning electron microscope using backscattered
electron (BSE) imagery. The energy of backscat-
tered electrons is proportional to the atomic mass
of minerals, and, therefore, BSE images reveal
information about composition. A Link eXL energy
dispersive (ED) X-ray microanalysis system was
used to obtain semi-quantitative data on major ele-
ment compositions of mineral grains. Fully quanti-
tative chemical data for both major and trace
elements were determined using wave-dispersive X-
ray analysis on a Cameca SX100 electron micro-
probe. Detection limits for trace metals using this
technique is on the order of 100 ppm.

4. Results

4.1. Porewater composition

Porewater concentrations for SO2�
4 and NO�3 ,

NHþ4 , Fe, Mn, Zn and PO2�
4 for one core are shown

in Fig. 2. Both SO2�
4 and NO�3 have concentrations

in the water column of 750 lmol/L and 40 lmol/L,
respectively, but rapidly fall to zero beneath the sed-
iment-water interface, whilst NHþ4 displays a grad-
ual increase with depth, from below detection in
the water column to 3000 lmol/L 15 cm below the
sediment-water interface. Ferrous iron and Mn2+

increase in the porewaters from a level below detec-
tion in the overlying water column. Porewater Mn
rapidly increases to a value of 25 lmol/L within
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Fig. 2. Porewater and bottom-water concentrations of SO4, NO3, NH4, Fe, Mn, Zn and PO4 for sediments and water from the Salford
Quays study site. Depths indicated are metres below the sediment–water interface (SWI).
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2 cm of the sediment-water interface, and then
exhibits a more pronounced peak of 50 lmol/L at
12–15 cm depth. Beneath this, Mn concentrations
decrease with depth, with levels approaching the
limits of detection (Fig. 2). Porewater Fe concentra-
tions exhibit a similar trend to Mn, with a pro-
nounced peak of 700 lmol/L at a depth of 12–
15 cm. Beneath this, porewater Fe decreases, though
remains high with a concentration around
400 lmol/L (Fig. 2). Porewater Zn displays a less
pronounced variation, with an increase in porewa-
ters compared to the overlying water column, and
a broad maximum between 10 and 25 cm depth.
Porewater phosphate displays a similar profile to
that of Fe and Mn, with a broad peak between 10
and 30 cm depth of up to 50 lmol/L.

4.2. Sediment metal and organic carbon contents

All sediments analysed for metals exhibit a char-
acteristic vertical distribution (Fig. 3). The upper
12 cm sediment contains a relatively constant con-
centration of metals (means of 1200 lg/g Mn,
550 lg/g Cu, 1500 lg/g Zn, 1000 lg/g Pb, and
40,000 lg/g Fe; Fig. 3). Below 12 cm in depth all
metal concentrations show significant increases
(Fig. 3). Between 12 and 17 cm concentrations of
metals are up to an order of magnitude higher than
in the sediment above. Within this part of the sedi-
ment column Zn concentrations reach 30,000 lg/g,
Cu concentrations reach 7000 lg/g, Pb concentra-
tions reach 4000 lg g�1, Mn concentrations reach
2500 lg/g and Fe concentrations reach 150,000
lg/g (Fig. 3). Beneath this zone of enrichment metal
concentrations in the sediment fall, displaying val-
ues that are the same, or lower than, the upper
12 cm. Total P in the sediment is between 3000
and 4000 lg/g, except for that depth characterised
by high metal contents where total P concentrations
are 2000 lg/g or less. Inorganic P ranged between
1000 and 3000 lg/g and was between 70% and
95% of the total P. Total organic carbon (TOC)
contents in the sediment exhibit values of up to
10% in the upper layers, with a gradual decrease



Pb (μg/g)

50

40

30

20

10

0
0 1000 2000 3000 4000 5000

Fe (μg/g)

50

40

30

20

10

0
0 50,000 100,000 150,000 200,000

D
ep

th
 (c

m
)

Zn (μg/g)

50

40

30

20

10

0
0 10,000 20,000 30,000

D
ep

th
 (c

m
)

Cu (μg/g)

50

40

30

20

10

0
0 2000 4000 6000 8000

D
ep

th
 (c

m
)

