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Processes influencing the form and fate of Zn in mesoscale eddies in NE Pacific
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Figure 5.10 (c) Zinc speciation data for centre station H-2001 in September 2001 (7
months).
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Figure 5.10 (d) Zinc speciation data for edge station H-2000 in June 2001 (16 months).
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Figure 5.10 (e) Zinc speciation data for Centre station H-2000 in September 2001 (19
months).
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Figure 5.10 (f) Zinc speciation data for edge station H-2000 in September 2001 (19

months).

114



Chapter 5 Processes influencing the form and fate of Zn in mesoscale eddies in NE Pacific
T T CZn
— e — C_
= & T
e Chlorophyll
il Nyl orophy
Filotescence zn2* (pM) Fluorescence (V)
0 0 40 80 120 160 0 1 2 3
lK T Ll 1 1 1 ! + 1 .\l 1
[ > | e
? = P it
SO 1n 11 Nl - i
o
B . > |y
~ 100 F NG\ o [ BN - g / 4 4
E N X |
£ NN N / |
% \ \ \ / I
Q 150 f A 1F \ 3 Bl 1K 1
N \ |
N N |
200 |- e L . d L :
250 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 10.2 10.3 10.4 10.5 10.6

Czn CL (nM) log K'znL
Figure 5.10 (g) Zinc speciation profiles for reference station in September 2001.

5.3.9 Zn speciation in H-2000

Unlike H-2001 the highest ligand concentrations observed on the S-N transect are at the southern
end of the eddy and decrease in a northerly direction with the lowest concentration observed at
the eddy centre (HOOF) (Table 5.3). Neither the total dissolved Zn nor the Zn** concentrations
observed display this pattern. The Zn** concentration is lower than H-2001 and is relatively
constant throughout the eddy at 10m with values ranging from 1.75 to 3.3 pM. The ligand
concentration decreased in the edge station between June and September 2001 with the exception

of the sample at 10m where an increase in ligand concentration was observed.
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H-2001 transect 10m

Date Station Number Position Czn(nM)  CL(nM)  log K'za, Zn** (pM)
2/6/01 Ed 02 50° 15'N 133° 50'W 0.09 1.09 10.4 3.28
2/6/01 Ed 03 50° 30'N 133° 50'W 0.10 1.32 10.2 4.63
2/6/01 Ed 04 50° 45'N 133° 50'W 0.25 1.34 10.3 10.3
2/6/01 Ed 05 50° 55'N 133° 50'W 0.21 2.21 10.3 4.97
2/6/01 Ed 06 51° 05'N 133° 50'W 0.14 1.36 10.2 6.50
3/6/01 Ed 07 51° 14'N 133° 50'W 0.16 1.44 10.4 4.64
3/6/01 Ed 08 51°33'N 133° 50'W 0.10 1.41 10.2 3.50
3/6/01 Ed 09 51° 45'N 133° 50'W 0.07 1.13 10.2 3.68
3/6/01 Ed 10 50° 00'N 133° 50'W 0.06 1.02 10.3 2.80

H-2000 transect 10m

Date Station Number Position Com(MM) CL(MM)  logK'm  Zn°* (pM)

21/9/01 HOOA 53° 30'N 138° 20'W 0.11 2.5 10.2 2.74
21/9/01 HOOB 53° 45'N 138° 20'W 0.15 2.36 10.4 2.61
21/9/01 HOOC 53° 60'N 138° 20'W 0.12 2.14 10.3 2.82
21/9/01 HOOD 54° 10'N 138° 20' W 0.06 1.53 10.2 2.35
21/9/01 HOOE 54° 20'N 138° 20'W 0.05 1.10 10.4 1.75
22/9/01 HOOF 54° 30'N 138° 20'W 0.03 1.04 10.4 2.91
25/9/01 HOOH 54° 50'N 138° 20'W 0.07 1.01 10.3 3.34
25/9/01 HOOJ 55° 15'N 137° 37'W 0.08 1.29 10.2 3.74
26/9/01 HOOL 54° 00'N 138° 50'W 0.09 1.34 10.3 2.95

Table 5.3 Zinc speciation data from the S-N transects of H-2001 and H-2000.

54 Discussion

5.4.1 Distribution of Zn below the mixed layer in H-2001

Below 600m Zn concentrations are similar to the reference station and indicate that the eddy is

not influencing the distribution of Zn at these depths. A similar pattern is observed for the

nutrients, temperature and salinity indicating that 4 months after formation the eddy is not

penetrating to depths below 600m. The top 500m of Haida eddies typically transport seaward

about 20 to 50% of the fresh water input into the continental margin along the British Columbia

Coast (Crawford, 2003). Total dissolved Zn concentrations from 600-1000m in this study are

similar to those observed by (Martin et al., 1989). The dissolved Zn concentrations below 400m

are determined by the nutrient-type vertical profile and the advective flow of deep-water along
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the global conveyor belt, which has evolved over long time scales. After 4 months H-2001 is still

relatively young compared to the 2 years that these eddies typically persist for.

Unlike H-2000 which is still strongly evident on the satellite image in September, H-2001
appeared to be a weaker eddy and both its sea surface elevation and size had decreased over time
(Fig 5.5). The decrease in Zn concentrations in the centre (100m- 400m) of H-2001 over the three
months from June to September 2001 may be due to eddy mixing with surrounding waters. The
abundance of phytoplankton and zooplankton in the H-2001 is much lower than those observed in
H-2000 (Batten & Crawford, 2003). Nutrient concentrations within H-2000, 4 months after
formation were lower than those observed in H-2001. H-2000 shows 3 times higher biological
consumption of C and was a significant sink of CO,than H-2001 over the same time period
(Chierici et al., 2003). However, H-2000 was sampled for dissolved Fe, 4 months after formation
and the Fe concentration is similar to that observed in the weaker, H-2001 eddy over the same
time period (Wong et al., 2003). A large decrease in Fe was also observed in the centre of H-2001
between June and September. Therefore, although a larger biological activity was observed in H-
2000, this appears to make little difference to the trace metal distribution observed in these eddy

systems.

5.4.2 Distribution of Zn in H-2000

Higher total dissolved Zn concentrations are observed in H-2000 in September 2001 compared to
June 2001 from 40 to 400m. An animation of 3-day satellite altimeter images for 1992 to

November 2002 revealed that during spring and summer 2001, H-2000 merged with a newly
formed eddy in late June 2001 (circa June 29). This new eddy was formed near the West Coast of
Graham Island (the largest of the Queen Charlotte Islands) (Fig 5.1) in April 2001 and not at
Cape St James where the eddies in this study originated from. In July 2001, this eddy had caught
up with and fully merged into H-2001 (Compare Fig 5.11 and 5.5). H-2000 gained heat between
16 and 19 months when it merged with the new eddy (Crawford, 2003). As the older eddy had
entrained water from the new eddy, this may have been a mechanism of entraining higher
dissolved Zn concentrations into H-2000. In addition to this, the distribution of dissolved Zn
concentrations could reflect the enhanced wind-induced mixing due to a series of storm events,
which occurred during sampling. Evidence for the storm events comes from nutrient and
chlorophyll a data. A lower concentration of both nutrients and chlorophyll a was observed at

station HOOE, which was sampled just prior to the storm and was located at a distance of ~ 17
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km from the centre station HOOF. High biological activity as indicated by the higher chlorophyll
a data (Appendix 3.1) at this edge station in September would result in increased particle flux
from the water column and remineralisation of Zn at depth. Zn concentrations at depth (100-400
m) in the centre and edge station of H-2000 in September are higher than those observed in the

reference station or in the centre of H-2000 in June 2001.
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Figure 5.11 Satellite picture showing H-2001b (E) heading towards H-2000 (A) in June 2001.
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5.4.3 Mixed layer distribution of dissolved Zn in Haida eddies

Dissolved Zn concentrations in the mixed layer are similar to those observed at the open ocean
station P20 (Chapter 3) but higher than those observed at the reference stations. In general Zn
concentrations decreased as the eddies aged, although Zn concentrations increased between June
and September in the centre of H-2001. This increase may reflect a series of storm events, which
occurred after sampling in June and prior to sampling in September. The Zn concentration
immediately below the mixed layer is higher than that observed in the open ocean. Thus a storm
event could mix these relatively Zn enriched waters up into the surface layer. Along line P
(Chapter 3) no difference was observed between winter and summer total dissolved Zn
concentrations. However, this data suggests that within eddies, autumn/ winter storm events can
increase the concentration of Zn in surface waters. In H-2000 the dissolved Zn concentrations in
the centre of the eddy are very low and similar to those observed at OSP. At the eddy edge the
Zn concentrations are lower than that observed at the eddy centre with the exception of H-2000 in
September 2001. With respect to the centre stations, the edge stations are more dynamic and

subjected to increased mixing through entrainment with the surrounding waters.

Three major processes can effect the total dissolved Zn concentrations observed within the mixed
layer of Haida eddies; (1) atmospheric input, (2) biological activity and (3) mixing. As discussed
in Chapter 3, atmospheric input to this region is small (0.01 nM) (Bruland et al., 1994) and is
expected to have a negligible impact on total dissolved Zn concentrations compared to other
processes in Haida eddies. Within Haida eddies, primary productivity is significantly higher than
surrounding waters (Fig 5.3; Peterson et al., 2003). Higher concentrations of dissolved trace
metals such as Zn and Fe and macronutrient concentrations have been hypothesised for this
increase in primary productivity (Whitney & Robert, 2002). A large phytoplankton bloom was
observed to occur in May and therefore by June the decrease in Zn and nutrient concentrations in

the surface water column would suggest a biological demand for dissolved Zn.

