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A novel DGT-sediment trap device for the in situ measurement of element
remobilization from settling particles in water columns and its application to trace

metal release from Mn and Fe oxides
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Abstract

A device has been developed for the direct in situ measurement of metal remobilization into solution from settling
particles in water columns, based on the technique of diffusion gradients in thin films (DGT). The device comprises
a hollow cylinder with a DGT assembly at its base and acts as a traditional sediment trap, except that any remo-
bilization from settling particles is reflected in the mass of metal taken up from solution by the DGT assembly. A
control-DGT device (an upside-down trap) was used to measure the metal taken up by the assembly in the absence
of remobilization from particles. Deployments of the control device under laboratory conditions and below the well-
mixed surface layer of alake showed that the cylindrical trap design, with a height: diameter ratio of 5: 1, resulted
in negligible turbulence near the base of the trap so that uptake by the control was governed by molecular diffusion.
The DGT-trap and -control devices were deployed together within and immediately below the main oxycline of a
seasonally anoxic lake in 1996 and 1997. The reproducibility of the metal uptakes measured by the devices in the
field was typically better than =10% for the controls and =20% for the traps. The uptakes of Mn, Co, Al, Ba, and
Ni, but not Fe and Cu, were significantly and consistently higher in the trap devices than in the controls. Reductive
dissolution of Mn oxide appeared to be the source of the four remobilized trace metals, whereas Fe oxides made
no significant contribution. The remobilization of Mn, Co, Al, Ba, and Ni was aso reflected in elevated dissolved
concentrations in the vicinity of the oxycline. Comparisons of the metal : Mn ratios obtained from the DGT-trap
data with those calculated from the water-column concentrations indicated that the elevated concentrations of dis-
solved Co were derived solely from Mn oxide dissolution, whereas Ba, Al, and Ni also appear to be affected by

other processes.

The remobilization of elements from particles into solu-
tion is of paramount importance in the biogeochemical cy-
cling of elements and compounds in natural waters. Diverse
methods have been used to obtain information about remo-
bilization from particles in the water columns of lakes and
oceans. These include laboratory remobilization experiments
on recovered samples (Reinfelder et al. 1993), interpretation
of vertical profiles of dissolved and particulate element con-
centrations (Balistrieri et al. 1992; Achterberg et al. 1997),
settling rate data obtained from vertical arrays of sediment
traps (Davison et a. 1982; Baker et al. 1991), and compar-
isons between settling rates measured by sediment traps and
net sedimentation rates derived from dated sediment cores
(Hamilton-Taylor et al. 1984; Sanders et al. 1996). These
approaches have the disadvantage of being either indirect or
|aboratory-based, so that interpretation of the resulting data
in terms of remobilization processes operating in the envi-
ronment is subject to uncertainty. The aim of this study was
to measure in situ the remobilization of trace metals from
settling particles. The device that was developed is based on
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the recently developed technique of diffusive gradients in
thin films or DGT (Davison and Zhang 1994). The perfor-
mance of the device was assessed in the laboratory and in
the field, and various field deployments were undertaken to
measure remobilization directly. Esthwaite Water (EW) was
chosen as the field site because it is a seasonally anoxic lake
where water column remobilization of Fe and Mn oxides is
known to occur (Davison 1993). One of the features of shal-
low, productive lakes like EW is that the various geochem-
ical zones in the water column are compressed and overlap-
ping (Hamilton-Taylor and Davison 1995). It is impossible,
for example, to differentiate between the remobilization ef-
fects of reductively dissolving Mn and Fe oxides based on
water-column profiles (e.g., Achterberg et a. 1997) and other
traditional approaches. The main aims of the field deploy-
ments were therefore to use the DGT-trap device to study
the effects of Mn oxide dissolution on trace metal remobi-
lization and to distinguish these from the effects of Fe oxide
dissolution.

Concept and design of device

DGT has previously been used to measure dissolved meta
and nutrient concentrations in surface waters (Davison and
Zhang 1994; Zhang and Davison 1995; Chang et al. 1998;
Zhang et al. 1998a) and sediment pore waters (Zhang et al.
1995; Davison et al. 1997) and remobilization from the solid
phase in sediments (Zhang et al. 1995) and soils (Zhang et
a. 1998b). The basic DGT assembly is the same as that used
for concentration measurements in surface waters (Zhang

1772



A novel DGT-sediment trap device

membrane filter
' diffusive gel

] il

R R R B TITZEZZZZ A

resin layer

outer sleeve with window

piston

Fig. 1. Schematic cross-section through a DGT assembly.

and Davison 1995) and is shown in Fig. 1. The methods
used for preparing the DGT assembly, and extracting and
anayzing the metals are described in detail elsewhere
(Zhang and Davison 1995). The assembly is circular in plan
view and comprises a resin gel layer, a diffusive gel layer,
and an outer membrane filter that is in contact with the en-
vironmental solution. The resin gel comprises Chelex-100
resin beads dispersed in gel and it acts as a sink for dissolved
metals. The diffusive gel layer was 0.4 mm thick in all de-
ployments described in the present study. The diffusive gel
and outer membrane allow free passage, by molecular dif-
fusion, of dissolved metal species from the environmental
solution to the resin gel and together are referred to as the
diffusion layer. Both the binding to Chelex and the diffusive
transport are to some extent species dependent. For example
large metal—-humic complexes may have significantly lower
diffusion coefficients than simple inorganic species, thus re-
stricting their transport through the diffusion layer, and inert
complexes are unavailable for resin uptake (Zhang and Dav-
ison 1999 and additional unpublished data). The mass of
metal bound by the resin gel is determined by extraction into
a known, small volume of 1 M HNQ,, followed by analysis
using atomic absorption spectroscopy (AAS), inductively
coupled plasma mass spectroscopy (ICP-MS), or some other
appropriate method.