D
ep

th
 (c

m
)

Mn (μg/g)

50

40

30

20

10

0
0 500 1000 1500 2000 2500 3000

D
ep

th
 (c

m
)

Total P (μg/g) 

50

40

30

20

10

0
0 2000 5000

D
ep

th
 (c

m
)

1000 3000 4000

Inorganic P (μg/g) 

50

40

30

20

10

0
0 2000 5000

D
ep

th
 (c

m
)

1000 3000 4000

TOC (%)

50

40

30

20

10

0
0 4 10

D
ep

th
 (c

m
)

2 6 8

Fig. 3. Sediment concentrations of Fe, Zn, Cu, Mn, Pb, total P and inorganic P with depth for a typical Salford Quays sediment core.
Depths indicated are metres below the sediment–water interface (SWI). Note the marked increase in metals in concentrations at depths
between 12 and 17 cm. Error bars are based on the standard error for the data set (triplicate analyses).
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to 6.5% with depth. The layer in the sediment char-
acterised by high metal contents contains low TOC
(<2%).

4.3. Detrital grain mineralogy

Throughout the sediment column the detrital
mineralogy of the sediment is composed predomi-
nantly of quartz grains, clays, and anthropogenic
grains (metal-rich fragments and glasses). However,
there are systematic patterns in the distribution of
these grains in the sediment column. The upper
12 cm of the sediment is composed predominantly of
fine-grained quartz and clay material, with abundant
diatoms. Anthropogenic grains were not observed in
the upper 12 cm. Beneath 12 cm depth in the sedi-
ment column, the detrital mineralogy of the sedi-
ments is significantly more variable, with silt and
sand-sized quartz grains and a heterogenous mix of
anthropogenic grains. Whilst anthropogenic grains
are present throughout the sediment column beneath
12 cm, they are most abundant at 12–17 cm depth
(based on SEM observations). At this depth there
is an abundance of Fe- and metal-rich glass grains
(Fig. 4). These glass grains range in size from
100 lm to 2 mm and are varied in their mineralogy.
Most fall into one of two classes, Fe-rich and Fe-
poor glasses. The Fe-rich glass grains are composed
of a glass matrix, with inclusions of metal-rich blebs
and dark crystalline areas (Fig. 4a–d). Typical total
analyses of these grains are shown in Tables 1 and
2. These glasses are alumino-silicate glasses contain-
ing variable amounts of Ca, Mg, Na and K. The Fe-
rich glass contains high concentrations of Fe (aver-
age of 38.5% FeO) and Zn (8.3% ZnO), with signif-
icant amounts of Pb, Ni and Sn (Table 1). The dark
inclusions are high in Cr (up to 19.5% Cr2O3), and Al
(average 39.5% Al2O3) with low amounts of Si
(Table 1). The metallic blebs within the glasses are
up to 20 lm across and are dominated by Cu, with



Fig. 4. Backscattered electron (BSE) images of anthropogenic glass grains within Salford Quays sediments. (a–d) Iron-rich furnace-
derived glass grains from between 12 and 17 cm depth in the sediment. Bright areas within the glasses are Cu-rich metallic inclusions. Dark
areas are Cr- and Al-rich. (e) Spherule of glass. (f) Metal-rich detrital grain within sediment beneath 17 cm. Scale bars are shown for each
micrograph.
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significant Sn, Ni and Pb (Table 2). The low S con-
tents indicate that the inclusions are of elemental
metals rather than metal sulfides. Glass grains may
also exhibit chemical zonation (Fig. 4e). Iron-poor
glasses contain significantly less Fe (average 9.15%
FeO) and low concentrations of other metals (Table



Table 1
Elemental composition of glass grains in the Salford Quays sediment, determined by electron microprobe analysis