The surface layers of Haida eddies undergo frequent and rapid wind-driven horizontal exchange
with the surrounding non-eddy ocean water due to Ekman transport during wind events and
strong inertial currents following wind events (Mackas et al., 2003). It has been observed that
zooplankton taxa retained in the eddy were those that avoided the surface layer for some or all of
the day (Mackas & Galbraith, 2002). The physical spinning motion of the eddy itself has been

hypothesised to remove nutrient-rich waters from the surface water to depth as indicated by the
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depressed isopleths of temperature, salinity and nutrients (Whitney & Robert, 2002) (Fig 5.6 a,

b). This process would also remove trace metals such as Zn.

After 19 months, the eddy does not reflect true HNLC conditions, as the concentrations of nitrate
and silicic acid are still significantly lower than surrounding waters. This could reflect the fact
that higher nutrient utilisation due to the higher trace metal concentrations in these environments
created ambient conditions for phytoplankton growth and the signature of this uptake is still
evident in the centre of the eddy. Therefore, the distribution of Zn in the surface mixed layer will
be the result of the uptake by phytoplankton and loss to the surrounding ocean by mixing

processes.

5.4.4 Processes influencing vertical Zn distributions in H-2001

Dissolved Zn concentrations between 100 and 400m are significantly higher than those observed
in the reference station. The only obvious processes that can lead to the increased concentrations
are removal of Zn from the mixed layer through biological processes and subsequent
remineralisation at depth or dilution of the higher Zn concentrations in the source waters of Haida
eddies with adjacent oceanic waters. Both processes were investigated to elucidate the

mechanism for the higher Zn concentrations observed.

5.4.4.1 Biological Processes

Phytoplankton require Zn for growth and many studies have been carried out on the uptake of Zn
by phytoplankton (Chapter 1 & 4). Both phytoplankton and zooplankton are present in larger
numbers in Haida eddies compared to the open ocean waters (Mackas & Galbraith, 2002;
Peterson et al., 2003). Additionally zooplankton vertically migrate on a daily basis and at
different stages of their life histories and can also remove Zn from the upper water column and
contribute to remineralisation of Zn at depth. Hutchins et al. (1994) has demonstrated that
remineralisation of Zn from living plankton cells can be significantly enhanced by the grazing
activities of zooplankton and suggested that biologically mediated regeneration and recycling
could be an important process in the biogeochemical cycling of Zn. However, as yet little is

known about uptake of trace metals by zooplankton in the natural environment.
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In order to estimate the impact on dissolved Zn concentrations via uptake by phytoplankton and
subsequent removal from the mixed layer, an assumption can be made that all Zn removed from
the surface layer over time has been utilised by phytoplankton, and then remineralised at 400m.
As there are no available dissolved Zn concentrations from the source waters of the Haida eddies
(Hecate Strait), Zn concentrations from a shelf station P4 (Chapter 3) just south of the Hecate
Strait was utilised as the source water. Total dissolved Zn concentrations at both P4 and the
centre station (4 months) were integrated to a depth of 75m. The maximum addition of dissolved
Zn at 400m over a period of 4 months is 106 . mol m? which represents 8.1% of the total Zn
observed at this depth. If 40m is applied instead of 75m as the mixed layer is 45m, this values

decreases to 32.5 w mol m™ or 2.5% of the total.

Another method for estimating the remineralisation of Zn at 400m uses a simple one-dimensional
model of oxygen utilisation. Two assumptions were made for this calculation; (1) that minimal
vertical (diapycnal) mixing occurs, which appears too reasonable for eddy systems (Martin &
Richards, 2001) (2) that all the oxygen utilised was for carbon oxidation. Therefore, the change in
oxygen concentration over time as the eddy ages will equal the carbon oxidised. The particulate
Zn concentrations at OSP show a Zn:C ratio of 15 wmol: mol (Martin et al., 1989) while those
from Kuss & Kremling (1999) for the Atlantic of 11 pmol: mol. In this calculation the Zn: C
ratio from Kuss & Kremling (1999) is utilised, as both particulate Zn and C in the water column
was calculated whereas Martin ef al. (1989) calculated particulate Zn in the water column and
assumed that 33% of suspended particulate matter was organic carbon. Opal dissolution is not
considered as a major process for the release of Zn (Chapter 3). Using this approach, the change
in O, concentrations between the shelf station and that in the centre of the eddy is 6.3 uM, which
corresponds to an oxygen utilisation of 0.05 uM d'. The maximum Zn released from particles
contributes only a very small fraction (5.6 pM) 0.06%, of the total Zn concentration observed at
400m in the centre of the eddy in June 2001.

Therefore it appears that biological process can not account for the higher total dissolved Zn

concentrations observed at 400m compared to ‘background’ oceanic levels.

5.4.4.2 Dilution/mixing processes

It is more tenable to explain the Zn concentrations at 400m in centre of the eddy, 4 months after

formation as a consequence of dilution of the higher Zn concentrations present in the source
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waters of Haida eddies with the surrounding oceanic waters into which they travel. With the
limited data set available, an estimate of Zn removal by isopycnal mixing in the eddy at 400m

over time was calculated using a simple one-dimensional box model.

oC

ot
where C is the concentration of Zn at 400m in the eddy centre in the eddy, u is the
dilution/mixing parameter and C, is the concentration of Zn in the shelf waters. Equation 1

simplifies to:
InC-Cy=-ut )

As there is no available dissolved Zn concentrations from the source waters of the Haida eddies
(Hecate Strait) Zn concentrations from a shelf station P4 just south of the Hecate Strait taken in
June 2001 was used for Cy. This approach was also used for silicic acid and phosphate
concentrations, as like Zn nutrients are not considered conservative tracers but would be

subjected to a similar mixing process.

Zinc, silicic acid and phosphate all indicate a similar order of magnitude in their mixing
coefficient, 4x10® nMs™, 6x10® and 8x10® puMs™ respectively. As all three parameters indicate
similar mixing coefficients it gives confidence in approaching the minimal data set in this

manner.

The higher dissolved Zn concentration at 400m compared to the reference station and subsequent
decrease as the eddy ages is also observed in dissolved Fe profiles. The distribution of dissolved
Fe strongly resembles that of dissolved Zn in the centre of H-2001 after 4 months of formation
throughout the water column. A strong correlation between Fe and Zn is observed in the centre
station, 4 months after formation with r* values of 0.9885. As Fe is a scavenged-type trace metal
and Zn exhibits nutrient-type profile (Bruland & Franks, 1983), these elements would not be
expected to be correlated from a conventional viewpoint. This suggests that similar processes are
influencing the distribution of trace metals within the eddy and the mixing with the surrounding

waters would affect trace metals in a similar manner.
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5.4.5 Decreases in concentration of Zn in the Haida eddies over time

Although H-2000 and H-2001 moved offshore in different directions, Fe concentrations after 4
and 7 months were similar in both eddies (Wong et al., 2003). Assuming that the concentration
of Zn would be similar after 4 and 7 months in both H-2000 and H-2001, the removal of Zn from
the eddy over 19 months is shown in Figure 5.12. As the eddies only affect trace metal
concentrations down to a depth of 400m, the removal of Zn was calculated by integrating
dissolved Zn concentrations from 10 to 400m. A rapid decline in Zn concentrations is observed
from 4 to 7 months with a smaller decline between 7 and 16 months and almost no change
between 16 and 19 months. After 16 months, the Zn concentration down to a depth of 400m is
similar to those values found in open ocean which are not influenced by eddies. Sixteen months
after formation, both Zn and Fe concentrations were approaching background levels throughout
the water column and the coastal zooplankton signal was no longer evident in H-2000 (Mackas et
al., 2003). The steady erosion of nutrients in Haida eddies over time has been observed (Whitney
& Robert, 2002). As the eddy ages and losses kinetic energy, surface water leaks outwards and

depressed isopycnals return to the sea surface.
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Figure 5.12 Zinc concentrations in the water column from 10 to 400m calculated as pmol/m*
over time as the eddy ages.
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Therefore, the elevated Zn concentrations in the eddy compared to the ‘background’ oceanic
levels is due to the higher Zn concentrations present in the source waters being retained within the
eddy centre. The subsequent loss of Zn from the eddy centre over time is primarily due to mixing
processes. Using both salinity and silicic acid concentrations Peterson ez al. (2003) estimated that
that a net inflow from surrounding oceanic waters occurred between 150 and 200m and a net
outflow of waters from the Haida eddy occurred between 200 and 300m. No Zn concentrations
are available for 300m, but at 400m from dissolved Zn and Fe concentrations, it appears that a net
outflow from the eddy is also occurring at this depth. Therefore, mixing controls the distribution
of Zn in the eddy systems and although biogeochemical processes are occurring, these are

overprinted at this depth by isopycnal mixing.

Over time, losses due to biological processes in combination with the outflow of core waters and
subsequent replacement with downwelled nutrient depleted waters may create a Fe limited system
such that phytoplankton growth, nutrient utilisation and trace metal distribution may closely
resemble HNLC conditions (Peterson et al., 2003).

In order to estimate the supply of total dissolved Zn to from Haida eddies to the open ocean, Zn
concentrations were integrated over the mixed layer and intermediate layer (75-400m). Haida
eddies represent a significant supply of total dissolved Zn, transporting 2203 p mol m™ yr”! of Zn
from coastal waters out into the open ocean. However, Haida eddies are only 200km in diameter
and when compared to the size of the North Pacific Ocean into which they travel are considered
to be small. Therefore in order to create a simplified box model to compare the eddy transport
flux with the aeolian flux (the only other significant supply of Zn to the subarctic North Pacific)
the area of the ocean must be taken into account. As Haida eddies have been observed as station
P20 (Whiteny & Robert, 2002; Fig 2.1) the maximum distance they travel is 1800km. As the
diameter of the Haida eddies is 200km an assumption that the area into which they travel is
720000 km? (by assuming the maximum area the eddy can influence is 400 km). Therefore the
flux of total dissolved Zn into the intermediate layer is 692 M yr”', which is comparable to an
aeolian flux of 704 M yr'. Therefore, Haida eddies represent a significant supply of total
dissolved Zn to the subarctic North East Pacific/
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Figure 5.13 Box model indicating the aeolian flux and the flux of total dissolved Zn from Haida
eddies into the open ocean. All fluxes are in M yr™' and are calculated as explained
above. Blue arrows represent remineralisation.