During deployment, a concentration gradient is estab-
lished across the diffusion layer between the resin gel and
the environmental compartment contacting the membrane
surface. The concentration of dissolved labile species is ef-
fectively zero at the resin-gel surface due to rapid uptake by
the Chelex. The mass uptake (M in nmol) per unit area (A
= 3.14 cm?) by the resin represents the mass flux (F in nmol
cm~2 s7%) integrated over the time (t in s) of deployment and
is a function of the concentration (C in nmol cm=3) at the
membrane surface. With previous water-column deploy-
ments of the assembly shown in Fig. 1, concentrations at the
membrane surface were maintained at their actual in situ
levels (profile 1 in Fig. 2) by efficient turbulent mixing and
effectively limitless reservoirs of trace metals (Zhang and
Davison 1995). Under these conditions, the actual in situ
concentration can be obtained directly from the mass uptake
using Fick’s first law of diffusion:

M DC
— = F = —
At Ag

where D (cm? s7?) is the diffusion coefficient of a given

D
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Fig. 2. Schematic representation of concentration gradients. The
concentration adjacent to the membrane surface (1) may be main-
tained at its actual in situ level by efficient mixing in the solution
phase; (2) may be determined by resupply through molecular dif-
fusion only; or (3) may be locally elevated relative to the natural
in situ concentration due to active remobilization in the DGT-trap
device.

metal ion and Ag is the diffusion layer thickness (0.053 cm).
In sediments and saturated soils, transport is generaly by
molecular diffusion and potentially becomes a limiting fac-
tor. A second important factor controlling the DGT-measured
flux in sediments and soils is resupply from the solid phase
so that the concentration calculated using Eq. 1 provides
information on resupply properties (capacities and kinetics)
of metals from solid phase to solution (Zhang et al. 1998b).
Profile 2 in Fig. 2 shows the extreme case where there is no
resupply from the solid phase and molecular diffusion is
acting alone. It has previously been demonstrated that the
diffusion coefficients for inorganic metal species in true so-
lution is the same in the gels used in the DGT assemblies
as in water (Zhang and Davison 1999). Subsequent calcu-
lations involving Eq. 1 use the temperature-corrected diffu-
sion coefficients for the various metals given by Li and
Gregory (1974).

In the present application, the DGT assembly is fitted into
a section of PVC tubing with an aspect ratio (length: di-
ameter) of 5:1. When the device is positioned verticaly
within the water column with the DGT assembly at the bot-
tom (Fig. 3), it has the recommended design characteristics
of a sediment trap (Rosa et a. 1991) and henceforth, when
deployed in this way, is referred to as the in situ remobili-
zation trap (IRT). The key difference from a normal trap is
that when settling solids reach the bottom of the IRT they
are in direct contact with the DGT assembly. Therefore any
remobilization will create an enhanced supply of metals in
the vicinity of the DGT assembly and will be reflected in
the DGT uptake. An upside-down IRT was used as a control
(see Fig. 3) and henceforth is referred to as the control-IRT.
The surface of the DGT assembly within the control-IRT
thus comes into contact with the same solution as the assem-
bly surface in the IRT without coming into contact with any
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Fig. 3. Schematic cross-section showing the mode of deploy-
ment of the DGT-trap and DGT-control devices (i.e., IRT and con-
trol-1RT).

settled material. Several IRTs and control-IRTs were rou-
tinely mounted in a Perspex carousel (Fig. 3) to enable sam-
pling reproducibility to be calculated. In order that a valid
control measurement was achieved, it was necessary that
both the IRTs and control-IRTs were in contact with water
of the same composition immediately on deployment. This
was achieved by initialy deploying the trap carousel inside
a polyethylene enclosure comprising a removable circular
container and lid (Fig. 3).

Two types of remobilization may be detected by the IRT.
The first is induced remobilization as previously described
for sediments and soils (Zhang et al. 1998b, 1995). Metal
uptake by the standard DGT assemblies (Fig. 1) deployed in
these environments generally causes a DGT-induced lower-
ing of the dissolved concentration adjacent to the membrane
surface relative to the natural in situ concentration. This fall
in concentration is counteracted to some degree by resupply
from the solid phase and diffusion from surrounding pore
waters acting in combination. The resupply from the solid
phase may arise, for example, due to the perturbation of an
equilibrium sorption or precipitation—dissolution reaction.
The key point is that induced remobilization occurs only as
a result of the presence of the IRT. The second active-type
of remobilization occurs spontaneously in the water column.
The microbially driven, reductive dissolution of Mn oxide
in suboxic waters is an example of such a process.

Various general conclusions concerning remobilization
can be drawn from the comparative metal uptakes obtained
with the IRT and control-IRT. The fluxes (or masses) of met-
a taken up by the IRT (T) and control-IRT (C) may show
the following relationships: (1) T/C = 1, indicating the ab-
sence of remobilization; and (2) T/C > 1, indicating induced
and/or active remobilization. In addition the trap flux (T)
can usefully be compared with the flux (F,.) calculated from
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Eq. 1, assuming that without active remobilization the con-
centration at the membrane surface would have remained
constant at itsin situ concentration in the open water column
(i.e., under conditions equivalent to profile 1 in Fig. 2). The
in situ concentration in the water column is obtained by in-
dependent measurement. T/F_,. > 1 implies active remobi-
lization (see profile 3 in Fig. 2). If T/C > 1 but T/F. = 1,
induced and active remobilization cannot be distinguished
by means of these simple comparisons. Information about
transport (mixing) processes within the PV C tubing can also
be obtained by considering the performance of the control-
IRT. For example, minimal metal uptake by the control-IRT
can be predicted assuming no remobilization and transport
by molecular diffusion (profile 2 in Fig. 2).