SiO2 TiO2 Al2O3 Cr2O3 MgO CaO MnO FeO NiO CuO ZnO SnO PbO Na2O K2O Total

Fe-rich glasses 28.15 0.26 7.14 0.07 4.77 5.87 0.70 31.08 0.53 1.75 14.60 0.51 1.16 0.94 0.37 97.93
27.90 0.26 7.17 0.01 4.86 5.88 0.68 31.81 0.59 2.10 14.69 0.55 1.11 0.84 0.37 98.87
25.10 0.25 7.83 0.04 4.97 2.91 0.73 43.42 0.78 0.79 8.85 0.71 1.14 0.69 0.34 98.57
28.25 0.37 8.88 0.17 4.97 7.43 1.00 36.68 0.23 1.86 6.40 0.20 0.36 0.92 0.39 98.19
26.84 0.30 7.98 0.08 5.33 6.79 0.71 43.00 0.20 0.63 5.07 0.18 0.32 0.43 0.36 98.25
27.10 0.30 6.14 0.02 5.32 4.12 0.52 37.72 0.54 1.43 10.52 1.02 1.89 1.10 0.36 98.10
23.92 0.27 6.80 0.09 6.49 5.66 0.79 47.08 0.28 0.77 4.84 0.18 0.36 0.61 0.33 98.47
31.20 0.35 9.06 0.05 4.78 10.24 0.57 32.22 0.45 0.57 6.62 0.38 0.71 0.56 0.39 98.16
31.10 0.34 8.86 0.02 4.73 10.18 0.63 31.94 0.46 0.66 6.60 0.38 0.65 0.49 0.39 97.44
28.94 0.29 8.17 0.02 5.03 7.57 0.74 33.59 0.40 1.12 9.90 0.42 0.75 0.68 0.42 98.07
20.40 0.53 9.53 0.08 4.60 4.86 0.57 44.47 1.06 0.26 9.24 0.40 0.42 0.64 0.31 97.37
30.23 0.29 7.23 0.03 4.94 5.38 0.70 35.33 0.45 1.14 8.07 0.74 1.58 0.74 0.43 97.29
25.56 0.34 7.80 0.02 5.23 5.31 0.92 44.15 0.22 0.39 6.01 0.20 0.44 0.76 0.41 97.79
25.33 0.36 7.90 0.03 5.14 5.37 0.94 44.33 0.15 0.22 6.09 0.19 0.42 0.70 0.39 97.62
27.52 0.36 8.42 0.03 5.22 5.39 1.02 40.97 0.07 0.22 6.66 0.21 0.47 0.60 0.33 97.55

Average (n = 15) 27.17 0.32 7.93 0.05 5.09 6.20 0.75 38.52 0.43 0.93 8.30 0.42 0.79 0.71 0.37 97.98
SD 2.75 0.07 0.90 0.04 0.43 1.93 0.15 5.45 0.25 0.60 2.99 0.24 0.47 0.17 0.03 0.45

Dark inclusions In Fe-rich
glasses

6.60 0.20 32.37 7.69 4.10 1.26 0.28 22.21 1.26 0.52 22.15 0.13 0.22 0.78 0.06 99.82
0.22 0.24 34.13 13.50 4.92 0.04 0.13 25.21 1.81 0.06 17.39 0.12 0.01 0.51 0.00 98.29
0.08 0.11 45.80 9.71 3.40 0.00 0.34 20.38 0.20 0.05 18.74 0.01 0.00 0.57 0.00 99.41
0.08 0.12 37.70 19.52 6.49 0.00 0.28 19.90 0.57 0.10 14.45 0.00 0.00 0.44 0.00 99.67
2.99 0.14 42.42 6.86 5.50 0.35 0.30 23.92 0.51 0.06 15.41 0.02 0.07 0.62 0.03 99.20
2.03 0.29 45.07 3.94 7.81 0.58 0.39 26.78 0.41 0.17 10.00 0.04 0.03 0.32 0.02 97.90

Average (n = 6) 2.00 0.18 39.58 10.20 5.37 0.37 0.29 23.07 0.79 0.16 16.36 0.06 0.06 0.54 0.02 99.05
SD 2.33 0.07 5.20 5.07 1.47 0.45 0.08 2.49 0.56 0.16 3.77 0.05 0.07 0.14 0.02 0.71

