Table 6: Overview of each elements F- and p-value, both for the interaction between week
and COz and only for CO». Adjusted peta squared for CO2 and week, and correlation (R?) are
presented. The confidence level is = 0,05 (5%).

Element p-value F-value p- F-value Adjusted Adjusted Correlati
(week*CQO;) (week*COz) value (COy) peta peta on (R?)
(CO») squared squared
(CO») (week)
As 0,166 1,35 0,158 1,65 0,103 0,750 0,023
Al 0,514 0,971 0,225 1,43 0,090 0,359 0,729
Cd 0,301 1,17 0,582 0,76 0,050 0,847 0,105
Cr 0,398 1,07 0,848 0,400 0,027 0,267 0,203
Cu 0,228 1,25 0,985 0,132 0,009 0,854 0,380
Mn 0,009(all 2,07(all 0,914 0,296 0,020 0,733 0,198
dates) dates)
0,133 (three 1,66(three
dates) dates)
Ni 0,028(all 1,80(all 0,451 0,955 0,063 0,697 0,126
dates) dates)
0,307 (three  1,23(three
dates) date)
Zn 0,582 0,917 0,508 0,867 0,570 0,734 0,837

The values from Table 6 explains if there is any statistical significant difference between the
treatments of CO; over time. According to the two-way ANOVA test at the p<0,05 level there
is a statistical significant difference between the treatments over time for manganese (F2s,72 =
2,07, p = 0,009) and nickel (F25,72 = 1,80, p = 0,028). Comparing this value to the correlation
(R?) values from the figures above and in table 6 there is no connection between the values.
There is according to the R2-value, low correlation between the treatments and COs.

What coul d havodowtea p e riveodvay i ANOIV &-test, where the values
from the previous date affects the next. In table 6, there are two p-values for manganese and
nickel. When comparing only the three last sampling dates at the p<0,05 level, there is no

statistical significant difference between the treatments of CO, and manganese (Fi036 = 1,66, p

= 1,33) and nickel (Fi0,36 = 1,23, p = 0,307). This indicates that there is no statistical significant
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difference between the CO, treatments over time, which is supported by both the F- and p-
values for CO» excluded from weeks and the adjusted peta squared values in table 6. According
to the F- and p-values for CO, there is no statistical significant difference between the

treatments for manganese (Fs.72 = 0,914, p = 0,296) and nickel (Fs,72 = 0,451, p = 0,955).

The relative impact of time (week) is much larger than the relative impact of CO»-treatments
over time. For example, CO; has a relative impact on manganese of 0,020, while week has a
relative impact of 0,733, which is a much larger value. A value of 0,020 is so small that it is
negligible. In comparison, iron seems to have a similar relative impact from both time (0,926)
and treatments (0,946). These are very similar and high values, meaning they both have a large
impact and that they are approximately the same. It is possible that there is no difference
between the different CO»-treatments and that there is a difference of concentration over time.

This difference is not because of the CO,-treatments, but because of other factors.
Zinc (R?=0,837) and aluminium (R? = 0,729) showed a correlation with the treatments of CO>,

but as the values in table 6 shows, the two-way ANOVA test shows that this correlation is not

because of the different CO;-treatments.
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5.7.3 Comments on the concentration limit and increase in concentration over time
Table 7 shows the max, min, the total mean concentrations (pg/l) and standard deviation of all

the selected elements. These values are compared to the given concentration limit.

Table 7: The table presents the given concentration limits of each element. Max, min, mean
and standard deviation of each element is presented. The colour green signals that the values
are under the concentration limit, while the colour red signals that the concentration is above
the concentration limit.