Performance characteristics

Laboratory experiments—T he performance of the IRT de-
vice in the absence of remobilization was examined under
constant laboratory conditions using Mn2?+ as a tracer. The
aims of the experiments were to determine the extent of
metal uptake by the device under ssimulated field conditions
and to compare the results with theoretical predictions and
with simultaneous measurements made using the basic DGT
assembly without the PVC cylinder. It is in this latter form
(shown as the free device in Fig. 3) that the assembly has
previously been used to measure water column concentra-
tions.

Three free devices and three IRT devices in control mode
were placed in the Perspex carousel and the entire assembly
deployed in the dark at 6°C in 20 L of 0.005 M NaNO,
solution, spiked with the equivalent of 5.46 nM (300 ppb)
Mnz+, Sufficient nitric acid was added to achieve a pH of
~5 in order to prevent any significant Mn oxidation. The
solution was gently and continuously stirred by a magnetic
stirrer. Two experiments were run with deployment times of
24 h and 8 d. In addition to determining the extent of Mn
uptake in the DGT devices at the end of the experiments,
the final immersion solutions were sampled, filtered through
0.45-um membrane filters and analyzed (AAS).

As expected, the directly measured dissolved Mn concen-
trations (Table 1) at the end of the 24-h and 8-d experiments
were effectively unchanged from the initial concentration,
indicating no significant loss of Mn. The total amount of Mn
taken up by all the DGT devices in the 8-d experiment was
equivalent to ~1% of the total dissolved Mn present. The
theoretical uptake was calculated for the well-mixed case
where the dissolved Mn concentration at the membrane sur-
face was maintained at 5.46 nM throughout the experiments.

The replicate laboratory deployments of the free devices
and control-1RTs showed good reproducibility (Table 1). The
measured uptake by the free devices was ~67% of that cal-
culated for the well-mixed case in both experiments. The
uptake was probably <100% due to the likely existence of
a significant diffusive boundary layer at the membrane sur-
face under the gentle stirring conditions employed. Specia-
tion effects were unlikely based on the equilibrium specia-
tion code, MINTEQAZ2, which indicates that the dissolved
Mn was present entirely as the free metal ion. The observed
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Table 1. Mn uptake by control and free DGT devices under laboratory and field conditions, expressed as mean fluxes.
. Mn uptake* Mean % of
Water Solution P
depth [Mn] (pmol cm=2 h-?) calculated uptake
Experiment (m) (nmol 1-1) Free Control Calculatedt Free Control
24-h laboratory experiment 5.32% 748+5 116+13 1,129 66 10.3
8-d laboratory experiment 5.48% 783+2 27.3+1.8 1,165 67 23
48-h Esthwaite Water experiment 33 0.61 — 21.1+05 146 — 15
(12-14 Aug 1997) 40 1.82 — 30.0+1.1 406 — 7.4
5.0 211 — 46.1+25 459 — 10

* Mean and standard deviation of two or three devices.

T Calculated Mn uptake by the DGT device, assuming that the concentration in the solution is maintained constant and is unaffected by the device.
F The measured concentration at the end of the deployment period in the laboratory incubation.

Mn uptake by the free device, although <100%, indicates
that the DGT assemblies performed satisfactorily. Mn uptake
by the control-IRT was substantially less than the uptake by
the free device and showed a time dependency (Table 1).
The minimal expected uptake, assuming transport by molec-
ular diffusion, was estimated using the two-dimensional
modelling methodology developed by Harper et al. (1998)
taking account of the geometry of the IRT device. The re-
sulting predictions are 18.5% (24 h) and 8.3% (8 d) of the
masses that would have accumulated if the solutions were
well mixed. The observed values (10.3% and 2.3%) were
lower but broadly in line with the predictions suggesting that
turbulence was effectively absent from the inner part of the
IRT device. The absence of turbulence in the device was
perhaps to be expected given that the purpose of acylindrical
design with a5: 1 aspect ratio for sediment trapsisto reduce
mixing.

Field conditions—Control-IRTs were positioned at three
depths in EW near the base of the oxycline during a period
of summer stratification. Water samples were collected at the
start of the 48-h deployment for the measurement of water
column concentrations (see below for information on pro-
tocols). The results are presented in a similar way to the
laboratory experimental data in Table 1. Both the in situ
dissolved Mn concentration and the observed Mn uptake by
the control-IRT increased with depth as would be expected
from the sampling location near the base of the oxycline.
The observed uptake varied between 7.4 and 15% (mean
11%) of that calculated for the well-mixed case, where the
dissolved Mn concentration at the membrane surface was
assumed to be constant at the observed water column con-
centration. The calculated uptake over 48 h assuming mo-
lecular diffusion aoneis 14.7% of the well-mixed case. The
observed uptakes are therefore in line with the laboratory
results in suggesting that the effect of turbulence on metal
uptake by the control-IRT was negligible. The results dem-
onstrate the effectiveness of a cylindrical shape and 5:1 as-
pect ratio in minimizing turbulence within sediment traps
under field conditions. The twofold variability in the per-
centage uptake with water depth may be linked to (1) the
locally steep vertical concentration gradients combined with
difficulties in maintaining the traps at constant water depths,
and (2) the occurrence of nonsteady-state conditions com-
bined with the fact that the control-IRT provides an inte-

grated measurement over time. Obtaining an accurate pre-
diction of metal uptake by the control-IRT under these
circumstances, based on the water column concentrations, is
clearly difficult.