Fe-poor glasses 49.41 1.33 29.72 0.06 3.21 4.88 0.08 5.58 0.02 0.07 0.04 0.00 0.01 0.64 4.09 99.38
47.44 0.94 26.88 0.03 1.85 7.22 0.12 10.07 0.01 0.03 0.00 0.00 0.03 0.68 2.68 97.98
46.58 0.98 26.40 0.02 2.24 2.80 0.18 12.44 0.02 0.04 0.05 0.01 0.05 1.49 3.40 96.74
42.99 0.98 24.36 0.03 2.36 10.94 0.18 10.68 0.03 0.03 0.00 0.00 0.01 0.93 2.97 96.50
43.75 0.86 23.67 0.02 2.23 11.02 0.13 11.31 0.01 0.04 0.04 0.00 0.00 0.66 3.01 96.78
45.47 1.07 28.44 0.04 2.04 3.88 0.12 10.56 0.04 0.07 0.07 0.01 0.01 1.24 3.22 96.30
49.67 1.25 31.72 0.05 2.04 3.52 0.12 3.36 0.00 0.00 0.03 0.00 0.00 1.55 4.01 97.36
44.70 1.09 27.17 0.04 1.78 8.38 0.12 8.64 0.04 0.07 0.12 0.00 0.07 1.02 3.26 96.49
44.95 1.00 25.02 0.03 2.07 9.89 0.13 9.26 0.04 0.02 0.16 0.00 0.02 0.90 3.13 96.63
44.76 0.89 23.82 0.01 2.19 11.13 0.14 9.63 0.03 0.02 0.02 0.00 0.00 0.66 3.18 96.53

Average (n = 10) 45.97 1.04 26.72 0.03 2.20 7.37 0.13 9.15 0.02 0.04 0.05 0.00 0.02 0.98 3.29 97.01
SD 2.15 0.14 2.52 0.01 0.38 3.19 0.03 2.60 0.01 0.02 0.05 0.01 0.02 0.33 0.42 0.90

Oxide totals of less than 100% most likely indicates the presence of water in the structure, which was not analysed for, or the presence of Fe2O3 as well as FeO.
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Table 2
Mean compositions (with standard deviations in brackets) of
metallic inclusions within Fe-rich glass grains as determined by
electron microprobe analysis (n = 4)

Element Weight%

Cr 0.06 (0.10)
Cu 69.55 (6.66)
Fe 5.22 (5.22)
Mn 0.08 (0.04)
Ni 9.53 (3.72)
Pb 2.02 (0.39)
S 0.44 (0.32)
Sn 7.75 (2.32)
Zn 1.07 (0.37)

Total 95.72 (5.91)

The presence of a total weight% of less than 100% suggests the
presence of other elements, or O, which were not determined.
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1), and lack inclusions or zonation (Fig. 4f). These
Fe-poor glass grains may also be spherical, ranging
in size from 10 lm to 150 lm (Fig. 4g). Whilst these
glass grains are concentrated in a zone 12–17 cm in
Fig. 5. Backscattered electron (BSE) images showing evidence for disso
glass grains showing dissolution features, resulting in pitted surface. S
dissolution of more Fe-rich (slightly brighter) areas of the glass. Scale
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Fig. 6. X-ray diffraction trace from sediment sample at depth 10 cm
vivianite; M, muscovite; K, kaolinite; Q, quartz; C, calcite; F, feldspar
depth in the sediment, similar anthropogenic grains
are evident at greater depths (Fig. 4h). Based on
SEM observations no grainsize variations in the
matrix were observed, except for an increase in coar-
ser metal-rich grains between 12 and 17 cm.

The outer edges of the Fe-rich glass grains show
clear evidence for chemical dissolution (Fig. 5).
Both pitting textures on the outer surfaces of the
grains (Fig. 5a) and grain-scale dissolution of
glasses (Fig. 5b) can be observed. In many cases,
heterogeneity in chemical composition has led to
heterogeneous dissolution (Fig. 5b).

4.4. Authigenic mineralogy

The presence of the iron phosphate vivianite
(Fe3(PO4)2 Æ 8H2O) was observed in the X-ray diffrac-
tion traces of sediment samples (Fig. 6). Vivianite was
present in samples throughout the sediment column,
but displayed a larger X-ray diffraction peak in dee-
per sediment samples, suggesting greater amounts
lution of anthropogenic glass grains. (a) Details of edge of Fe-rich
cale bar = 10 lm. (b) Iron-rich glass grain showing preferential

bar = 20 lm.