Element Concentrat Max Min Total mean Total
ion limit concentrati concentrati (pg/l) standard
(ng/l) on (pg/l) on (png/l) (N=108) deviation(N=

108)

As <50 2,20

Al <10 15,3 2,75

Cd <5 0,006

Cr 0,950 0,350 0,343 0,783

Cu <30 0,236

Fe <150 2,62

Mn <10 0,112

Ni <100 0,082

Zn <5 14,6 7,42 2,09

Table 7 shows that all of the elements have a total mean value below the concentration limit,
except for zinc (7,42 + 2,09). Aluminium has a maximum value above the concentration limit,
but a total mean value below the limit (2,53 + 2,75). For both of these elements, especially for
aluminium, the standard deviation is high, which implies a big variance in the data set. Even
so, the few samples with high concentrations of aluminium have an rsd-value < 10, which
implies that the high values are certain. The standard deviation of zinc is also high, but since
the total mean value is above the limit it is certain to say that most of the values are over the
given concentration limit. These values could exceed the total amount of zinc the fish needs
and cause a negative effect, and the few samples with high aluminium concentrations causes

concern for further accumulation over time.
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Concentrations from the make-up water could explain why some elements (Al, Zn) have high
concentrations.
Table 8: This table shows the concentrations of selected metals in the make-up water from

both seawater and groundwater from 18th of January 2017. The RSD values of each
concentration is to the right of the concentration. The seawater was analysed two times.

Element Seawater ~ RSD Seawater ~ RSD Ground- RSD
test 1 test 2 water
Fe 0,030 10,2 0,130 4,70 0,180 6,00
Mn 0,068 15,6 0,054 20,0 10,6 4,70
Ni 0,390 17,3 0,390 19,9 0,180 10,8
Cu 0,400 6,70 0,460 7,50 0,240 15,5
As 1,56 14,4 1,42 9,50 0,060 19,4
Cr 0,220 26,0 0,230 244 0,130 32,3
Zn 1,390 8,00 1,04 12,4 0,360 21,8
Al 12,5 4,00 12,6 3,20 14,3 2,80

Table 8 shows that some of the rsd-values are high (> 20). All of the values are in general low,
with exception of manganese from the groundwater (10,6 pg/l) and aluminium from both
seawater and groundwater. From the given concentration limits, these values are both above the
limit of < 10. Since there is only one sample from each, these values will only be indicators and

not secure values.

Concentrations in make-water shows that aluminium has a high concentration from both
seawater and groundwater. The samples are, as mentioned, collected on the 18" January, and
works as an indication for make-up water concentrations, since there is no mean concentration

over time. Aluminium have occasionally high concentrations as can be seen in the high standard
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deviation. A source of these high concentrations of aluminium could be because of changes in
concentration in make-up water, since there is probably no aluminium in the fish feed or
because of leaching from pipes. From the given conditions in water, there is no evidence that
labile, inorganic aluminium will occur. The pH is simply too high (> 6,6), whereas a labile,

inorganic form of aluminium demands a pH < 5,5.

Concentrations of zinc in the make-up water are not high and do not explain why zinc
concentrations are high. As mentioned in the theory, accumulation of zinc in RAS, could be
because of released Zn*>* from fish feed. Fish-feed contains zinc because it is an essential
nutrient. When the fish feed is in water, zinc can be dissolved and released into the water,
increasing the concentration of zinc in the system. This theory is supported by the pH and redox
potential in the water. The low pH and redox could increase the amount of Zn>" in water, making
it the dominant form of zinc. Zinc concentrations can also be increased by corrosion from piped
and fittings, however most of the pipes at Nofima is made of plastic, making this assumption

less likely.

The table 9 describes the total mean increase of concentration and the total increase in
concentration from the first sampling date to the last in percentage (%). The reason for looking
at these values is to see if there is a statistical significant increase of the total concentration of

the elements and to discuss the possible reasons for this increase.
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Table 9: The table shows the total mean increase in concentration (pg/l and %) for all selected
elements from the first to the last sampling date.