5.4.6 Zn Speciation

Low total dissolved Zn concentrations at the edge station in H-2001 in June 2001 are similar to
those observed at OSP in June 2001. The Zn-binding ligand concentration is however, two times
higher in H-2001 than the open ocean. The higher productivity observed at the eddy edge is

presumably the source of the higher ligand concentrations observed.

Free Zn concentration in the H-2000 transect is very low and varied little ranging from 2.82 pM
to 1.75 pM. However, the lowest Zn** concentration of 1.3 pM was observed at the edge station
in H-2001 in June 2001. This is the lowest free Zn>* concentration observed in this region and is
comparable to values reported at OSP where nutrient concentrations are higher but primary
production is lower. Peterson et al. (2003) observed that when eddy waters are mixed with open
ocean waters and incubated for seven days that large diatoms (dominated by Pseudo-nitzschia
spp.) dominate the phytoplankton population. The Zn uptake by diatoms is higher than other
phytoplankton species (Sunda & Huntsman, 1992) and this could account for the low 7n

concentration observed. However, lower concentrations of Zn** were reported in incubation
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experiments in Chapter 4 where primary production is higher and it is unlikely that this low

concentration of Zn would be limiting phytoplankton growth in this region.

5.4.6.1 Depth Profiles

Similar to the results from line P (Chapter 3) there appears to be no relationship between the Zn-
binding ligand and fluorescence in the mixed layer. There is no significant difference in the Zn
binding ligand concentration between stations sampled within the eddy system and those taken at
the open ocean reference station. A relatively similar Zn ligand concentration is observed at 200m
throughout this study area, which is compatible with a ligand, that is either a stable molecule or is
produced in situ by bacteria or decaying phytoplankton. As the ligand concentration is much
higher than the total dissolved Zn in the surface water column, small increases in total Zn due to
inputs from aeolian deposition or upwelling will have only a minimal effect of the Zn**

concentration.

5.4.6.2 S-N transects

The surface transect of H-2000 revealed a distinct physico-chemical signature associated with the
increase in salinity in and surrounding the eddy centre. A distinct minimum was observed in both
the dissolved Zn and the Zn-binding ligand concentration, which coincided with maximum
salinity values (Fig 5.14 a). At the southern end of H-2000 the converse was observed with
highest dissolved Zn and Zn-binding ligand concentrations coinciding with lowest salinity values.
The strong correlation between the concentration of dissolved Zn and the Zn-binding ligand is
reflected in the r* values of 0.872 and 0.924 respectively. A similar but weaker trend was
observed in H-2001 with r* values of 0.817 and 0.783 respectively (Fig 5.14 b.). Speciation is
probably influenced by factors such as light intensity, water column mixing and the composition

of phytoplankton species in the water column (Moffett et al., 1990).

This trend of increased total dissolved Zn concentrations corresponding with increased Zn-
binding ligands could reflect mixing in the surface waters or upwelling of higher ligand
concentrations from depth. In general, the depth profiles indicate higher Zn ligand concentrations
with depth and at the edges of the eddy upwelling is observed in both nutrient concentrations and
salinity. Upwelling of higher ligand concentrations and Zn concentrations at the edge station is

evident in both eddies (Fig 5.14 a. b). A similar trend was observed along a surface transect of Zn
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speciation carried out in the Black Sea (Muller et al., 2001). Muller ef al. (2001) state that this
was due to a low salinity plume that propagated in the direction the transect sampled. However, in
this study the transect was sampled in 2 days and so the signal that was observed could reflect

mixing that occurred prior to sampling.

Zinc binding ligand concentrations in the water column are thought to have a biological origin
and help to maintain trace metals in the dissolved form (Bruland, 1989). Trace metal
concentrations can be toxic to phytoplankton and high ligand concentrations coinciding with high
trace metal concentrations could alleviate the toxic effect. This has been observed for Cu in
coastal waters (Moffett & Brand, 1996; Moffett et al., 1997). There is as yet no evidence for Zn
concentrations observed in this study to have a toxic effect on phytoplankton reproduction as
demonstrated in Chapter 4, Zn concentrations of 10 nM did not prevent phytoplankton growth.
Culture studies have demonstrated that at total dissolved Zn concentrations and the [Zn**]
observed along the transect should not be toxic to phytoplankton growth (Sunda & Huntsman,

1992).

If phytoplankton can take up metals bound to these ligands as observed for the siderophores
produce to aid Fe uptake (Rue & Bruland, 1997) and hypothesised in Chapter 4, then perhaps the
higher ligand concentrations observed at high Zn concentrations are to aid phytoplankton uptake.
In H-2000 a general trend of decreasing total dissolved Zn and ligand concentrations and
increasing chlorophyil a concentrations is observed moving northwards along the transect. Along
either transects the higher Zn ligand and Zn concentrations correspond to lower chlorophyll a
concentrations and once phytoplankton growth occurs it appears to decrease the concentration of
both (Fig 5.14 a, b). The lower ligand concentrations corresponding to higher chlorophyll a
concentrations may reflect the biological uptake of these ligands. The variation in ligand across
the eddy along this 10m transect suggests that microorganisms in general may be responsible for
this distribution by excretion of this ligand directly or from lysed cells. The role of bacteria in the
production of Zn-binding ligands is unclear and not yet been quantified and could be a source for

the Zn-binding ligands.

Another process, that may be having an impact on the distribution and concentration of the Zn-
binding ligands, is photochemical reactions in the upper ocean. Organic Zn complexes may also
be subject to photochemical degradation in a manner similar to organic complexes of other trace

metals such as Cu, Fe, and Mn (Moffett et al., 1990; Barbeau et al., 2001; Kaczynski & Kieber,

127



Chapter 5 Processes influencing the form and fate of Zn in mesoscale eddies in NE Pacific

1993). However, the Zn-complexing ligands show relatively conservative distribution with depth
in the photic zone of Haida eddies and along line P (Chapter 3), suggesting a higher degree of
stability. Furthermore, photoreduction of Zn(II) is unlikely, as Zn(I) is not a thermodynamically
stable oxidation state . Another photochemical mechanism which may indirectly affect Zn
mobility is the potential release of Zn** by photoreduction of common carrier phases, including
Fe(IIT) and Mn(IV) oxides and POM (Stumm & Morgan, 1996). Photoreduction of Mn oxides has
been observed in surface oceanic waters (Sunda & Huntsman, 1988). Recent studies have shown
that photolysis of siderophores, a component of the Fe(III) organic ligands present in seawater,
leads to the reduction of Fe(III) increasing the availability of siderophore-bound Fe for uptake by
planktonic assemblages (Barbeau et al., 2001). Little is known about the impact of

photochemical process on organic complexation of Zn.

Salinity is a conservative tracer of water masses and therefore, although this transect was taken at
10m, the salinity of the water indicates the water mass origin. Low salinity water in the centre of
H-2001 reflects the lower salinity water where the eddy was formed. The highest Zn
concentrations were observed in the core waters of H-2001 (Fig 5.8) indicating that the transport
of higher Zn concentrations from the shelf waters was retained in the eddy centre after 4 months
due to less mixing with the surrounding open ocean water. Along the edges of the eddy, both the
Zn concentrations and salinity were similar to the reference station reflecting the higher degree of
mixing at the eddy edge. The salinity is lower along the transect in H-2000 compared to H-2001
reflecting the increased mixing with surrounding waters as the eddy aged. The 10m transect of H-
2001 was sampled in June 2001, 4 months after formation compared to H-2000 which was
sampled in September 2001 (19 months after formation). Zinc concentrations were also lower in
H-2000 than in H-2001. In September, the highest extracted chlorophyll a concentrations were
found at the eddy centre (Peterson, pers. comm.) indicating a higher primary production in the
centre of H-2000 and as phytoplankton require Zn for growth this would reduce the already low

7n concentrations observed in the eddy centre in June 2001.
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Figure 5.13 Zinc speciation data plotted with salinity and fluorescence along the S-N
transects for (a) H-2000 and (b) H-2001.

5.5 Summary

Haida eddies represent a significant supply of total dissolved Zn concentrations to the subarctic
North Pacific, transporting 2203 w mol m™ yr' of Zn from coastal waters into the intermediate
water column (75-400m). Total dissolved Zn concentrations in the euphotic zone are also higher
than those observed in the oceanic waters and in combination with increased nutrients and Fe are

depleted by biological activity. Although the transport of significant concentrations of dissolved
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Zn into the open ocean was observed the time scale for this mixing is much shorter (on the order
of 1-2 yrs) than overturning of ocean (10® yrs). Thus, mesoscale eddies represents a significant
source of trace metals into HNLC areas resulting in an increase in phytoplankton biomass.
Therefore, mesoscale eddies should be considered in the biogeochemical cycling of Zn in the

subarctic North Pacific.

In general Zn concentrations decrease as Haida eddies age and move offshore. This feature is
most prominent at 400m and is most likely due to mixing and dilution with surrounding waters.
After 16 months the total dissolved Zn concentrations within the Haida eddies resemble those

observed in the HNLC oceanic environment into which they travel.