4 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64

2Φ

Q

Q Q Q
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QQ QM Q

in the Salford Quays, confirming the presence of vivianite (V,
).
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at depth. No quantitative measures of vivianite were
made, but the presence of significant X-ray diffraction
peaks suggests that levels in the sediment are in excess
of 1%. Backscatter electron imaging shows this min-
eral to take the form of radiating lath-shaped crystals
and needle-like masses growing within the sediment
matrix (Fig. 7). Typical elemental analyses of these
vivianite grains are shown in Table 3. There is signif-
icant Mn concentrations in the vivianite crystals (up
to 5.4% MnO). In addition to Mn, significant concen-
trations of Zn (up to 550 lg/g), Cu (up to 520 lg/g)
Fig. 7. (a, b) Backscattered electron (BSE) images of authigenic viv
vivianite (V) takes the forms of radiating needles and laths. Scale bars

Table 3
Major and trace element data for authigenic vivianite in Salford Quay

FeO P2O5 CaO

Individual vivianite crystals 44.68 31.90 0.62
45.71 30.84 0.42
45.35 30.71 0.39
42.74 32.83 0.80
44.81 31.88 0.90
44.17 31.48 0.69
44.57 31.59 0.63
41.01 28.89 0.73
44.03 31.43 0.90
44.15 33.72 1.05
43.77 30.57 0.73
42.37 30.97 0.83
37.80 29.91 0.67
45.59 32.72 0.23
42.31 33.77 0.87
42.07 29.29 0.26
42.99 34.17 1.47
38.12 29.86 0.54
45.91 33.69 0.33

Average (n = 19) 43.27 31.59 0.69
SD 2.26 1.53 0.29

Major elements are quoted in weight% oxide. Zn, Cu and Pb are quote
the detection limit. The low value for total oxides (mean of 78.65%) is a
not determined.
and Pb (up to 700 lg/g) are also present (Table 3).
Also observed in backscattered electron images is
authigenic pyrite, taking the form of framboidal pyr-
ite. Based on visual observations pyrite is under 10%
of the number of grains of vivianite. No pyrite or Fe
monosulfides were observed in X-ray diffraction
traces, suggesting that these minerals are present in
only trace amounts. Electron microprobe analyses
of framboidal pyrite show it to contain insignificant
concentrations of Pb and Zn, but having Cu concen-
trations of up to 900 lg/g.
ianite (Fe3(PO4)2 Æ 8H2O) within Salford Quays sediments. The
are shown for each micrograph.

s sediments, determined by electron microprobe analysis

MgO MnO Total Zn Cu Pb

0.18 1.97 79.35 – 147 234
0.17 1.78 78.92 – –
0.11 1.44 78.00 217 –
0.50 4.24 81.11 – – 157
0.33 2.46 80.38 – – –
0.26 2.85 79.45 – – 480
0.09 2.22 79.10 – – –
0.27 5.36 76.26 350 240 350
0.43 2.93 79.72 100 – 300
1.07 1.44 81.43 – 160 140
0.29 2.09 77.45 315 – 180
0.30 3.30 77.77 251 – 270
0.24 2.04 70.65 320 520 700
0.11 2.09 80.74 180 – 250
0.49 4.25 81.69 – – 100
0.15 3.60 75.37 – – 250
0.57 2.92 82.11 – – –
0.14 3.82 72.47 550 100 110
0.06 2.36 82.36 – – –

0.30 2.80 78.65
0.23 1.04 3.08

d in lg/g. Where no figure is quoted the concentration was below
result of the presence of structural water in vivianite, which was
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5. Discussion

