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Mercury Removal from Induration Off Gas by Wet Scrubbers
SUMMARY

During the induration of taconite pellets, green balls are heated to greater than
2200°F. A previous study’ indicated that greater than 90 percent of the mercury contained
in the green balls is volatilized during induration. Some of the volatilized mercury is
removed by the gas scrubbers. Studies”™ on coal burning power plants indicate that the
mercury in flue gas is present as either elemental mercury or as divalent mercury. In
power plant scrubbers, the majority of the divalent mercury is removed, but very little
elemental mercury is removed by the scrubbers. The particulate matter in the off gas
appears to remove a significant portion of the mercury that is removed. It is thought that
the off gas chemistry and the scrubber water chemistry could affect the removal of
mercury. To determine if the scrubber water chemistry could affect the removal of
mercury from taconite pelletizing off gases, the Minnesota Department of Natural
Resources’ (MNDNR) environmental cooperative funded a study to sample around the
scrubbers from the plants equipped with wet scrubbers to determine if water chemistry
affects mercury removal. Another objective of the study was to determine the role of
solids entrained in the off gases and removed by the scrubbers. These solids are returned
to the process. If they were discarded, then some amount of mercury could be eliminated
from the system, but at a cost of iron units.

Samples were obtained from Minntac, EVTAC, Minorca, Hibtac and Northshore
With the exception of the mercury analyses, all chemical analyses were conducted at
Coleraine. Mercury analyses were run by Frontier Geosciences of Seattle, Washington.

While the various plants have different scrubber configurations and scrubber water
chemistries, these differences appeared to have no significant affect on mercury removal.
Accurate mercury balances were not possible because mercury content in the fired pellets
- from all of the plants was below the detection limit of about 0.6 parts per billion (ppb).

- Solids entrained in the off gases removed significantly more mercury than the scrubber -

water. Of the mercury removed in the scrubber systems, the amount contained in the
solids ranged from 75 percent at Northshore to greater than 99 percent at EVTAC. The
minus 10 micron fraction of the solids in the off gases appears to remove the most
mercury. Analysis of the solids that are continually recycled to the Minorca wet scrubbers
indicates a high capacity for mercury removal (the solids assayed over 3000 ppb mercury).
This result indicates that the mercury should remain with the solids and should not leach if

the solids were sent to the tailings basin.
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INTRODUCTION

During the pelletizing process, the majority of mercury contained in the green balls
is vaporized and leaves with the off gases. Wet scrubbers remove some of this mercury.
Mercury that is removed is either dissolved in the water or is associated with the solids
entrained in the off gas stream. It is generally assumed that mercury removed by the
scrubber water and solids is present as divalent mercury and mercury that is not removed
by the scrubbers is present as elemental mercury. Based on research on coal fired power
plant emissions, most of the removed mercury is associated with the solids that are
generally recovered in the electrostatic precipitators and that the amount of carbon,
chlorine, and sulfur in the off gas can affect the amount of mercury removed. It is possible
that other elements in the indurating off gas may also affect the amount of mercury
removed by the wet scrubbers.

In most cases, the solids contained in the scrubber water are recovered and are
recycled to green ball feed. This practice tends to increase the amount of mercury in the
green balls. One of the objectives of this program is to determine how much mercury is
being recycled and how much iron would be lost if the material was wasted instead of
recycled. v

The MNDNR’s environmental cooperative funded a study by the Coleraine
Minerals Research Laboratory (CMRL) to sample the various plants and conduct chemical
analyses of the various streams. Sampling was conducted at the five operating taconite
plants (Hibtac, Minntac, EVTAC, Minorca, and Northshore) that are equipped with some
type of wet scrubbers on the indurating off gases. The main objective of the sampling
program was to determine if scrubber water chemistry could be related to mercury
removal by the wet scrubbers. The test program was not designed to provide a mercury
_balance around the indurating plant. Data contained in this report cannot be used to
accurately calculate the amount of mercury being released to the atmosphere by any of the

sampled plants.