Organic complexation dominates the speciation of Zn in the upper 200m. Ligand concentrations
with Haida eddies are higher than those observed in the reference station concomitant with higher
biomass. The lowest ligand concentrations along the 10m transect were observed where
chlorophyll a concentrations were highest, suggesting that these organic ligands may be available
for uptake by phytoplankton. Free Zn** concentrations are lower in the newer eddy, H-2001 and
are similar to those reported at OSP where dissolved Zn concentrations are lower than those
observed here. Primary production is higher in this eddy and the low [Zn**] reflect the uptake by
phytoplankton. Although the bioavailable fraction of Zn is low in Haida eddies, phytoplankton

growth does not appear to be limited.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The recent developments in analytical techniques such as adsorptive cathodic stripping
voltammetry (AdCSV) have provided the methods necessary to investigate the speciation of trace
metals in oceanic environments. However, previous studies on Zn speciation were carried out in
oceanic realms where the total dissolved Zn concentrations were higher than those observed in
HNLC region of the subarctic North Pacific. Therefore, detection limits were lowered by
increasing the deposition time on varying mercury drop sizes, stirring time and varying the
concentration of competitive ligand (APDC) and the use of a borate buffer. A new UV digestion
system was also designed in this work to reduce contamination. Detection limits were reduced
from the reported values of 0.07 nM to 0.02 nM. This method was applied to samples, where the
lowest total dissolved Zn concentration was 0.04 nM. Total dissolved Zn samples analysed by

chelation and solvent extraction were shown to be similar to those analysed by this method.

This study has greatly increased the knowledge of total dissolved Zn concentrations in the
subarctic North Pacific and provided the first measurements of Zn speciation at the low
concentrations of Zn observed in this area (40 pM). These speciation measurements are also the

first to be carried out in this region, providing a further insight into biogeochemical cycling of Zn.
6.1.1 Impact of Si cycling on Zn concentrations and distributions in surface and deep waters

Total dissolved Zn profiles for the upper ocean are consistent with earlier work Martin ez al.
(1989), where Zn is depleted in surface waters and increases with depth in close correlation with
dissolved Si concentrations. It has been hypothesised that as Zn distributions resemble those of Si
a similar process is involved in the removal of Zn from surface waters and Zn is transported down

the water column primarily with skeletal material (Bruland, 1980; Morley et al., 1993).
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However, Zn/Si ratios in the mixed layer along line P show a decreasing trend with distance from
shore, which infers a decoupling between Zn and Si concentrations in the upper ocean. It is
therefore hypothesised that limited Zn inputs and removal in particulate organic fallout in
combination with more efficient recycling of dissolved Si and more significant aeolian supply of
Si lead to the observed trend. The apparent association of Zn with non-labile organic phases, and
minimal association with biogenic opal, infers that the similarity between Si and Zn profiles is
largely coincidental with the Zn profile, mainly reflecting recycling from relatively biologically

resistant organic matter.

6.1.2 Mixing vs. biological activity as control on zinc distributions in surface waters of the
NE Pacific

Concentrations of Zn in the upper mixed layer decrease offshore along the line P transect (0.8~
0.04 nM). No major differences were observed in Zn concentrations during this study between
winter and summer surveys, contrary to what was predicted by (Martin et al., 1989), on the basis
of seasonal changes in mixed layer depths in this region. However, sampling only took place in
February and September and more extensive sampling during different months would be
necessary to confirm the lack of seasonality in Zn concentrations, as episodic events such as
phytoplankton blooms and upwelling could influence the concentrations of Zn over shorter time

scales.

The total dissolved Zn deep water profiles along line P are primarily due to the long time scales
of ocean mixing (~10° yrs). Within this study it was also possible to investigate the shorter time-
scales in the cycling of dissolved Zn by investigating the processes and fate of total dissolved Zn
concentrations in mesoscale eddies over time. Although total dissolved Zn concentrations in the
mixed layer were significantly higher in the shelf region where the mesoscale eddies formed,
after 4 months, total dissolved Zn concentrations were only slightly higher than those observed
along line P. This decrease in Zn concentrations is accompanied by a decrease in both nutrients
and Fe concentrations reflecting the increased biological demand for these elements. As
demonstrated in Chapter 4, phytoplankton within this region are limited by Fe and the presence of
increased Fe concentrations and other micronutrients such as Zn from coastal waters within these
eddies is hypothesised for the increased phytoplankton biomass observed. Mixing of the surface
waters of Haida eddies with the surrounding open ocean water is also occurring. However, the

removal of Zn from the mixed layer of Haida eddies is predominately due to the increased
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productivity observed. The large increase in primary productivity observed within these eddy
systems could account for the periodic increase in chlorophyll a concentrations and the

corresponding increase in the vertical fluxes of carbon observed at OSP.

Below the mixed layer, total dissolved Zn concentrations within the Haida eddies are significantly
higher than that observed in the ‘background’ subarctic North Pacific. The increase in Zn
concentrations is a result of both remineralisation due to an increase in productivity and the
presence of the higher Zn concentrations from shelf waters retained within the eddy. In general
total dissolved Zn concentrations decrease as Haida eddies age and move offshore. This feature is
most prominent at 400m in this study. The decrease in total dissolved Zn concentrations has been
shown here to be predominantly due to mixing and dilution with surrounding waters over time.
After 16 months the total dissolved Zn concentrations within Haida eddies resemble those

observed in the HNLC oceanic environment into which they travel.

As the open ocean is remote from allochthonus sources, atmospheric deposition is the dominant
source of Zn to the North Pacific (Bruland, 1980). However, the results from this study show that
Haida eddies transport on the order of 2200 umol m™ yr™' of Zn from coastal waters into the
intermediate oceanic water column (75-400m), in comparison to a aeolian flux of 1.1 i mol m™
yr'! (Bruland et al., 1994). This represents the transport of significant concentrations of dissolved
Zn into the open ocean on the time scale of 1-2 years which is much shorter than the overturning
time of the ocean (~10° yrs). Thus Haida eddies represent a significant source of trace metals into
HNLC region of the subarctic North Pacific resulting in an increase in phytoplankton biomass.
Therefore, mesoscale eddies should be considered in the biogeochemical cycles of Zn in the

subarctic North Pacific.

6.1.3 Interaction of Zn with phytoplankton and the microbial community in the upper
NE Pacific Ocean

In order to investigate the interaction of Zn with oceanic phytoplankton, quantification of the
different forms of dissolved Zn present in the water column was required. Prior to this research
only three studies on Zn speciation in oceanic environments had been reported. No previous
studies of Zn speciation had been undertaken in HNLC areas, where the total dissolved Zn
concentrations are lower than in other ocean surface waters. This data set includes stations along

line P, Haida eddies and trace metal enrichment experiments. The results from this work indicate
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that organic complexation dominates the chemical speciation of Zn in surface seawater. At OSP,
organic complexation reduces the bioavailable fractions of Zn, the labile inorganic complexes and
the [Zn**] to 0.72 pM and 1.5 pM respectively. The [Zn**] concentration measured is the lowest
concentration reported from field studies and is below the limit established from culture studies to

limit phytoplankton growth.

6.1.3.1 Origin, role and fate of Zn ligands

The concentration of the Zn-complexing ligand is higher than total dissolved Zn in the mixed
layer of the subarctic North Pacific. This has also been observed in the Atlantic and it has been
argued that these Zn-complexing organic ligands strongly buffer free Zn ion activity in surface
seawater with respect to perturbations in total dissolved Zn (Ellwood & Van den berg, 2000;
Whifield, 2001). Trace metal enrichment experiments from this study have demonstrated that the
addition of dissolved Zn causes a rapid production of these Zn-binding ligands from the
phytoplankton and microbial community. In contrast to the theory of ligand production as a
metabolic by-product released indirectly by grazing and cell lysis (Ellwood & Van den Berg,
2000), this study indicates that the phytoplankton community are capable of producing these
ligands directly. The rapid production of these ligands at high Zn concentrations is hypothesised
to be a mechanism for luxury uptake and storage for future use by phytoplankton and not as a
mechanism to reduce toxicity due to the presence of larger numbers of phytoplankton cells in

these treatments.

These Zn-binding ligands were also observed to increase when the bioavailable Zn concentration
is low. A higher production of Zn-binding ligands at low Zn” was observed when phytoplankton
biomass is increased. From a model of diffusion uptake of Zn’, it appears that phytoplankton
would not be able to acquire sufficient Zn for growth. As continued growth was observed at these
low concentrations, phytoplankton may be able to utilise Zn-binding ligands as a source of Zn. A
possible mechanism by which the Zn ligand would be available to phytoplankton is via a cell

surface binding to the plasma membrane and subsequent uptake.
In the open ocean, along line P, the trend of organic ligand concentrations is similar to that of

total dissolved Zn concentrations, decreasing offshore. The ligand concentration profiles observed

in both Haida eddies and along line P are similar, with ligand concentrations increasing at 200m
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where the concentration of dissolved Zn is higher. Photochemical and biological uptake or
degradation of these compounds could reduce the surface concentrations and the more inert
material is then transferred to deep waters via downwelling. This resistant material will be
recycled to the surface ocean and would provide a background against which new ligands
produced by microorganisms can be added. This background of ligands and the variable addition
of new ligands would be expected to have a poor correlation with fluorescence which is observed
in this study and in a previous study in the Atlantic (Ellwood & Van den Berg, 2000).

The presence of a relatively similar Zn ligand concentration observed at 200m in both the
mesoscale eddy and open ocean indicates that some fraction of these ligands are long lived. This
is compatible with a ligand, that is a stable molecule, which has been produced insitu by
phytoplankton and/or bacteria or from decaying phytoplankton. Evidence from the trace metal
enrichment experiment indicates that these ligands are labile as they can be produced and
destroyed on a time scale of a day. This indicates that a dynamic balance could exist for this class
of ligands between production and consumption, resulting in the relatively uniform and

ubiquitous presence of the Zn complexing ligand observed in the North Pacific.

This study has shown that Zn speciation is controlled by a number of dynamic processes resulting
in considerable spatial variability. Speciation is most likely influenced by water column mixing

and the composition of primary producers and bacteria in the water column.