5.1. Detrital mineralogy and geochemistry

Since water quality remediation and hydrological
isolation the sediment in the Quays has been domi-
nated by atmospheric and autochthonous deposi-
tion, and this has resulted in the predominance of
fine-grained quartz and clay grains, and siliceous
diatoms in the upper parts of the sediment column.
Whilst these upper sediments are characterised by
lower metal contents than deeper in the sediment
cores, the concentrations of Cu, Zn and Pb are com-
parable to contemporaneous contaminated urban
sediments elsewhere in Manchester (Robertson
et al., 2003). Between 12 and 17 cm depth in the sed-
iment, metal-rich glass grains are present (Fig. 5),
explaining the high metal concentrations in the sed-
iment at this depth. Such grains are most likely the
result of furnace-derived slag from Fe and Cr steel
production. This is consistent with their composi-
tion of Fe–Ca–Si glass and Cu, Zn, Cr- and Ni-rich
inclusions (Lind et al., 2001). Similar grains have
been described from both contaminated soils (Gee
et al., 1997; Parsons et al., 2001; Lottermoser,
2002) and anthropogenically impacted sediments
(Pirrie et al., 1997; Rees et al., 1998). These grains,
therefore, represent a detrital phase quite distinct
from natural sediments. These grains are most likely
present in an enrichment layer as a result of the
input of material into the Quays during the initial
stages of site remediation and clearance (Taylor
et al., 2003). Sediments below 17 cm in depth are
predominantly composed of a mix of detrital
quartz, clays and frequent anthropogenic grains,
likely sourced from riverine and industrial inputs
into the Quays when they were connected to the
MSC.

Estimated total P through the sediment column
exhibits a maximum of 4000 lg/g. These concentra-
tions are higher than typical fine-grained suspended
sediment from river basins (500–2000 lg/g) but are
typical of the concentrations found in urbanised
river basins (up to 6000 lg/g; Owens and Walling,
2002). The source for the high concentrations of
total P found in the Salford Quays is probably
urban-derived organic matter. However, the inor-
ganic P fraction accounts for 70–95% of the total
P. As no detailed P speciation data are available it
is not clear what proportion of this inorganic P is
present as Fe-oxide bound, apatite or vivianite frac-
tions. The upper 5 cm of the sediment contains a
lower proportion of inorganic P, suggesting that P
is rapidly cycled from organic to inorganic forms
during the earliest phases of diagenesis (e.g. Hupfer
et al., 1995; Gonsiorczyk et al., 2001).

5.2. Porewaters

The decreases in porewater SO4 and NO3 indi-
cate the activity of bacterial SO4 reduction and
NO3 reduction both important early diagenetic pro-
cesses in aquatic sediments (e.g., Mackin and Swi-
der, 1989; Canfield et al., 1993; Blackburn and
Blackburn, 1993). Although O2 and redox potential
were not measured in the porewaters, the presence
of SO4 and NO3 reduction at such shallow depths
indicate that O2 is depleted in the sediments almost
immediately, and hence the redoxcline is situated
almost directly beneath the sediment–water inter-
face. The release of NH4 into the porewater is con-
sistent with bacterial organic matter oxidation, as
NH4 is a product of the breakdown of organic mat-
ter (Burdige, 1991).

The presence of Mn and Fe in porewaters indi-
cates that within the sediment Fe and Mn are being
released from the solid phase into solution. Such
porewater Mn and Fe are commonly documented
for organic-rich aquatic sediments and are usually
attributed to bacterial reduction of Fe(III) oxides
ð2Fe2O3 þ CH2Oþ 6Hþ ! 4Fe2þ þ CO2�

3 þ 4H2OÞ
and Mn(IV) reduction ð2MnO2 þ CH2Oþ 2Hþ !
2Mn2þþ CO2�

3 þ 2H2OÞ (Lovley, 1991; Burdige,
1993; Coleman et al., 1993). Within such sediments,
a peak in Mn porewater concentration is generally
observed close to the surface, followed by a broader
peak in porewater Fe. This is because the reduction
of Mn oxides is thermodynamically favoured over
the reduction of Fe oxides (Froelich et al., 1979;
Coleman, 1985), and because Fe(II) can abiotically
reduce Mn(IV) (Burdige, 1993). Furthermore, it
has been recognised that Fe(III) oxides possess a
range of reactivities (Canfield et al., 1992; Postma,
1993) that result in a range of susceptibility to dis-
similatory Fe(III) reducing bacteria (Roden and
Wetzel, 2002). This results in Fe(III) reduction tak-
ing place through a wide range of burial depths
within sediments. Concentrations of other metals
have also been shown to peak in sediment porewa-
ters, and this is usually ascribed to the release of
metals adsorbed onto Fe and Mn oxides during
Mn and Fe reduction (Hamilton-Taylor et al.,
1996a,b). The release of P into porewaters has sim-
ilarly been ascribed to the reductive dissolution of
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Fe(III) oxides, the surfaces of which P adsorbs to in
freshwater sediments (Hupfer et al., 1995; Gons-
iorczyk et al., 2001).