Field applications

Methodology—Field deployments of IRTs and control-
IRTs were undertaken in EW between 14-22 August 1996,
59 September 1996, and 12-14 August 1997 at water
depths selected on the basis of the redox conditions at the
time. The suboxic zone during summer stratification was the
focus of attention because previous studies had indicated that
the reductive dissolution of Mn oxides was the dominant
process in this part of the water column, Fe oxide dissolution
being restricted to completely anoxic regions of the lake in-
cluding the underlying sediments (Davison 1993). Concen-
trations of total suspended solids in the lake are typically
around 1-2 mg liter-* but can reach 5-10 mg liter—* in sur-
face and deep waters (Sholkovitz and Copland 1982a), while
total-mass deposition rates are typicaly 2-5 g m=2 d*
(Sanders et al. 1996). Mn deposition rates at intermediate
depths during August and September, principally as Mn ox-
ides, are typically 30-70 mg m—2 d-* (Davison et al. 1982).

The DGT devices were deoxygenated in the laboratory
prior to use. This was achieved by submersion in a container
of Milli-Q water that was then bubbled with N, gas for 48
h. The deoxygenated box was sealed prior to transport to the
field site and placed inside a second box containing deoxy-
genated sodium sulfite solution. For each deployment two
additional DGT assemblies were prepared in the same way
to be used as field blanks. All sampling occurred at the deep-
est point (15 m) in EW. Immediately prior to deployment
the container part of the enclosure device (Fig. 3) was filled
with lake water, pumped directly from the appropriate de-
ployment depth by means of a peristaltic pump and braided
PVC tubing, and an empty carousel then positioned inside
the enclosure. The DGT devices were removed from the de-
oxygenated box and immediately fixed into the submerged
carousel by means of nitrile rubber rings. Two or three of
the devices were fitted as replicate IRTs and replicate con-
trol-IRTs in each carousel. Care was taken to ensure that no
air was trapped inside the control-IRTs by rotating the car-
ousel in the enclosure. The lid was placed on top of the
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Fig. 4. Vertical profiles of temperature (O), dissolved oxygen
(@) and dissolved Mn (@) concentrations, and Mn remobilization
rates (hatched bars) in Esthwaite Weater. (a,b) Profiles for 22 August
1996 and Mn remobilization rates for the period 14-22 August
1996. (c,d) Profiles for 12 August 1997 and Mn remobilization rates
for the period 12—14 August 1997. The upper and lower limits of
the oxycline are indicated by dashed lines.

container that was then lowered overboard. At the required
depth, the enclosure was removed from the proximity of the
carousel exposing the latter to the unrestricted water column.
In the simple prototype system, this was achieved by allow-
ing the container to settle under gravity and by raising the
lid using polypropylene cords. The carousel and enclosure
were fixed to a weighted, polypropylene rope kept taut by a
submerged buoy at the top. Following deployment, the DGT
assemblies were immediately detached from the PV C tubes
and rinsed with Milli-Q water to remove any collected sed-
iment, thus preventing further metal uptake. The assemblies
were kept in polyethylene bags until analyzed. The blank
assemblies were exposed and then transferred into polyeth-
ylene bags on board the boat in a similar way to the sample
devices.

Temperature, dissolved oxygen, and dissolved trace metal

Hamilton-Taylor et al.

Table 2. Metal uptakes by DGT devices deployed at a water
depth of 7 m in Esthwaite Water, 14—22 August 1996, expressed as
mean fluxes.

Control* Trap* Trap — Control
Metal (pmol cm=2d-%)  (pmol cm=2d-%)  (pmol cm=2 d-?)
Mn 29,000=600 70,900=1,100 41,900
Fe 160+10 9,760+2,130 9,600
Co 34+0.3 14.3+14 109
Al 30.4£5.9 73.4+12.6 43.0
Ba 31.8+3.1 65.7+5.8 33.9
Ni 8.2+0.7 11.6+14 34
Cu 44+1.1 42+24 not detectable

* Values given as mean and standard deviation of duplicate devices.

concentrations were also determined in the water column. A
detailed trace metal profile was obtained for 22 August 1996,
corresponding to the final day of one of the DGT deploy-
ments. The clean sampling and analytical methods for trace
metals are detailed elsewhere (Hamilton-Taylor et a. 1996;
Smith 1998). Briefly, water samples were collected by peri-
static pump and braided PVC tubing, filtered on-line
through 0.45-um membrane filters and stored at pH 2. Trace
metal analysis was by electrothermal AAS and ICP-MS. A
15-liter Milli-Q water sample was used to flush the sampling
system in the field and then to provide afield blank by taking
the Milli-Q water through the entire sampling, handling and
analytical protocol. The field-blank concentrations were neg-
ligible compared to sample concentrations.

Results and discussion—The 8-d trap deployment in Au-
gust 1996 was at a depth of 7 m that corresponded on 14
August to the middle of the oxycline (~50% DO saturation)
and on 22 August to the base of the oxycline (DO below
detection; see Fig. 4a). These conditions are typical of EW
for the time of year. In August 1997, three carousels were
deployed simultaneously at depths of 3.3, 4, and 5 m for 48
h. Conditions in 1997 were extremely unusual, linked to ex-
ceptionally fine and stable weather before and during the
sampling period. The waters were thermally stratified from
the surface (i.e., no surface mixed layer) and the oxycline
lay between 1 and 4 m (Fig. 4c). The contrasting redox con-
ditions in 1996 and 1997 were also reflected in the profiles
of dissolved Mn concentration (Fig. 4b,d). The dissolved Mn
profile below 7 m in August 1997 (Fig. 4d) suggests that
redox conditions developed in the norma way in the early
part of the summer. In contrast, the relatively small increase
with depth in dissolved Mn between 2 and 7 m was probably
associated with the later upward extension of the anoxic
zone that accompanied the period of unusualy fine weather.

The reproducibility of metal uptake determined from the
replicated IRTs and control-IRTs was good in both years for
al metals (Tables 2 and 3). The generally better reproduc-
ibility of the controls (typicaly +<10%) compared to the
IRTs (typically =<20%) was to be expected given that up-
take by the controls is derived entirely from the solution
phase, whereas uptake by the IRTs also includes the effect
of remobilization from particles. Mn uptake by the IRTs was
invariably much greater than by the corresponding control-
IRTs, indicating remobilization in all deployments (Tables 2
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Table 3. Mn and Fe uptakes by DGT devices deployed in Esth-
waite Water, 12-14 August 1997, expressed as mean fluxes. Uptake
values for other metals are included for comparison.