6.1.3.2 Zinc as a potentially limiting nutrient

Trace metal enrichment experiments on natural phytoplankton assemblages have previously been
carried out at Ocean Station Papa (OSP). However, this research represents the first study of Zn
speciation in trace metal enrichments experiments and the first speciation measurements to be
carried out on a daily basis throughout an incubation experiment. The data obtained provides
valuable information and insight into the partition of Zn between inorganic and organic forms
during phytoplankton growth. The [Zn**] ion at OSP has been established in this study to be
lower than the reported concentrations established by Sunda & Huntsman (1995) in cultures to
limit phytoplankton growth. Modelling the diffusive transport of Zn across the cell wall indicates
that the concentration of the bioavailable Zn (Zn") observed in the incubation experiment are so
low that it would not be possible for any but the pico-nanoplankton species to divide once a day

and acquire sufficient Zn.
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Although the concentrations of bioavailable Zn are low, phytoplankton growth was observed.
Upon the addition of Zn to a natural phytoplankton population no significant increase in
phytoplankton growth was observed. This indicates that Zn concentrations measured are not
limiting phytoplankton growth in this region. The ability of phytoplankton to utilise Zn-binding
ligands as a mechanism for Zn uptake may indicate why Zn concentrations are not limiting the
growth of phytoplankton. Culture studies carried out with EDTA cannot investigate the role these

ligands have in Zn uptake.

During the previous incubation experiment however, an increase in some smaller phytoplankton
groups was observed when Zn was added indicating that Zn supply can have subtle effects on the
phytoplankton species composition and may be limiting to the smaller cells (Crawford et al.,
2003). It has also been observed that addition of Zn increases the short-term carbon fixation rates
of phytoplankton species (Crawford et al., 2003). Therefore it is important to consider the
concentration of Zn when Fe is added in Fe fertilisation experiments, as it may be that Zn limits

the carbon fixation rates and therefore the export of carbon from the euphotic zone.

6.2 Future Work

The presence of a Zn”* uptake system as demonstrated by Sunda & Huntsman (1992; 1995a;
1998) and the possible presence of Zn ligands that are involved with Zn uptake suggest a duality
for Zn acquisition. Conclusive evidence for this hypothesis will require isolation of the ligand and
an analysis of its chemical structure, as well as a mechanistic understanding of its production and
regulation. The fact that phytoplankton may be able to utilise organically complexed Zn is a
process that warrants further investigation. Bacteria are known to produce siderophores, which
have been demonstrated to be a fraction of the Fe (IIT) organic ligands. Siderophores aid the
uptake of organically complexed Fe (III) by phytoplankton. Therefore the role of bacteria in the
production of Zn-binding ligands should also be investigated. Increased spatial resolution of the
Zn-binding ligands is needed in the surface euphotic zone in order to investigate the relationship

with the biological productivity.
Trace metal enrichment studies on natural phytoplankton populations have proven to be a useful

tool to gain an understanding of Zn speciation in relation to phytoplankton growth. Future work

on developing these types of experiment in combination with the use of radioisotopes in order to
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investigate the uptake of Zn into the cell would provide a more detailed examination of the role of

Zn in phytoplankton.

Zinc is known to be required in many enzyme systems within phytoplankton cells. The
concentration of Zn within the cell and within the enzymes has yet to be quantified. Analysis of
phytoplankton species at a molecular level is needed to gain a better understanding of the
processes involved in uptake, and where the Zn in stored in the phytoplankton. This future work
is necessary to elucidate the role of Zn in oceanic phytoplankton and the biogeochemical cycles

of Zn in the upper water column.

Future research is also needed on development of a stand-alone monitor that can be used as an
underwater chemical sensor. The aim of this research could be to build a chemical sensor that will
be able to continuously monitor electrochemically labile trace metals in the upper water column
(down to 100m) in the open ocean environment, applying flow-analysis techniques. This would
elucidate the stability of ligand within the productive photic layer and establish any variations in

the production of these ligands.
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Appendix 1

Station P4 (48.39.0' °N; 126.40.0' °W)

Feb-99

Depth (m) Zn(nM) Temperature °C Salinity PO, (uM) NO; (uM) Si (uM)
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32.50
32.52
32.79
33.95
33.98
34.02

0.94
0.92
0.88
0.83

0.83
0.82
0.90
1.09
1.74
1.96
2.09
2.19
2.22
2.32
2.45
2.60
2.85

0.29
0.30
0.60

0.98
1.25
1.90
2.33
2.50

0.37
0.75
0.90
1.06
1.33
2.28
2.56
2.82

8.89
8.62
7.87
7.17

7.05
6.84
8.22
11.2
21.7
25.2
27.3
20.2
30.2
31.7
33.8
36.0
39.2

0.00
0.00
1.98

9.34
13.9
24.7
31.9
34.1

0.0
3.3
6.0
9.9
14.9
31.9
35.8
39.4

14.4
14.2
12.3
10.7

9.44
9.08
10.0
13.5
26.0
31.6
37.4
40.0
41.6
45.8
51.9
59.6
73.4

8.91
9.46
9.47

12.2
16.6
290.8
42.7
51.3

5.6

7.2

9.3

11.9
17.4
43.9
57.1
69.5

Appendix 1 (a) Total dissolved Zn concentrations, temperature, salinity and nutrient

concentrations for Station P4 in February and September 1999 and August 2001.
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Appendix 1

Station P12 (48.58.2' °N; 130.40.0' °W)

Feb-99

Depth (m) Zn (nM) Temperature °C Salinity PO, (uM) NO; (uM) Si (uM)

0
10
15
20
25
30
40
50
60
80
100
125

150
175
200
250
300
400
Sep-99

0
10
25
40
50
75
100
150

200

Aug-01
0
10
25
40
75
100
150
200
300
400

0.26

0.13

0.33

2.65

6.84

9.47

0.5
0.9

2.1

6.22

0.5
0.32
0.7
1.12
1.81

5.75

8.03

7.53
7.53
7.52
7.52

7.53
7.53
7.56
7.61
7.98
7.76
7.49
7.19
6.90
6.65
6.17
5.61
5.10

14.64
14.64
12.22

9.00
7.33
6.97
7.03
6.48

14.64
14.63
13.66
8.89
7.93
7.28
6.76
6.73
5.78
4.96

32.73
32.73
32.73
32.73

32.73
32.73
32.74
32.77
33.33
33.60
33.78
33.88
33.92
33.94
33.96
33.98
34.04

32.38
32.38
32.74

32.79
32.85
33.18
33.91
33.93

32.28
32.30
32.33
32.44
32.47
32.58
33.50
33.93
33.94
33.97

0.95
0.96
0.96
0.95

0.95
0.95
0.95
0.97
1.67
1.92
2.10
2.20
2.28
2.37
2.51
2.66
2.89

0.42
0.42
0.62

0.84
1.00
1.28
1.98
2.23

0.70
0.71
0.73
0.93
1.05
1.21
1.71
2.09
2.42
2.74

9.21
9.31
9.21
9.26

9.21
9.31
9.21
9.52
211
25.9
28.9
31.1
32.2
33.7
35.8
37.8
41.2

0.6
0.6
3.5

6.1
8.4
14.6
271
31.0

3.9
4.0
4.4
7.2
9.2
12.5
23.1
29.6
34.7
38.9

11.2
11.3
11.3
11.4

11.4
11.3
11.6
11.6
25.8
32.0
37.2
422
45.6
49.0
55.3
64.4
77.0

7.2
7.2
9.1

10.5
11.1
18.5
40.2
49.4

10.0
10.0
10.2
11.5
12.4
14.6
29.8
45.3
60.2
74.3

Appendix 1 (b) Total dissolved Zn concentrations, temperature, salinity and nutrient

concentrations for Station P12 in February and September 1999 and August

2001.
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Appendix 1

Station P16 (49.58.2' °N; 134.40.0' °W)

Feb-99

Depth (m) Zn(nM) Temperature °C Salinity PO, (uM) NO; (uM) Si (uM)

0
10
15
20
25
30
40

Sep-99

0

10
25
40
50
75
100
150
200

Aug-01
0
10
25
40
75
100
150
200
300
400

0.5

0.3

1.01

0.4

0.8

1.8

6.82

0.22
0.4
0.21
0.51
1.09
1.3

4.72

7.24

6.64
6.65
6.65
6.66

6.64
6.64

13.13
13.14
13.07

9.63
6.67
6.24
6.52
5.88

13.49
13.29
10.07
6.97
6.28
5.59
5.54
5.94
4.93
4.48

32.84
32.84
32.84
32.84

32.84
32.84

32.53
32.53
32.53

32.72
32.80
32.90
33.88
33.91

32.31
32.31
32.43
32.52
32.55
32.76
33.34
33.88
33.93
34.01

0.97
0.99
0.98
0.99

1.00
1.00

0.58
0.59
0.58

0.88
1.11
1.25
2.07
2.34

0.86
0.88
1.00
1.28
1.40
1.58
1.90
2.29
2.68
2.91

9.21
9.41
9.36
9.41

9.41
9.46

3.14
3.14
3.13

6.90
9.70
13.0
28.6
32.1

6.3

6.4

7.8

12.3
14.5
18.0
24.4
31.9
38.2
411

13.5
13.7
13.7
13.7

13.6
13.6

8.96
8.96
9.29

11.3
13.9
16.8
42.7
53.2

11.6
11.8
12.5
15.1
17.3
22.8
34.6
52.3
72.0
85.9

Appendix 1 (c¢) Total dissolved Zn concentrations, temperature, salinity and nutrient

concentrations for Station P16 in February and September 1999 and August

2001.
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Appendix 1

Station P20 (49.17.0' °N; 138.40.0' °W)

Feb-99

Depth (m) Zn (nM) Temperature °C  Salinity PO, (uM) NO; (uM) Si (uM)