In the case of the Salford Quays sediment the
Mn, Fe and Zn porewater peaks are coincident,
and are at the same depth as the layer of metal
enrichment. This strongly suggests that the compo-
sition of the sediment at that depth is having a con-
trol on the distribution of porewater Mn, Fe and
Zn. As noted above, the sediment at a depth of
12–17 cm is composed of a high volume of metal-
rich silica glasses. This, therefore, leads to the possi-
bility that chemical dissolution of these glasses has
led to the release of Mn, Fe and Zn into the porewa-
ters. There is clear evidence for dissolution of these
glasses (Fig. 6).

From the study of contaminated soils, furnace-
derived glasses are known to be prone to weathering
dissolution, with the consequential release of con-
taminants (Gee et al., 1997, 2001; Parsons et al.,
2001; Lottermoser, 2002). Dissolution of both natu-
ral and synthetic glasses is strongly pH-dependent,
with markedly higher dissolution rates at low pH
(Woodley and Walters, 1986; Parsons et al., 2001;
Gislason and Oelkers, 2003). Similar dissolution
studies have not been undertaken for aquatic sedi-
ments, and the role of Eh is also undetermined.
However, organic-acid generation during early dia-
genesis of freshwater organic-rich sediments has
been clearly documented (McMahon et al., 1992;
Chapelle and Bradley, 1996; Manning, 1997; Man-
ning and Bewsher, 1997). Such acid generation is
likely to impact upon glass solubility and could
explain the observed dissolution in the organic-rich
Salford Quays sediments.

5.3. Authigenic mineral precipitation

The presence of authigenic vivianite ðFe2þ
3 ðPO4Þ2�

8H2OÞ has been commonly noted within organic-rich
lake sediments (Nriagu and Dell, 1974; Emerson,
1976; Brooks and Eddington, 1994; Deike et al.,
1997; Fagel et al., 2005), and also in organic-rich
anthropogenic sediments (Goslar et al., 1999; Dodd
et al., 2000). It has long been known that vivianite
plays a role in the cycling of P in lake systems (e.g.
Mortimer, 1941). Vivianite has been shown to be sta-
ble under reducing conditions and high Fe2+ and
PO2�

4 activities, and low sulphide activities (Rosen-
quist, 1970; Nriagu, 1972; Emerson and Widmer,
1978). In most studies the source of Fe2+ is ascribed
to the reduction of Fe(III) oxides, and this reaction
has also been proposed to release P adsorbed onto
the Fe(III) oxides. Recently, Hyacinthe and Van
Cappellen (2004) have documented the formation
of a ferric-phosphate in freshwater sediments, but in
the Salford Quays direct determination by electron
microprobe has confirmed the stochiometry of the
grains as vivianite, as well as confirmation by X-ray
diffraction.

Electron microprobe data indicate that the vivia-
nite grains contain moderate levels of the trace metals
Mn, Pb, Cu and Zn. Manganese displays by far the
highest values in the vivianite, reflecting the high lev-
els of Mn in the sediment porewaters. Nriagu and
Dell (1974) showed that the most stable form of vivia-
nite in natural sediments is a solid state solution with
redlingite ðMn2þ

3 ðPO4Þ2 � 8H2OÞ. However, there is
no direct evidence for the presence of redlingite, either
through X-ray diffraction or electron microscopic
analysis. Therefore, it is not possible to determine
whether redlingite/vivianite or Mn-substituted vivia-
nite is present. Very little information on trace ele-
ment uptake into vivianite is available. Fagel et al.
(2005) report concentrations of Zn, Cu and Pb up
to 195, 167 and 40 ppm, respectively. In the Salford
Quays sediments Zn, Pb and Cu concentrations in
the vivianite are variable, but reach a maximum of
550, 520 and 700 lg/g, respectively, suggesting that
vivianite acts as a sink for these metals in this sedi-
ment. Vivianite has also been proposed to be a sink
for As in groundwater systems (Horneman et al.,
2004).