SAMPLING PROGRAM

Grab samples were taken of the materials entering the system: green balls, solid
fuel (if any), and scrubber inlet water; and exiting the system: fired pellets, scrubber water
out, and multiclone solids (if any). Sampling devices were cleaned with dilute acid and
distilled water prior to the sampling. Each of the sampling devices were purged with the
material being sampled. All samples were brought to the Coleraine Minerals Research
Laboratory (CMRL) for filtering and chemical analysis. (Samples from Hibtac were from
a previous sampling program conducted by Hibtac in October of 1998.) All liquid samples
were filtered through 0.45 micron paper, with the solids content being measured. All
solids samples were dried, with the moisture content being recorded. All solids processing
equipment was thoroughly cleaned and was purged with the material being processed
(when possible). Splits of the solids and water samples were sent to Frontier Geosciences
in Seattle for mercury analysis. All remaining analyses were run at CMRL by ICP.
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OFF GAS TREATMENT SCHEMES

Each of the plants has slightly different wet scrubbers. Minntac has the simplest
flowsheet, Figure 1, where the exhaust from the grate-kiln system is sent to one scrubber
per line, fresh water is added to the scrubber, and the water with entrained solids is
removed and sent to a thickener. Both the water and solids are eventually recycled to the
process, but nothing is recycled to the scrubber.

EVTAC also employs the grate-kiln system, but has a more complicated scrubber
flowsheet, as shown schematically in Figure 2. EVTAC’s system consists of a scrubber
and a de-misting tank. Fresh water is added through slats in the top of the de-misting
tank. That water plus the water and solids from the scrubber are sent to a thickener. The
thickener overflow is recycled to the scrubber. Thickener underflow is sent back to the
process. In steady state, the water added at the slats (slat water) is equal to the amount of
water removed with the thickener underflow.

Minorca has a traveling grate machine with two separate gas streams going to the
scrubber as shown in Figure 3. The first (hood exhaust) goes directly to the scrubber,
while the second and larger stream (window exhaust) goes to a series of “multi clones™ to
remove most of the entrained dust. Gas from the multi clones goes to the scrubber.
Water to the scrubbers is continuously recycled, with fresh water being added to maintain
sump level. _

_ Hibtac is similar to Minorca in that it has a traveling grate and a dry dust removal
step prior to the wet scrubbers, as shown schematically in Figure 4. It is not known if all
of the off gas passes through the dry dust removal section, but all of the off gas is treated
by the wet scrubbers. Scrubber water is not recycled directly to the scrubber.

Northshore also employs a traveling grate machine and has two off gas streams, as
shown in Figure 5. Unlike Minorca and Hibtac, there is no dust removal prior to the
scrubbers and there are separate scrubbers for each exhaust stream. Fresh water is added

~ to the scrubbers with no direct recycle.

WATER CHEMISTRY

Chemical analyses for the water samples taken in the test program are given in
Table I. All of the analyses are in parts per million (ppm) except for the mercury analyses,

which are in nanograms per liter (ng/l) or parts per trillion (ppt).
For Minntac there were only two water samples; scrubber water in and scrubber

water out. Looking at the Minntac analysis in Table I, the mercury results appear to be
wrong in that the scrubber in water has more mercury than the water out. Previous work'
showed a mercury content of 2.05 ng/l in the water in and 491.55 ng/l in the scrubber out
water. The scrubber in water analysis was a quality control sample for Frontier, which
means that it was run in duplicate and was run with a known addition. The duplicate
analyses were 74.5 and 83.3 ng/l for an average of 78.9 ng/l report in Table I. Frontier’s
reports for all samples with the quality control results are given in Appendix I. Since the
duplicate analyses were reasonably close, it appears that the mercury analysis of the
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scrubber in water is truly the mercury content on the sample sent to Frontier. It is possible
that the scrubber out sample was accidentally poured into both the scrubber in and
scrubber out bottles that were sent to Frontier. Based on the cation and anion analyses
for the Minntac waters (Table I) samples were taken of the scrubber in and scrubber out
waters.

For EVTAC there were five water samples as shown in Table I. EVTAC has two
thickeners for the scrubbers, therefore, there is an overflow and underflow sample for each
thickener as well as the makeup water (slat spray water). Again, there appears to be a
problem with the mercury analyses. In this case, thickener overflow 2A appears to be too
high in mercury. The other analyses look appropriate.

For Northshore there were also five water samples (Table I), since both lines 11

and 12 were sampled. With the exception of the Waste Gas Water from line 11, the
analyses look consistent. The reason for the low cation and anion concentrations in line
11 waste gas water is unknown. Northshore has the most unique water chemistry due to
the addition of soda ash to soften the water.