0
10
15
20
25
30
40
50
60
80
100
125
150
175

200
250
300
400

Sep-99
0
10
20
30
40
50
75
100
150
200
250

0.62

0.18

0.18

2.5

6.56

8.86

0.19

0.31

1.5

6.16

6.18
6.18
6.17
6.16

6.16
6.16
6.16
6.16
6.16
6.52
6.69
6.40
6.13
5.86
5.31
4.9
4.34

12.38
12.38
12.37
12.12

9.65
6.00
5.53
5.63
5.13
4.83

32.78
32.78
32.78
32.78

32.78
32.78
32.78
32.78
32.78
33.26
33.86
33.89
33.90
33.91
33.92
33.93
34.01

32.69
32.69
32.69
32.70

32.75
32.82
32.95
33.81
33.85
33.89

1.11
1.09
1.09
1.09

1.09
1.08
1.07
1.06
1.07
1.38
1.91
2.03
2.14
2.28
2.52
2.69
2.85

0.76
0.79
0.80
0.82

0.91
1.19
1.39
2.25
2.50
2.69

10.7
10.7
10.7
10.7

10.8
11.0
10.7
10.6
10.7
16.5
26.8
28.7
30.2
31.2
34.7
36.7
40.2

7.6
7.8
7.6
7.7

8.6
11.8
15.5
30.9
34.2
37.1

16.1
15.9
15.8
15.6

15.6
15.4
15.3
15.3
15.1
23.0
38.5
43.8
48.0
52.6
61.6
68.5
83.7

12.7
12.7
12.7
13.1

14.8
18.4
21.9
52.1
63.4
71.9

Appendix 1 (d) Total dissolved Zn concentrations, temperature, salinity and nutrient

concentrations for Station P20 in February and September 1999.
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Appendix 1

Station OSP (50.00.0' °N; 145.00.0' °W)

Feb-99

Depth (m) Zn(nM) Temperature °C Salinity PO, (uM) NO; (uM)

0
10
15
20
25
30
40
50
60
80
100
125
150
175

200
250
300
400

Sep-99

0

10
25
40
50
75
100
150
200

0.07

0.05

0.39

1.1

5.9

7.7

0.04

0.42

1.2

4.61

5.18
5.18
5.17
5.17

5.18
5.17
5.17
5.17
5.17
5.16
5.12
4.65
4.44
4.28
4.10
4.07
4.04

12.76
12.74
12.47

6.81
5.40
5.21
5.47
4.89

32.82
32.83
32.83
32.83

32.83
32.83
32.83
32.83
32.83
32.83
33.31
33.74
33.76
33.79
33.86
33.92
34.05

32.66
32.67
32.67

32.80
32.85
32.87
33.67
33.84

1.30
1.30
1.30
1.31

1.30
1.30
1.31
1.30
1.30
1.30
1.75
2.00
2.34
245
2.57
2.75
2.83

1.05
1.07
1.08

1.25
1.37
1.41
2.14
2.56

14.3
14.3
14.3
14.3

14.4
14.5
14.4
14.5
14.5
14.4
22.5
24.3
32.5
34.6
36.2
39.4
40.4

11.3
11.2
11.4

12.8
14.5
15.9
28.9
34.9

Si (uM)
19.6
19.7
19.3
21.4

21.5
21.0
211
20.9
20.8
20.7
36.0
92.5
57.9
63.3
69.3
77.9
85.1

19.7
19.5
19.7

19.9
20.5
21.8
46.2
63.8

Appendix 1 (e) Total dissolved Zn concentrations, temperature and salinity and nutrient

concentrations for Ocean Station Papa (OSP) in February and September 1999.
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Appendix 1

Station 24 (52.39.03' °N; 144.59.84' °W)

Sep-99

Depth (m) Zn(nM) Temperature°C Salinity PO, (uM) NO; (uM) Si (uM)

0
10
25
40
50
75
100
150

200

0.13

0.53

1.54

4.79

12.33
12.34
12.29

7.38
4.93
4.61
4.35
4.22

32.72
32.72
32.72

32.79
32.86
33.08
33.74
33.82

1.14
1.16
1.15

1.29
1.50
1.71
2.57

12.6
12.7
12.6

13.9
17.2
21.0
34.8

23.1
22.9
22.9

22.9
24.5
31.7
63.7

Appendix 1 (f) Total dissolved Zn concentrations, temperature, salinity and nutrient

concentrations for Station Z4 in September 1999.

Station Z9 (54.59.91' °N; 144.59.94' °W)

Sep-99

Depth (m) Zn (nM) Temperature °C  Salinity PO, (uM) NO; (uM)  Si (uM)

0

10
25
40
50
75
100
150
200

0.24

0.12

6.34

12.5

12.11
12.08
9.74

4.93
4.06
4.18
4.39
4.16

32.74
32.75
32.79

32.95
33.12
33.54
33.83
33.89

1.04
1.07
1.13

1.55
1.85
2.40
2.76
2.91

11.0
11.2
11.9

17.3
22.9
32.0
38.4
40.5

21.9
22.4
23.3

290.6
38.1
57.0
73.6
82.0

Appendix 1 (g) Total dissolved Zn concentrations, temperature, salinity and nutrient
concentrations for Station Z9 in September 1999.
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Appendix 1

Station Z14 (57.29.64' °N; 145.00.51' °W)

Sep-99
Depth (m) Zn(nM) Temperature°C Salinity PO, (uM) NO; (UM) Si (uM)

0 12.39 32.13 0.34 0.00 7.87
10 0.07 12.27 32.14 0.39 0.63 9.15
25 7.02 32.30 1.41 15.7 21.8
40 0.21

50 6.36 32.58 1.44 16.3 25.0

75 6.04 32.73 1.47 17.0 26.8

100 1.44 5.83 33.02 1.70 20.9 33.8

150 6.13 33.69 2.30 31.4 53.0

200 3.43 5.67 33.85 2.50 34.7 61.8

Appendix 1 (h) Total dissolved Zn concentrations, temperature, salinity and nutrient

concentrations for Station Z14 in September 1999.

Station Z19 (59.26.47' °N: 144.59.91' °W)

Sep-99

Depth (m) Zn(nM) Temperature °C Salinity PO, (uM) NO; (LM)

0
10
25
40
50
75
100
150
200

12.42
0.04 12.39

12.20
1.26

8.30

7.31
6.71 6.93

6.05
9.8 6.05

31.57
31.62
32.03

32.13
32.22
32.40
33.13
33.81

0.34
0.36
0.48

1.40
1.49
1.54
1.82
2.40

0.0
0.0
1.5

15.2
16.4
17.4
22.6
32.9

Si (M)
8.13
8.32
9.87

23.9
24.5
26.8
36.0
54.1

Appendix 1 (i) Total dissolved Zn concentrations , temperature, salinity and nutrient

concentrations for Station Z19 in September 1999.
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Appendix 2

Depth Salinity Temp Fluor Cxn CL K'zoL Zn* Zn' Zn (org)
(m) (°c) v) (nW) (nM) (eM) (pM) (%)
Station P4
0 32.11 15.08 1.77 0.72 2.36 10.5 13.1 275 96.1
10 32.09 15.14 1.75 1.00 2.83 10.2 30.9 64.9 93.5
40 32.50 8.81 0.45 1.40 1.97 104 69.6 146 93.6
100 32.79 7.59 0.20 6.17 3.50 10.2 105 221 96.4
400 34.02 5.59 0.12 13.02
Station P12
10 32.30 14.63 0.91 0.50 1.71 10.5 12.0 25.2 94.9
40 32.44 8.89 1.27 0.70 2.88 10.4 121 254 96.4
100 32.58 7.28 047 1.81 3.63 10.3 36.2 76.0 95.8
400 33.97 4.96 0.11 8.03 1.02 10.8 17.9 37.6 99.5
Station P16
0 32.31 13.49 0.78 0.22 1.79 10.3 6.49 13.6 93.8
10 32.43 10.07 1.38 0.40 273 105 5.25 11.0 97.3
40 32.76 5.59 0.14 0.51 223 104 111 23.3 95.4
100 33.88 5.94 0.11 1.30 2.62 10.6 22.9 481 96.3
400 34.01 4.48 0.12 7.24 1.10 9.8 168 353 g95.2
osP
10 32.56 7.37 0.334 0.05 0.72 10.5 1.79 3.8 99.5
40 32.59 6.57 1.118 0.21 1.81 105 0.97 2.0 99.9
100 32.72 4.88 0.71 14 2.37 104 4.14 8.7 99.4
400 34.06 3.92 0.06 7.38 1.21 9.9 138 290 96.1
Appendix 2 Zinc speciation data, temperature, salinity and fluorescence for Station P4, P12,

P16 in August 2001 and for Ocean Station Papa (OSP) in June 2001. C4, is the
total dissolved Zn concentration, Cy is the Zn-binding ligand concentration, Zn** is
the free Zn ion, Zn’ is the labile inorganic species, K'z,. is the stability constant
Zn,, is the percentage of Zn, which is organically complexed.
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Appendix 3

Time (days)
Treatment

Control
+2Zn
+ Fe
+Zn &Fe

Control
+2Zn
+ Fe
+2Zn & Fe

Control
+2Zn
+ Fe
+Zn & Fe

Control
+2Zn
+ Fe
+Zn & Fe

Control
+2Zn
+ Fe
+Zn & Fe

Appendix 3

0 1 2 3 4 5 6 7 8
Chlorophyll a (ug/l)
0.47 0.31 0.42 0.50 0.61 0.73 1.00 1.28 1.64
0.41 0.43 0.59 0.62 0.69 1.19 1.45 1.40
0.46 0.52 0.84 1.74 2.96 5.68 8.26 9.93
0.44 0.55 0.82 1.48 2.79 6.04 7.61 9.61
Nitrate (uM)

13.3 13.1 13.2 12.9 12.5 12.3 11.9 11.6 10.9
13.2 13.2 12.8 12.6 12.3 12.2 11.6 10.9

13.2 13.1 12.4 114 9.50 6.60 1.80 Q

13.2 13.2 12.7 11.5 9.70 6.10 2.40 0

Phosphate (uM)
1.32 1.31 1.31 1.3 1.26 1.24 1.21 1.16 1.14
1.31 1.32 1.28 1.27 1.25 1.22 1.18 1.12
1.31 1.30 1.26 1.20 1.09 0.89 0.61 0.34
1.3 1.30 1.29 1.20 1.09 0.86 0.65 0.29
Silicic acid (uM)
19.2 18.8 18.6 18.3 18.3 18.0 17.7 17.7 16.8
19.0 18.6 18.2 18.7 18.0 17.9 17.7 16.6
18.6 18.3 18.0 18.3 17.7 18.7 14.0 11.9
19.0 18.5 18.2 18.3 17.6 17.6 14.2 104
Particulate Oragnic Carbon (uM)

23.40 24.50 23.20 25.00 26.8 26.8 28.2 29
22.80 23.70 25.20 25.8 26.6 29.8 31.3 34.6

20.50 22.10 25.30 34.4 34.1 48.8 63.6 104
24.80 25.40 28.70 31.6 38.6 52.7 69.6 118

Chlorophyll a, nitrate, phosphate, silicic acid and particulate organic carbon
concentrations from all four treatments over the eight day trace metal enrichment

experiment.
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Appendix 4

Treatments
Time Control Fe Zn FeZn
days nM nM nM nM
0 0.069
1 0.075 0.075 11.7 10.9
2 0.068 0.073 11.7 9.95
3 0.069 0.067 9.19 9.80
4 0.062 0.057 7.10 4.81
5 0.062 0.051 6.36 3.46
6 0.061 0.046 6.57 415
7 0.052 0.036 7.65 3.56
8 0.051 0.034 5,71 3.21

Appendix 4 (a) Total dissolved Zn concentrations (nM) analysed by adsorptive Cathodic
Stripping Voltammetry (AdCSV) in all 4 treatments for the eight day trace

metal enrichment experiment.