Trap —
Water Control* Trap* Control
depth  (pmol cm~2 (pmol cm—2 (pmol cm—2
Metal  (m) d d-?) d?)
Mn 33 510+10 5,540+720 5,030
4.0 710+30 29,500+5,000 28,800
5.0 1,090+60 15,100=+1,700 14,000
Fe 33 74.1+3.2 84.7+12.9  not detectable
4.0 46.7+0.9 47.6+25 not detectable
5.0 47.8+6.6 43.9+4.8 not detectable
Co 4.0 0.54+0.05 8.14+0.68 7.60
Al 4.0 100+9 191+39 91
Ba 4.0 55.2+7.1 77.2+3.6 220
Ni 4.0 13.3+05 105+0 92

* Values given as mean and standard deviation of three devices, except for
the 3.3-m and 4-m controls, which analyze two devices.

and 3). The depths at which Mn remobilization was ob-
served, using the DGT devices, corresponded well with the
depths of remobilization inferred by the profiles of dissolved
Mn concentration (Fig. 4b,d). Exact correspondence would
not be expected in a nonsteady-state system, given that the
concentration profiles are a function of the conditions at the
time of sampling, whereas the DGT device provides a time-
integrated measurement.

Mn uptake by the IRT in August 1997 was highly local-
ized, peaking at 4 m, in contrast to the downward-increasing
trend observed for both the in situ dissolved Mn concentra-
tion and the uptake by the control-IRT (see Tables 1 and 3,
and Fig. 4d). Previous measurements in EW with traditional
sediment traps have indicated that once summer stratification
is well-established, dissolved Mn is supplied to the hypolim-
nion predominantly through the reductive dissolution of set-
tling Mn oxides rather than from bottom sediments, and that
little or no Mn oxide reaches the sediment surface (Davison
et a. 1982). It follows that there must be a midwater max-
imum in the rate of Mn oxide dissolution, most probably
within the suboxic or upper anoxic parts of the water column
and coincident with a high rate of supply of Mn oxide. At
greater depth, dissolution will decrease as the supply of Mn
oxide particles is diminished. The DGT data therefore pro-
vide direct evidence for this view of Mn cycling in EW. The
deployment between 5 and 9 September 1996 was within the
anoxic zone at 9.5 m, and there was no significant difference
in Mn uptake between the IRT (75.5 = 6.7 nmol cm=2 d-?)
and control-IRT (82.6 += 0.9 nmol cm~2 d-%). This is attri-
buted to the deployment depth being below the zone of Mn
oxide remobilization, i.e., all the settling Mn oxide had dis-
solved. These data aso indicate the value and effectiveness
of the control-IRT.

In contrast to Mn, Fe showed evidence of remobilization
in 1996 but not in 1997 under similar redox conditions. The
occurrence of Fe remobilization in 1996 was surprising be-
cause, as stated above, previous evidence has indicated that
no reductive dissolution of Fe oxides occurs in the suboxic
part of the water column. Although the remobilization of Fe
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may have been linked to the increasingly reducing character
of the water column with time during the 1996 deployment,
as indicated by the upward migration of the anoxic zone, it
is thought that a more likely cause was the relatively long
deployment period of 8 d.

A long deployment period has the potential advantage of
increasing the analytical signal but has important disadvan-
tages. First, in a highly nonsteady-state environment, like
EW, the geochemical signal associated with the DGT uptake
is likely to reflect several processes as conditions change
naturally with time. Probably of even greater significance is
the likelihood that conditions change artificially inside the
trap device. The DGT-based method attempts to provide a
measure of remobilization under in situ conditions. However,
conditions inside the trap (i.e.,, IRT) will almost certainly
become more reducing with time because of the build-up of
organic matter and microbial activity and the limited resup-
ply of dissolved O, due to the lack of turbulence. Microbial
activity is the reason why poisons are frequently used with
traditional sediment traps (Rosa et al. 1991). The best so-
Iution to the problem in the present application is shortening
the deployment time as far as possible while avoiding ana-
Iytical detection problems with the DGT measurements.
Shortening the deployment time is also commonly preferred
to poisoning with traditional traps. Two weeks has been rec-
ommended as an acceptable exposure time when using tra-
ditional sediment traps without poisons (see Rosa et al.
1991), athough this appears to be too long in the present
case. It was for the above reasons that the deployment time
was reduced to 48 h in 1997. The absence of any measurable
Fe remobilization in 1997, even under anoxic conditions at
5 m, supports the contention that the Fe remobilization ob-
served the previous year was linked to artificially enhanced
reducing conditions in the IRTs.

As with Mn, the uptakes of Co, Al, Ba, and Ni were all
significantly higher in the IRTs than in the control-IRTs in
August 1996 and 1997, indicating remobilization (Tables 2
and 3). By contrast Cu showed no evidence of remobiliza-
tion. Molar ratios of remobilized metal to remobilized Mn
were calculated, based on the difference between the trap
and control uptakes after normalizing the uptakes with re-
spect to the appropriate diffusion coefficients. This normal-
ization is necessary because the concentration of each metal
at the membrane surface, calculated from the DGT uptake
using Eq. 1, is inversely proportional to the diffusion coef-
ficient. Table 4 shows that the DGT-derived ratios of re-
mobilized metal to remobilized Mn in 1997, when no Fe
remobilization was detectable, were similar to or higher than
the corresponding ratios in 1996. Table 3 shows that the
absolute amounts of trace metals remobilized in 1997 were
generaly large compared to any possible remobilization of
Fe that year, which might have occurred but was below de-
tection. The data therefore indicate that the reductive dis-
solution of Fe oxide makes no significant contribution to the
observed remobilization of trace metals, even in 1996 when
Fe oxide dissolution was probably artificially induced. Mn
oxide dissolution is the most probable source, especially as
the remobilization of Co, Al, Ba, and Ni measured by the
IRTs was much greater at 4 m than at 3.3 m (the 5-m sample
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Table 4. Comparison of metal :Mn molar ratios derived from
DGT remobilization measurements with those from regression anal-
ysis of water column concentrationsin the depth region of Mn redox
cycling in Esthwaite Water.