Elements Total mean concentration Total mean
increase (ng/l) and standard increase in
deviation concentration

(%)

Al 0,998 + 0,789 26,7

As 0,314+ 0,314 40,8

Cd 0,009 + 0,001 40,0

Cr 0,035 + 0,024 13,8

Cu 0,162 + 0,036 9,09

Ni 0,046 + 0,017 8,76

Zn 2,10+£0,416 34,8

Mn 0,106 + 0,021 13,0

In appendix 11, graphs of all the selected metals are presented. These graphs presents the mean
concentration of each element in all the different CO treatments. The overall trend in
concentrations is either that there is a slight drop in concentration between the first two sample
dates or that they are approximately the same, except for manganese, where the concentration
increases. For all the elements there is an increase in concentration up to the second last

sampling date and a decrease in concentration on the last sampling date.

Table 9 explains the total mean increase of concentration from the first to the last sampling
date. The standard deviation is given to see the total variance in the data set. All the elements,
except Zn, Cd, As and Fe show a low increase in concentration. The total mean increase of
these elements are according to the two-way ANOVA test statistical significant different (p <
0,05). The increase in zinc-concentrations could be as a result of zinc from fish-feed. The
elements with the highest total increase in concentration (%) have a strong correlation between
each other. As showed the lowest correlation with Zn and Cd with a correlation respectively of
0,66 and 0,62. The other elements have a correlation above 0,8. This indicates that the source

of the elements could be the same.
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Several elements had, as explained earlier, pH and redox potential values in the water that could
increase the concentrations of the divalent form of the element. These were, as mentioned, Cd,
Mn, Fe, Zn and As. It seems that Fe, Zn, As and Cd could have an effect of these conditions on
the accumulation in RAS over time. Mn have a low total increase in concentration, which could

be because of other factors such as the make-up water.

5.7.4 TOC and water hardness
The results of the TOC measurements where all under the detection limit, except for two
samples, where the concentrations was small. It gives the assumption that TOC plays a smaller
part than expected. The reason behind analysing TOC was to study a possible correlation
between TOC and the treatments of CO2, where the theory behind it was that the TOC

concentrations would increase with an increase in CO; concentrations.

Water hardness was calculated as explained in the theory, by using an online calculator at
Lenntech.com. The mean concentrations of calcium and magnesium at each sample date was

calculated. The concentrations of magnesium and calcium was not affected by the treatments

of CO:».

Table 10: The table shows the mean concentration of magnesium and calcium (png/l) in every
sample date. Calculations of water hardness in German scale (°dH) is presented.

Date Magnesium Calcium Water hardness (°dH
concentration concentration German scale)
[ng/1] [ng/l]

30.11.16 393 505 138 047 110

19.12.16 401 891 140 451 112

18.01.17 398 967 138 769 111

24.01.17 398 967 135380 111

02.02.17 398 564 132 995 110

24.02.17 403 920 132 561 111

The results show a stable trend where the water is of medium hardness. There is little or no
difference in the concentrations of magnesium and calcium over the experimental period. This

gives a good stability in the hardness of water, indicating no accumulation of magnesium and
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calcium in RAS. This also indicates a stable alkalinity, since alkalinity is also highly dependent
on CaCOs and from the fact that bicarbonate is added continuously into the system. These
values show that there is probably no concern of increased copper toxicity. The copper
concentrations were low as well, meaning a low impact on the fish. In addition to the water

hardness, there is no data to say that there is a possible copper toxicity.

5.8 Error source
There are some errors concerning the two-way ANOVA test. There are several assumptions
that needs to be filled before a test can be performed, as the assumption that there is a similar
amount of data in each data set and that each data set is independent of each other. The two-
way ANOVA test showed that the data from the previous date had an impact on the next data
set and that they are not independent of each other. This could lead to assumptions that are false,
because the values from the previous date affects the next, as was seen with Ni and Mn.
Comparing the values from the make-up water and inlet water with the concentrations from the
outlet water could lead to false assumptions. There was only one sample collected for each dat
in the inlet water and make-up water, compared to three replicates from the outlet water. The
data from the outlet water is stronger and more reliable than that from the make-up water and
inlet water. Some of the values from the outlet water and make-up water also had a high rsd-

value, which signals caution using these values.