Treatments
Time Control Fe Zn FeZn
days nM nM nM nM
0 0.084
1 0.099 0.106 12.0 11.1
2 0.084 0.099 11.9
3 0.084 0.091 10.3 9.84
4 0.068 0.061 7.48 3.92
5 0.069 0.061 7.54 5.00
6 0.067 0.054 7.29 4.89
7 0.061 0.046 6.97 4.08
8 0.059 0.038 6.28 3.80

Appendix 4 (b) Total dissolved Zn concentrations (nM) analysed by chelation and solvent

extraction by Graphite Furnace Atomic Adsorption Spectroscopy (GFAAS) in

all 4 treatments for the eight day trace metal enrichment experiment.
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Appendix 4

Treatments
Time Control Fe Zn FeZn
days nM nM nM nM
0 0.12
1 0.115 11.6 0.133 11.9
2 0.116 11.2 0.124
3 0.115 9.37 0.106 7.78
4 0.106 7.25 0.098 7.30
5 0.098 3.27 0.081 2.64
6 0.087 3.07 0.071 1.87
7 0.080 2.75 0.062 2.38
8 0.078 2.68 0.053 2.17

Appendix 4 (¢) Total dissolved Fe concentrations (nM) analysed by chelation and solvent

extraction by Graphite Furnace Atomic Adsorption Spectroscopy (GFAAS) in

all four treatments for the 8 day trace metal enrichment experiment.

Treatments
Time Control Fe Zn FeZn
days nM nM nM nM
0 0.070
1 0.100 0.089 0.082 0.098
2 0.129 0.084 0.065
3 0.118 0.073 0.090 0.097
4 0.117 0.105 0.129 0.107
5 0.100 0.071 0.123 0.096
6 0.084 0.098 0.085 0.087
7 0.093 0.054 0.068 0.094
8 0.056 0.038 0.065 0.069

Appendix 4 (d) Total dissolved Cd concentrations (nM) analysed by chelation and solvent

extraction by Graphite Furnace Atomic Adsorption Spectroscopy (GFAAS) in

all four treatments for the 8 day trace metal enrichment experiment
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Appendix 5

Time  C,, Cre c. [2n™] Zn' log K'zt
(days) (nM) (nM) (nM) (nM) (nM)
Control

1 0.075 0.12

2 0.068 0.11 0.31 0.007 0.015 104
3 0.069 0.11 0.21 0.008 0.019 10.5
4 0.062 0.1 0.15 0.006 0.013 10.9
5 0.062 0.10 0.26 0.002 0.004 11.1
6 0.061 0.08 0.56 0.001 0.002 10.8
7 0.052 0.08 0.61 0.001 0.002 10.8
8 0.051 0.07 0.73 0.001 0.002 10.7

+ Fe

1 0.075 11.57 0.35 0.004 0.008 10.8
2 0.073 11.23 0.26 0.005 0.011 10.8
3 0.067 9.37 0.23 0.009 0.019 10.5
4 0.057 7.25 0.25 0.006 0.013 10.5
5 0.051 3.27

6 0.046 3.07 0.79 0.0009 0.002 10.8
7 0.036 2.75 1.1 0.008 0.017 10.6
8 0.034 2.68 1.3 0.002 0.004 10.8

+2Zn
1 11.7 0.13 2.91 4.21 8.84 10.2
2 11.7 0.12 2.78 4.26 8.95 10.1
3 9.19 0.1 273 3.09 6.49 10.3
4 7.10 0.09 2.99 2.01 422 10.1
5 6.36 0.08 5.94 0.51 1.07 10.2
6 6.57 0.07 5.14 0.77 1.62 9.92
7 7.65 0.06 443 1.62 3.40 10.1
8 5.71 0.05 2.28 1.68 3.58 10.1
+2Zn & + Fe
1 10.9 11.9 3.16 3.71 7.79 10.1
2 9.95 2.97 417 8.76 10.2
3 9.80 7.78 2.66 3.45 7.25 10.2
4 4.81 7.30 5.00 0.12 0.25 10.1
5 3.46 2.64 3.52 0.30 0.63 9.85
6 4.15 1.87 3.66 0.428 0.90 10.4
7 3.56 2.38 3.87 0.365 0.77 10.1
8 3.21 217 3.1 0.33 0.69 10.2
Appendix 5  Zinc speciation data for all four treatments throughout the 8 day trace metal

enrichment experiment. Cz, and Cr. is the total dissolved Zn and Fe
concentrations, CL is the concentration of the Zn-binding ligand, Zn** is the free

Zn ion concentration Zn’ is the labile inorganic species and log K’z is the
stability constant.
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Appendix 6

Time Control +Fe +Zn +2Zn & +Fe
days cell/l cell/l cell/l cell/l
Coccollthophores
0 37094
1 27934 25319 45858 37163
2 44906 43800 41185 57111
3 128696 40260 138790 71161
4 86715 82733 54506 175632
5 272533 177146 162317 236195
Flagellates
0 50342
1 129453 65371 331494 177559
2 297309 212186 54913 187366
3 745681 699915 547590 99928
4 610103 309033 334826 125668
5 130072 2302907 150294 1235484
Large Diatoms > 20 um

0 10598
1 37473 24859 184343 20646
2 57293 55480 40168 61119
3 264963 161042 58039 104471
4 74327 153300 126533 390631
5 136266 1267280 206403 1035627

Appendix 6 Phytoplankton cell count data for the major taxonomic groupings for all 4
treatments for 5 ofithe 8 days in the trace metal enrichment experiment.
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Appendix 7

H-2001 Centre 4 months

Depth Salinity Temp Fluor oxygen NO, PO, Si Czn
(m) (0 C) M (uM) (nM) (nM) (uM) (nM)
10 32.35 9.1 0.179 298 5.8 0.83 8.4 0.14
25 32.36 8.78 0.729 299 5.8 0.83 8.4 0.27
40 32.44 7.97 0.532 293 8 0.99 11.2 0.08
75 32.76 7.36 0.146 249 15.8 1.4 21.7 0.25
100 33.34 7.62 0.059 163 24.3 1.89 35.1 1.87
200 33.93 6.9 0.051 94 33.5 2.42 53.2 6.12
400 34.02 5.48 0.056 53 39.7 2.86 75.4 9.74

600 34.11 4,64 0.057 32 42.9 3.07 92 6.3
800 34.22 4.06 0.069 15 44.5 3.24 110 6.89
1000 34.34 3.53 0.06 12 8.10

Appendix 7 (a) Total dissolved Zn concentrations, salinity, temperature, fluorescence, oxygen
and nutrient concentrations for the Centre Station H-2001 4 months after
formation in June 2001.

H-2001 Edge 4 months

Depth Salinity Temp Fluor oxygen NO, PO, Si Czn
(m) (%) V) (uM) (nM) (nM) (uM) (nM)
10 32.41 8.51 0.703 299 7.2 0.58 11 0.10
25 32.47 8.37 1.077 300 8.3 0.63 12.8 0.08
40 32.53 7.88 1.52 304 8.8 0.68 13.9 0.07
75 3257 7.25 0.391 297 10.6 0.78 15
100 32.90 6.92 0.092 3.59
200 33.92 6.71 0.048 108 32.9 2.07 49.9 3.06
400 34.02 5.02 0.056 54.5 40.8 2.72 78 8.40
600 34.14 4.3 0.056 25.7 43.7 3.02 95.9 6.40
800 34.27 3.77 0.059 13.8 451 3.13 119 6.80
1000 34.37 3.39 0.06 12.8 451 3.15 133 8.47

Appendix 7 (b) Total dissolved Zn concentrations, salinity, temperature, fluorescence, oxygen
and nutrient concentrations for the Edge Station H-2001 4 months after
formation in June 2001.