Hamilton-Taylor et al.

Table 5. The ratio of the observed metal uptake by the DGT
trap device (T) to the calculated uptake (F,.), assuming that the
concentration at the membrane surface remained constant at its wa-
ter column value.

Aug 1996
Slope of
regression Aug 1997
DGT-derived of dissolved DGT-derived
ratio* X 10® [metal]t X 102  ratio* X 103
Co 0.27 0.29 0.26
Al 1.26 242 3.83
Ba 0.66 2.77 0.62
Ni 0.08 0.18 3.20

* Based on trap minus control uptakes.
T Based on concentrations at the 6-10-m depth.

was lost during analysis). Other sources, such as decompos-
ing algae, cannot be discounted entirely however.

The T/F,. ratio provides information about the nature and
scale of the remobilization process and about possible spe-
ciation effects on limiting metal uptake by the DGT assem-
bly (see Concept and design of device). Mn is the only el-
ement that is definitely undergoing active remobilization on
the basis of the T/F_,. ratio being >1 (Table 5). The effect
of retarded mixing within the IRT device will be the same
for all metals, so that the wide range of T/F,. ratios (Table
5) reflects differences in the relative scales of remobilization
and in possible speciation effects, acting alone or together.
For example the high T/F_,. ratio (~0.77) for Co indicates
that remobilization is sufficient to maintain the dissolved Co
concentration in the IRT at close to its open water-column
concentration, while speciation effects on uptake by the IRT
must be small or negligible. In contrast the ratio for Ba is
actually less than the minimal value shown in Table 5, cal-
culated assuming resupply by molecular diffusion within the
IRT device. A ratio less than the calculated minimum can
only occur if the Ba measured in the filtered water sample
includes species that are not taken up by DGT, such as col-
loids. A clearer interpretation would be possible with more
information on metal speciation. Such subtleties of interpre-
tation highlight the critical nature and benefit of the control-
IRT for detecting remobilization.

On 22 August 1996, the concentrations of dissolved Co,
Al, Ba, and Ni were elevated around the base of the oxy-
cline. The trace metal concentrations in all cases correlated
better with dissolved Mn (R = 0.97, P < 0.01) than with
dissolved Fe (R = 0.83, P < 0.05). Table 4 shows the slopes
of the linear regressions of dissolved metal against dissolved
Mn for these elevated (molar) concentrations. The most
striking feature is the more or less constant molar Co: Mn
ratio (~0.27 X 10-3) for all the various measurements, sug-
gesting that the dissolved Co accumulating in the mid-part
of the water column is derived from Mn oxide alone and is
unaffected by any other process. The DGT-derived ratio was
the same in 1996 and 1997, suggesting it is a consistent
feature in the lake. Another recent study of EW was unable
to identify the specific source of the dissolved Co under the
same conditions, on the basis of the metal concentrations

T:Fee

1996 1997
Mn 2.1 1.33
Co 0.79 0.75
Al 0.27 0.52
Ba 0.06 0.10
Ni 0.13 0.74
Minimum* 0.08 0.15

* Calculated assuming resupply by molecular diffusion alone.

alone, because of the overlapping nature of the Co, Mn, and
Fe profiles (Achterberg et a. 1997). Close relationships be-
tween dissolved Co and Mn concentrations and inventories
in other lakes have also been attributed to Mn oxide as the
common source (Green et al. 1989; Balistrieri et al. 1992).

The pattern with the other metals is more complicated. A
consistent DGT-derived Ba: Mn ratio (~0.64 X 10-%) was
observed between the 2 yr that was lower than that derived
from regression of the dissolved concentrations (Table 4).
These results indicate that athough release from Mn oxides
contributes to the elevated dissolved Ba concentrations, it is
not the dominant in-lake source of dissolved Ba. This inter-
pretation is consistent with the evidence provided by the T/
F... values (see above) and by previous studies that have
suggested that the elevated dissolved Ba concentrations are
linked to remobilization from the ciliated protozoa, Loxodes,
or from algae (McGrath et a. 1989). The suggestion of a
link with the redox cycling of Fe (Sholkovitz and Copland
1982b) is not supported by the data. Our results are the first
to indicate a Ba-Mn oxide relationship in EW, although Mn
redox cycling is reported to be the major control over Bain
Lake Biwa (Sugiyama et al. 1992; Sugiyama and Hori 1994).
The Al:Mn and Ni:Mn ratios are even more variable than
Ba: Mn (Table 4), suggesting either there is more than one
biogeochemical process affecting the distributions of Al and
Ni or that the nature of the Al— and Ni-Mn oxide relation-
ships vary during seasonal anoxia in EW.

General discussion

The possibility that the measured remobilization is af-
fected by modified conditions in the IRT, e.g., through en-
hanced microbial activity, has been discussed. Minimizing
the length of deployment provides a means of avoiding or
at least limiting such artifacts. The measured IRT uptake will
also be affected by the semiopen nature of the device and
the artificially long residence times of settling particles. If
there are relatively elevated concentrations of dissolved met-
als within the trap tubes (only Mn in EW), resulting from
active remobilization, in principle some fraction of the re-
mobilized metal could be lost via transport from the tube.
The observed control-IRT uptakes have indicated that mix-
ing inside the tubes was predominantly by molecular diffu-
sion both under laboratory and field conditions. Assuming a
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typical molecular diffusion coefficient of 4 X 10-¢ cm? s72,
measurably elevated concentrations should only extend
about 5-6 cm along the 20-cm tube after a deployment time
of 1 week. Therefore in the EW deployments, a negligible
amount of Mn was probably lost from the tubes.