Another error was dilution of the water in RAS when collecting data during the experiment.
One sampling date was removed because of a high dilution of the system. These short periods
with dilution of the system could have disturbed some of the other collection dates as well, and

possibly decreased the possible accumulation of heavy metals in the system over time.
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6. Conclusion

This master thesis has looked at how different treatments of CO; have affected the physio-

chemical parameters and heavy metals in RAS.

Of the physio-chemical parameters, pH showed a clear statistical significant difference
between the treatments of CO,. Conductivity had a statistically significant difference between
the treatments of CO», but it seems that the statistical difference is mainly because of the
difference over time. The redox potential showed a statistical significant difference between
the 5 mg/l treatment and the rest. This could be due to other factors besides CO», as the
mixing of water between holding tank 1 and 2. When it came to changes in the physio-
chemical parameters over time, these where quite stable. Temperature and salinity was at
some dates outside the given limit. Redox potential is in general low, which could increase the
amount of arsenite in water. The pH is also low in the treatments with high CO (26,33 and
40mg/1). These values along with low redox potential could increase the concentration of free

heavy metals.

Of all the elements analysed, iron showed a statistical significant difference between the
treatments of CO2 over time. All of the elements had an overall increase in concentration from
the beginning to the end of the experiment. The increase was low for all the elements except

for zinc, iron, cadmium and arsenic, where the total increase was over 34 % for all elements.

Zinc concentrations (mean) are over the concentration limit. This could be because of

dissolved zinc from fish feed. The conditions give reason to think that released zinc from fish
feed is in the divalent form. Aluminium had some values that was higher than the given limit.
Conditions does not favour labile, inorganically bound aluminium, but organically bound, less

toxic aluminium.
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7. Recommended work

This thesis was at the beginning very open, since there have not been many studies on heavy
metals in RAS. This has led to a high complexity. Further research could be more narrow, and

below are some reflections on such future work.

The reason behind the strong correlation between iron and CO> should be studied. The reason
behind the accumulation of iron is uncertain and should be investigated. A theory is that the
bicarbonate added to the water contains iron. This could increase the concentration of iron in
the water. Another theory that should be in focus is the fish-feed related accumulation of heavy
metals. Heavy metals as iron and zinc could be a large part of the vitamin premix in the food.
These metals could dissolve in the water and increase the concentration of these metals. Another

possibility is that some elements could accumulate in the biofilter used in the biological.

The redox potential in the fish tanks are quite low. Such a low potential could increase the
concentration of arsenite, but the actual effect of arsenite was not studied in this thesis and could
be something of interest in further research. The pH is also low, which could increase the
concentration of some elements. Is the given pH limit of 6,8 too low? This could be an
interesting question to discuss further. The difference in Smg/l treatments and the rest could
also be studied further. It would be interesting to look at differences in pH and redox potential
before and after the fish tanks in order to study differences when water is mixed from the two

holding tanks and when fish tanks only get water from one holding tank.

Not all elements were analysed thoroughly in this theses. Elements as mercury could be of

interest because the organic bound methylmercury can be very toxic to marine animals.

In order to look at accumulation it could be interesting to study these elements over a longer
period of time and without dilution of the system. Would the accumulation of the elements be

larger if the experimental period was longer and without dilution of the system?
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Appendix

Appendix A: Water quality standards (Mota, 2017b).

Degasser sump (RAS 2) min. | max. | Frequency
Salinity (ppy) 11.5 | 12,5 | daily
Temperature (°C) 12 13 daily
pH 6.8 7.2 daily
Alkalinity (mg/L as CaCO3) weekly
TAN (mg/L) - 0.7 weekly
NO:>-N (mg/L) - 0.1 weekly
NOs-N (mg/L) <100 | weekly
Water exchange rate (% total volume/day) - 30 daily
Water flow (L/min.) 790 810 daily
Photoperiod 24L:0D




Appendix B: CO; measuring using three sensors from Franatech, Germany (Bye,
2017).
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Appendix C: CO; concentrations of each tank.

Tank CO2 (mg/1)
301 5
302 40
303 26
304 12
305 33
306 40
307 19
308 33
309 12
310 40
311 19
312 5
313 19
314 26
315 12
316 26
317 33
318 5
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Appendix E: Detection limits for selected elements.