H-2001 Centre 7 months

Depth  Salinity Temp Fluor oxygen NO; PO, Si Czn

(m) (%) (\2) (uM) (nv) (uM) (uM) (nM)
10 32.31 11.55 0.84 274 5 0.83 8.9 0.31

25 32.31 11.56 1.29 273 4.9 0.83 8.7 0.30
40 32.35 10.88 1.14 272 5.3 0.83 9.4 0.57
75 32.81 7.21 0.11 223 18.1 1.5 22.4 0.62
100 33.33 7.45 0.03 165 24.7 1.91 32.8 1.03
200 33.94 6.75 89.4 34.7 2.46 54 3.18
400 34.01 5.25 52.5 40.5 2.84 72.6 5.61

600 34.13 4.41 23.8 43.7 3.1 95.7 6.54

Appendix 7 (¢) Total dissolved Zn concentrations, salinity , temperature, fluorescence, oxygen
and nutrient concentrations for the Centre Station H-2001 7 months after
formation in September 2001.
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Appendix 7

H-2001 Edge 7 months

Depth Salinity Temp Fluor oxygen NO, PO, Si CZn
(m) (%) ) (uM) (pM) (uMm) (1M) (nM)
10 32.301 11.49 1.81 283 4.8 0.81 10.1 0.09
40 32.534 8.37 1.31 266 11.7 1.2 17.5 0.12
75 32.814 7.1 0.03 230 17.9 1.53 27.7 0.65
100 33.142 6.76 0.01 203 227 1.79 30.8 1.1
200 33.928 6.51 102 34 2.4 52.6 2.1
400 34.012 4.8 52.3 41.4 2.9 80.8 6.7

Appendix 7 (d) Total dissolved Zn concentration, salinity, temperature, fluorescence, oxygen
and nutrient concentrations for the Edge Station H-2001 7 months after
formation in September 2001.

H-2000 Centre 16 months

Depth  Salinity Temp Fluor oxygen NO; PO, Si CZn
(m) ¢o) (\)) (uM) (uM) (pM) (umM) (nM)
10 32.53 8.68 0.799 309 8.7 1.01 156.1 0.22
25 32.57 7.42 2.159 9.5 1.06 15.7 0.05
40 32.61 6.89 0.974 303 11.2 1.18 17.3 0.04
75 32.66 6.51 0.334 13.2 1.29 19 0.41
100 32.89 6.2 0.134 258 18.4 1.56 25.5 1.2
200 33.89 6.39 0.056 103 33.8 2.38 34.2 1.5
400 34.01 4,72 0.056 49.4 41.5 2.91 84.5 52
600 34.15 4.08 0.058 25.4 44 3.09 108 7.51
800 34.26 3.55 0.059 44.7 3.16 127 9.33
1000 34.35 3.16 0.059 16.2 44.9 3.17 142 9.31

Appendix 7 (e) Total dissolved Zn concentrations, salinity, temperature, fluorescence, oxygen
and nutrient concentration for the Centre Station H-2000 16 months after
formation in June 2001.

H-2000 Edge 16 months

Depth  Salinity Temp Fluor oxygen NO, PO, Si CZn
(m) (%) V) (uM) (uMm) (uM) (nM) (nM)
10 32.51 9.34 1.319 301 8.3 1 139 0.05
25 32.53 8.64 2.294 304 8.3 1.01 14.5 0.16
40 32.57 7.33 1.978 305 9.7 1.1 15.4 0.1
75 32.60 6.97 0.611 301 11.3 1.2 16.5 0.1
100 32.70 6.33 0.184 287 14.8 1.37 201 1.32
200 33.89 6.2 0.05 116 33.2 2.39 53.3 1.96
400 34.00 4.64 0.056 53.8 415 2.96 83.6 4.1
600 34.16 4.03 0.059 25.2 44.3 3.16 107 6.1
800 34.27 3.56 0.058 17.2 45.4 3.21 125 7.2
1000 34.36 3.13 0.06 15.1 45.3 3.25 140 9.21

Appendix 7 (f) Total dissolved Zn concentrations, salinity, temperature, fluorescence, oxygen
and nutrient concentrations for the Edge Station H-2000 16 months after
formation in June 2001.
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Appendix 7

H-2000 Centre 19 months

Depth  Salinity Temp Fluor oxygen NO, PO, Si CzZn
(m) ¢o (\)) (uM) (uM) (uM) (uM) (nM)
10 32.28 12 1.35 274 3.5 0.74 11.7 0.03
25 32.27 12 2 274 3.5 0.77 11.7 0.04
40 32.51 7.62 0.74 280 121 1.24 17.3 0.38
75 32.69 6.83 0.11 259 16.3 1.46 21.9 0.12
100 33.01 6.85 0.02 208 21.8 1.76 314 1.85
200 33.84 6.68 92.2 34 2.46 53.6 3.61
400 33.99 53 38.9 2.79 73.4 5.09
600 34.09 4.27 33 431 3.08 95.5 7.08
800 34.24 3.68 0.01 17.4 44.4 3.18 117 79
1000 34.34 3.24 0.01 16.5 45.8 3.23 131 9.01

Appendix 7 (g) Total dissolved Zn concentration, salinity, temperature, fluorescence, oxygen
and nutrient concentration for the Centre station H-2000 19 months after
formation in September 2001.

H-2000 Edge 19 months

Depth Salinity Temp Fluor oxygen NO; PO, Si CZn
(m) ) M (uM) (uM) (uM) (uM) (nM)
10 32.29 11.7 2.33 275 4 0.76 11.7 0.07
25 32.29 11.7 2.49 273 4.1 0.77 121 0.09
40 32.58 7.29 0.45 278 13.2 1.78 17.9 0.16
75 32.75 6.93 0.03 291 18.3 157 26.3 0.12
100 33.09 6.67 0.01 210 22 1.77 31.3 21
200 33.87 6.27 123 323 2.31 51.2
400 34.01 4.69 53 40.7 29 83.3 5.7
600 34.15 413 0.01 235 43.8 3.12 103 7.45
800 34.27 3.64 0.01 16.1 45 3.2 120 9.6
1000 34.36 3.16 0.01 14.3 44.8 3.23 134 9.21

Appendix 7 (h) Total dissolved Zn concentrations, salinity, temperature, fluorescence, oxygen
and nutrient concentrations for the Edge Station H-2000 19 months after
formation in September 2001.

H-2000 Edge 19 months

Depth Salinity Temp Fluor oxygen NO; PO, Si CZn
(m) ¢C) M (uM) (uM) (uM) (uM) (nM)
10 32.29 11.7 2.33 275 4 0.76 11.7 0.07
25 32.29 11.7 2.49 273 4.1 0.77 12.1 0.09
40 32.58 7.29 0.45 278 13.2 1.78 17.9 0.16
75 32.75 6.93 0.03 291 18.3 1.57 26.3 0.12
100 33.09 6.67 0.01 210 22 1.77 31.3 21
200 33.87 6.27 123 32.3 2.31 51.2
400 34.01 4.69 53 40.7 29 83.3 5.7
600 34.15 413 0.01 23.5 43.8 3.12 103 7.45
800 34.27 3.64 0.01 16.1 45 3.2 120 9.6
1000 34.36 3.16 0.01 14.3 44.8 3.23 134 9.21

Appendix 7 (i) Total dissolved Zn concentrations, salinity, temperature, fluorescence, oxygen
and nutrient concentrations for the Reference Station in June 2001.
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Appendix 8

H-2001 Centre 4 months

Depth Salinity Temp  Fluor Cm C. Zn™ K'ZnL
(m) (0 C) V) (nM) (nM) (pM)
10 32.35 9.11 0.179 0.14 1.36 6.5 10.2
40 32.44 7.97 0.532 0.08 1.41 3.3 10.3
75 32.76 7.36 0.146 0.25 1.32 9.8 10.2
200 33.34 7.62 0.059 6.12 3.88 2.13 10.2

Appendix 8 (a) Zinc speciation data for H-2001 Centre Station 4 months after formation in June

2001.

H-2001 Edge 4 months

Depth Salinity Temp  Fluor Czn C. Zn™ K'ZnL
(m) (0 ©C) V) (nM) (nM) (pM)
10 32.41 8.51 0.703 0.10 1.41 3.5 10.2
25 32.47 8.37 1.077 0.08 1.13 3.4 10.3
40 32.53 7.88 1.52 0.07 2.02 1.3 10.4
200 33.92 6.71 0.048 3.06 4.2 86.7 10.4

Appendix 8 (b) Zinc speciation data for H-2001 Edge Station 4 months after formation in June

2001.

H-2001 Centre 7 months

Depth Salinity Temp Fluor  Cg, C. Zn*  KznL
(m) (0 C) V) (nM) (nM) (pM)
10 32.301 11.49 1.81 0.31 1.31 3.6 10.2
40 32.534 8.37 1.31 1.53 2.46 2.4 10.2
75 32.814 71 0.03 1.53 2.2 1.5 10.5
200 33.928 6.51 2.9 3.26 21.1 10.1

Appendix 8 (¢) Zinc speciation data for H-2001 Centre Station 7 months after formation in

September 2001.

H-2000 Centre 19 months

Depth Salinity Temp  Fluor C,, C. Zn* K'ZnL
(m) (00 V) (nM) (nM) (pM)
10 32.28 12 1.35 0.03 1.1 2.7 10.3
40 32.51 7.62 0.74 0.38 2.6 2.02 10.3
75 32.69 6.83 0.11 0.12 1.85 2.7 10.2
200 33.84 6.68 3.61 3.57 21.2 10.3

Appendix 8 (d) Zinc speciation for H-2000 Centre Station 19 months after formation in

September 2001.



Appendix 8

H-2000 Edge 19 months

Depth Salinity Temp  Fluor Czn C. Zn* K'ZnL
(m) (0 C) (v) (nM) (nM) (pM)
10 32.29 11.7 2.33 0.07 1.34 2.9 10.3
40 32.58 7.29 0.45 0.16 1.11 4.4 10.2
75 32.75 6.93 0.03 0.12 1.07 3.6 10.1
200 33.87 6.27 2.1 2.69 80.6 10.5

Appendix 8 (e) Zinc speciation data for H-2000 Edge Station 19 months after formation in

September 2001.

Reference Station

Depth Salinity Temp  Fluor Can C. Zn*  KzZnL
(m) (0 C) V) (nM) (nM) (pM)
10 32.58 8.41 0.76 0.09 1.2 4 10.2
40 32.61 6.98 1.81 0.09 1.01 5.8 10.1
75 32.65 6.58 0.38 0.62 2.3 1.8 10.4
200 33.87 5.07 0.057 2.36 3.28 9.4 10.5

Appendix 8 (f) Zinc speciation data for the Reference Station in June 2001.
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