The artificially long residence time of the particles in the
IRT will lead to an overestimation of local remobilization,
even without modification to the chemical and microbial
conditions. As settling particles are artificially retained with-
in the trap, they are available for dissolution for a longer
period of time than they would be over the same depth in-
terval in the open water column. The scale of the effect is
related to the particle settling velocity, the dissolution rate,
and the deployment time. It follows that the IRT is providing
a remobilization flux integrated over some depth interval
greater than that of the tube length (20 cm). The Mn re-
mobilization fluxes (T-C) measured by the DGT devices at
7 min August 1996 and at 4 m in August 1997 were 41.9
and 28.8 nmol cm~2 d-* (Tables 2 and 3) or 2.3 and 1.6 ug
cm~2 d-%. These fluxes are similar in magnitude to the mea-
sure of remobilization (4 wg cm=2 d-%) obtained from the
difference between the Mn settling rates at 8 m and 14.5 m
in July 1979, measured using a vertical array of traditional
sediment traps (Davison et al. 1982). The O,—H,S interface
was then at a more typical depth for EW of ~9 m, so that
the difference between the 8-m and 14.5-m fluxes approxi-
mates to the depth-integrated remobilization of Mn over the
suboxic and anoxic parts of the water column at that time.

The metal ratio data derived from the DGT devices pro-
vides particularly useful information on remobilization, be-
cause the ratios will be unaffected by the semiopen nature
of the devices and the long residence times of settling par-
ticles within the traps. As demonstrated for Co and Ba, the
resulting data can be compared directly with those obtained
from other sources, such as water column profiles, to provide
valuable and novel insights into element cycling. Further-
more, it is possible to obtain whole-lake budgetary infor-
mation for al elements if such data exist for one of them.
Thus, it is possible to obtain information about the effect of
Mn redox cycling on trace metal budgets by combining the
trace metal : Mn ratio data, derived from the DGT devices,
with the whole-lake budgetary data for Mn in EW collected
over many years.

The preliminary deployments in EW have shown that Co,
Ba, Al, and Ni undergo water-column remobilization around
the base of the oxycline and that this remobilization is not
linked to the redox cycling of Fe but most probably to the
reductive dissolution of Mn oxide. Interpretation of the
DGT-trap data is improved by combining the technique with
other measurements. For example, comparisons of metal :
Mn ratios obtained from the DGT-trap data with those cal-
culated from water-column concentration profiles indicate
that the elevated concentrations of dissolved Co observed in
suboxic and anoxic waters are derived solely from Mn oxide
dissolution. In contrast the behaviors of Ba, Al, and Ni ap-
pear to be affected by at least one additional process. The
DGT-trap device derives a number of benefits from its in
situ application. The conditions of remobilization, although
subject to possible modification, are those that occur natu-
raly in the field. The method avoids problems associated

1779

with storage of particles that are inevitable if remobilization
is measured in laboratory incubations. The in situ deploy-
ment, together with the fact that the remobilized metals are
concentrated into the resin-gel layer, minimizes contamina-
tion problems and provides high sensitivity. DGT assemblies
suitable for the measurement of other determinants (e.g., P)
have also been developed (Zhang et al. 1998a) so that the
method has the potential to be extended to other categories
of elements requiring different binding agents to Chelex.

In considering the potential for wider application of the
method, particularly in the marine environment, the detec-
tion limits of the device are probably most critical. Although
detection limits were not rigorously considered as part of
this study, some useful conclusions can be drawn from the
preliminary results. Because the data indicate that the repro-
ducibility of the IRTs is intrinsically poorer than that of the
control-1RTs, the ultimate detection limits are likely to be a
function of the reproducibilities of both the trap and control
devices. Therefore increasing the cross-sectional area of the
devices may help to reduce the detection limits, especially
in environments with a relatively small number of settling
particles per unit area, as in the oceans. A comparison of the
standard deviations shown in Tables 2 and 3 suggests that
the ultimate detection limits have not been reached as, in the
case of every metal, the absolute reproducibilities decreased
with decreasing uptake. For example, with the control de-
vices, the lowest relative (+2%) and absolute standard de-
viations for Mn were obtained with the sample (3.3 m in
1997) having the lowest absolute uptake. These results sug-
gest that the ultimate detection limits are likely to be con-
siderably lower than indicated by the present data, especially
where background solution concentrations, and hence con-
trol uptakes, are lower, as in the oceans.

It is concluded that the DGT-trap device is capable of
producing valuable, direct information on remobilization of
metals in the water columns of lakes and possibly the
oceans. There is considerable potential for improving the
design of the device with respect to both ease of handling
and interpretational capabilities. For example the inclusion
of avertical DGT strip inside the tube section of the device
would provide information on internal mixing conditions
and hence better quantification of absolute remobilization
rates.

References

ACHTERBERG, E. P, C. M. G. VAN DEN BERG, M. BOUSSEMART,
AND W. DAvVISON. 1997. Speciation and cycling of trace metals
in Esthwaite Water: A productive English lake with seasonal
deep-water anoxia. Geochim. Cosmochim. Acta 61: 5233—
5253.

BAKER, J. E., S. J. EIsENREICH, AND B. J. EADIE. 1991. Sediment
trap fluxes and benthic recycling of organic carbon, polycyclic
aromatic hydrocarbons, and polychlorobiphenyl congeners in
Lake Superior. Environ. Sci. Technol. 25: 500-509.