Element Isotope Resolution Detection limit

(ng/h

Al 27 MR 0,01
As 75 HR 0,015
Cr 52 MR 0,001
Cd 114 LR 0,002
Cu 53 MR 0,012
Fe 56 MR 0,002

Mn 55 MR 0,03
Ni 60 MR 0,005
Zn 66 MR 0,004




Appendix F: RSD as a function of concentration
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Appendix G: Make-up water (L/min) (Mota, 2017b).

Make-
up
Experimental | water

Date day (L/min)
08.11.2016 | -14 15
09.11.2016 | -13 15
10.11.2016 | -12 15
11.11.2016 | -11 15
12.11.2016 | -10 15
13.11.2016 | -9 15
14.11.2016 | -8 16
15.11.2016 | -7 16
16.11.2016 | -6 16
17.11.2016 | -5 22
18.11.2016 | -4 23
19.11.2016 | -3 23
20.11.2016 | -2 23
21.11.2016 | -1 23
22.11.2016 | O 23
23.11.2016 | 1 23
24.11.2016 | 2 23
25.11.2016 | 3 23
26.11.2016 | 4 23
27.11.2016 | 5 23
28.11.2016 | 6 23
29.11.2016 | 7 22
30.11.2016 | 8 26
01.12.2016 | 9 23
02.12.2016 | 10 23
03.12.2016 | 11 23
04.12.2016 | 12 23
05.12.2016 | 13 23
06.12.2016 | 14 89
07.12.2016 | 15 45
08.12.2016 | 16 85
09.12.2016 | 17 18
10.12.2016 | 18 18
11.12.2016 | 19 18
12.12.2016 | 20 18
13.12.2016 | 21 18
14.12.2016 | 22 18
15.12.2016 | 23 19
16.12.2016 | 24 19

VI



17.12.2016 | 25 19
18.12.2016 | 26 19
19.12.2016 | 27 18
20.12.2016 | 28 19
21.12.2016 | 29 18
22.12.2016 | 30 18
23.12.2016 | 31

24.12.2016 | 32

25.12.2016 | 33

26.12.2016 | 34 19
27.12.2016 | 35 19
28.12.2016 | 36 19
29.12.2016 | 37 18
30.12.2016 | 38 18
31.12.2016 | 39 18
01.01.2017 | 40 18
02.01.2017 | 41 19
03.01.2017 | 42 18
04.01.2017 | 43 30
05.01.2017 | 44 18
06.01.2017 | 45 18
07.01.2017 | 46 18
08.01.2017 | 47 18
09.01.2017 | 48 18
10.01.2017 | 49 19
11.01.2017 | 50 19
12.01.2017 | 51 19
13.01.2017 | 52 19
14.01.2017 | 53 19
15.01.2017 | 54 19
16.01.2017 | 55 18
17.01.2017 | 56 19
18.01.2017 | 57 19
19.01.2017 | 58 18
20.01.2017 | 59 18
21.01.2017 | 60 18
22.01.2017 | 61 18
23.01.2017 | 62 18
24.01.2017 | 63 18
25.01.2017 | 64 18
26.01.2017 | 65 19
27.01.2017 | 66 19
28.01.2017 | 67 18
29.01.2017 | 68 18
30.01.2017 | 69 18

VI



31.01.2017 | 70 18
01.02.2017 | 71 18
02.02.2017 | 72 18
03.02.2017 | 73 18
04.02.2017 | 74 18
05.02.2017 | 75 18
06.02.2017 | 76 18
07.02.2017 | 77 18
08.02.2017 | 78 18
09.02.2017 | 79 18
10.02.2017 | 80 18
11.02.2017 | 81 18
12.02.2017 | 82 18
13.02.2017 | 83 19
14.02.2017 | 84 19
15.02.2017 | 85 18




Appendix H: Selection of metals. An overview of the trend.
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Appendix I: Mean concentration of selected metals over time.
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Mean concentration chromium
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