The presence of minor pyrite within the Salford
Quays sediments indicates that although only minor
SO4 reduction is taking place, there is sufficient to
lead to pyrite precipitation. Trace element analysis
indicates that Cu has been taken up by the pyrite. Iron
sulphides are known to act as sinks for metals within
marine sediments (Cooper and Morse, 1998, 1999),
but the nature of this trace metal association with
Fe sulphide has been less well established. Many stud-
ies have suggested that metals form surface-adsorbed
complexes with Fe sulphides. However, Cu has been
observed to be precipitated within pyrite in contami-
nated estuarine sediments in the form of CuS2 (e.g..
Parkman et al., 1996). Whilst the data set of pyrite
composition in this present study is very limited, it
is consistent with these observations.

6. Implications

This study has implications for both the analysis
of metal diagenesis in sediments, and in the risk
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assessment of contaminated sediments. Firstly, the
observation that chemical dissolution of anthropo-
genic grains (metal-rich glasses) may be an impor-
tant mechanism for metal release in contaminated
sediments means that in such sediments both chem-
ical dissolution and bacterial Fe and Mn reduction
needs to be quantified in mass balance and flux
models. Secondly, the observation that vivianite is
an important authigenic phase in organic-rich fresh-
water sediments may have implications for assess-
ment and long-term risk models. It has been
established that in marine and brackish sediments
the precipitation of Fe sulfides, via bacterial SO4

reduction, leads to the uptake of metals in metal sul-
fides (Morse and Luther, 1999) and has been used to
form the basis for sediment quality criteria (Ankley
et al., 1996). The absence of SO4 in freshwater has
been assumed to result in more mobile, bioavailable
metals in these sediments (Ankley et al., 1996). It
has been shown here that vivianite precipitated in
freshwater sediments can also take-up trace metals,
although the levels observed in this study are not
high (up to 700 ppm). Therefore, more study should
be undertaken on the capacity of such vivianite to
take-up trace metals in contaminated sediments. It
should be noted that vivianite will only act as a sink
for trace metals under continuing reducing condi-
tions; sediment re-suspension and re-oxidation of
vivianite will lead to release of these metals back
into the aquatic system in a similar manner to Fe
sulfide-bound metals (Stephens et al., 2001).

7. Conclusions

(1) Contaminated freshwater sediments deposited
in the Salford Quays, Greater Manchester,
UK, contain a mix of natural and anthropo-
genic detrital grains. The latter, in the form
of metal-rich glass grains, contain high con-
centrations of Zn, Cu, Pb and Cr and are par-
ticularly enriched at a depth of 12–17 cm in
the sediment as a result of historical inputs.
As a result, metal concentrations in the sedi-
ment are high. Phosphorus concentrations
are also high in the sediment, as a result of
high organic-matter input.

(2) Sediment porewaters contain significant con-
centrations of Fe, Mn, Zn and phosphate. Pet-
rographic observations indicate that the
metal-rich glass grains are undergoing chemi-
cal dissolution during early diagenesis, supply-
ing Fe and Zn to porewaters. Bacterial Fe(III)
and Mn(IV) reduction is also likely to supply
Fe2+ and Mn2+ to porewaters, with phosphate
released from Fe oxide reduction or organic
matter oxidation.

(3) Authigenic vivianite ðFe2þ
3 ðPO4Þ2 � 8H2OÞ is

abundant within the sediment and contains a
significant amount of Mn, either in the form
of redlingite ðMn2þ

3 ðPO4Þ2 � 8H2OÞ or Mn-
substituted vivianite. Significant amounts of
Zn, Cu and Pb have been taken-up into this
vivianite, suggesting that it acts as a long-term
sink for these metals in this sediment.
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