BALISTRIERI, L. S., J. W. MURRAY, AND B. PauL. 1992. The bio-
geochemical cycling of trace metals in the water column of
Lake Sammamish, Washington: Response to seasonally anoxic
conditions. Limnol. Oceanogr. 37: 510-528.

CHANG, L., W. DAvIsON, H. ZHANG, AND M. KELLY. 1998. Perfor-
mance characteristics for the measurement of Cs and Sr by



1780

diffusive gradients in thin-films (DGT). Ana. Chim. Acta 368:
243-253.

DavisoN, W. 1993. Iron and manganese in lakes. Earth-Sci. Rev.
34: 119-163.

, G. R. FoNESs, AND G. W. GRIME. 1997. Dissolved metals

in surface sediment and a microbial mat at 100-um resolution.

Nature 387: 885-888.

, C. WooF, AND E. Rigg. 1982. The dynamics of iron and

manganese in a seasonally anoxic lake; direct measurement of

fluxes using sediment traps. Limnol. Oceanogr. 27: 987-1003.

, and H. Zhang. 1994. In situ speciation measurement of
trace components in natural waters using thin-film gels. Nature
367: 546-548.

GrEEN, W. J,, T. G. FERDELMAN, AND D. E. CANFIELD. 1989. Metd
dynamics in Lake Vanda (Wright Valley, Antarctica). Chem.
Geol. 76: 85-94.

HAMILTON-TAYLOR, J., AND W. DAviIsoN. 1995. Redox-driven cy-
cling of trace elements in lakes, p. 217-263. In A. Lerman, D.
Imboden, and J. Gat [eds], Physics and chemistry of lakes.
Springer-Verlag,

, , AND K. MoRFETT. 1996. The biogeochemical cy-

cling of Zn, Cu, Fe, Mn, and dissolved organic C in a season-

aly anoxic lake. Limnol. Oceanogr. 41: 408-418.

, M. WiLLis, AnND C. S. REvyNOLDs. 1984. Depositional fluxes
of metals and phytoplankton in Windermere as measured by
sediment traps. Limnol. Oceanogr. 29: 695-710.

HARPER, M. P, W. DAvVIsON, H. ZHANG, AND W. TycH. 1998. Ki-
netics of metal exchange between solids and solutions in sed-
iments and soils interpreted from DGT measured fluxes. Geo-
chim. Cosmochim. Acta 62: 2757-2770.

Li, Y.-H., AND S. GReGORY. 1974. Diffusion of ions in sea water
and in deep-sea sediments. Geochim. Cosmochim. Acta 38:
703-714.

MCGRATH, M., W. DAVISON, AND J. HAMILTON-TAYLOR. 1989. Bio-
geochemistry of barium and strontium in a softwater lake. Sci.
Total Environ. 87/88: 287—295.

REINFELDER, J. R., N. S. FIsHER, S. W. FOWLER, AND J.-L. TEYSSIE.
1993. Release rates of trace elements and protein from decom-
posing planktonic debris. 2. Copepod carcasses and sediment
trap particulate matter. J. Mar. Res. 51: 423-442.

Hamilton-Taylor et al.

Rosa, F, J. BLOESCH, AND D. E. RATHKE. 1991. Sampling the set-
tling and suspended particul ate matter (SPM), p. 97-130. In A.
Mudroch and S. D. MacKnight [eds.], CRC handbook of tech-
niques for agquatic sediments sampling. CRC.

SANDERS, G., J. HAMILTON-TAYLOR, AND K. C. JoNES. 1996. PCB
and PAH dynamicsin asmall rural lake. Environ. Sci. Technol.
30: 2958-2966.

SHoLkoviTz, E. R., AND D. CorLAND. 1982a. The chemistry of
suspended matter in Esthwaite Water a biologically productive
lake with seasonally anoxic hypolimnion. Geochim. Cosmo-
chim. Acta 46: 393-410.

, AND . 1982b. The major-element chemistry of sus-
pended particles in the north basin of Windermere. Geochim.
Cosmochim. Acta 46: 1921-1930.

SmiTH, E. J. 1998. The biogeochemical behaviour of trace metals
in a seasonally anoxic lake. Ph.D. Thesis, Univ. of Lancaster.

SuclYAMA, M., AND T. Horl. 1994. Geochemica behaviour of bar-
ium in the vicinity of a MnO,/Mn?* redox front formed in a
eutrophic lake. Jon. J. Limnol. 55: 27-37.

, S. KIHARA, AND M. MATsuI. 1992. A geochemical
study on the specific distribution of barium in Lake Biwa, Ja-
pan. Geochim. Cosmochim. Acta 56: 597—605.

ZHANG, H., AND W. DAvVIsSON. 1995. Performance characteristics of
the technique of diffusion gradients in thin-films (DGT) for the
measurement of trace metals in aqueous solution. Anal. Chem.
67: 3391-3400.

, AND . 1999. Diffusional characteristics of hydrogels
used in DGT and DET techniques. Anal. Chim. Acta. In press.

, , R. GabpI, AND T. KoBAYASHI. 1998a. In situ mea-

surement of dissolved phosphorus in natural waters using DGT.

Anal. Chim. Acta 370: 29-38.

, , B. KNIGHT, AND S. MCGRATH. 1998b. In situ mea-

surements of solution concentrations and fluxes of trace metals

in soils using DGT. Environ. Sci. Technol. 32: 704—710.

, , S. MILLER, AND W. TYcH. 1995. In situ high res-

olution of fluxes of Ni, Cu, Fe, and Mn and concentrations of

Zn and Cd in porewaters by DGT. Geochim. Cosmochim. Acta

59: 4181-4192.

Received: 11 December 1998
Accepted: 25 May 1999
Amended: 25 June 1999