Only two water samples were obtained from Minorca - the recycled scrubber water
and the make up water. As would be expected from recycling the water, the Minorca
scrubber water had the highest mercury content of 112 ppt.

Hibtac supplied three water samples for analyses. It appears that only the make-up
water and the scrubber water are germane to this study.

As mentioned above, some sampling of scrubber water was conducted as part of a
previous study in 1997'. Mercury analyses of those waters were significantly different
from the current study, as shown in Table II. For Minntac and Hibtac, there was a large
decrease in the mercury content of the water coming out of the scrubber, while the
mercury concentration in the water from the Northshore scrubbers increased, especially
line 11: For Hibtac and Northshore, the mercury content in the scrubber input water had
increased. The 1997 mercury analyses were also conducted by Frontier Geosciences.

SOLIDS CHEMISTRY

Solids from the sampling program were analyzed for mercury by Frontier. The
samples were analyzed at Coleraine for total iron, ferrous iron, silica, CaO, MgO, alumina,
sulfur and carbon (coal sample only). Results are given in Table III.  Frontier
Geosciences’ reports of mercury analysis for the solid samples are included in Appendix 1.
Values in Table IIT are in dry weight percent except for the mercury, which are in ng/g

(ppb).

For Minntac there were four solid samples: the greenballs, fired pellets, solids
contained in the scrubber discharge, and coal. Fired pellet mercury content was below the
detection limit of 0.6 ppb. For Minorca there were also four solid samples: the
greenballs, fired pellets, multiclone dust, and the solids in the recycling scrubber water. As
with the Minntac sample, the fired pellet mercury content was below detection limits. For
EVTAC there were 7 solid samples: greenballs, fired pellets, coal, two thickener
underflows (A & B), and two thickener overflows. Again, the fired pellets were below the
mercury detection limits (0.69 ppb in this case). Hibtac provided 7 solid samples:
filtercake, concentrate, greenballs, limestone, bentonite, fired pellets and multi-tube dust.
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Unfortunately, Hibtac did not supply a sample of the solids in the scrubber discharge.
Again, the fired pellets were below the mercury detection limits of 0.69 ppb. For
Northshore there were eight samples (four per line): greenballs, fired pellets, solids from
the hood exhaust scrubber and solids from the waste gas scrubber. Line 12 fired pellets
were reported to contain 1.85 ppb mercury, which 1s most likely a mistake. Line 11 fired
pellets were below the detection limit as were all the other fired pellet samples from the
other plants.

Comparing the greenball mercury analysis with the 1997 study indicated essentially
the same mercury concentration for both studies, as shown in Table IV.

Part of the work on the solids included screening selected samples on a 10 micron
screen and having mercury analyses run on the size fractions. Samples screened were the
two thickener underflow samples from EVTAC and the multitube dust from Hibtac.
Results are given in Table V. As was expected, there was very little minus 10 micron
material in the multitube dust. About 30 percent of the thickener underflow solids was
minus 10 micron. Due to the relatively small amount of minus 10 micron material, no
analysis was performed on that fraction. Mercury concentration in the minus 10 micron
fraction was calculated from the head mercury, the mercury in the plus 10 micron fraction
and the weight split. Mercury was concentrated in the minus 10 mesh fractions. All of the
minus 10 mesh material had a calculated mercury concentration of greater than 1 ppm.

ESTIMATED MERCURY BALANCES

Estimated mercury balances for the various plant scrubbers are given in Table VI.
Since all of the fired pellet mercury analyses were below detection limits, a value of 0.5
ng/g (ppb) was assumed for all fired pellets. Also included in Table VI is the mercury
balance if the pellets contain 0 ng/g and 0.69 ng/g (detection limit).

Minntac - For the period tested, the greenball feed rate was 450 ltph at a moisture
"~ of 9.5 percent. Coal was added at the rate of 13,000 Ib/hr and the flow rate to the
scrubber was 2,960 gpm. As shown in Table VI, the greenballs added 3.355 grams per
hour (g/hr) of mercury to the system; the coal added 0.149 g/hr and the scrubber water
added 0.0067 g/hr. (a value of 10 ng/l was assumed for the scrubber in water). Coming
out of the system the fired pellets (at the assumed mercury content) removed 0.194 g/hr
mercury; the solids with the scrubber water removed 0.115 g/hr and the scrubber water
removed 0.0447 g/hr. Based on the calculated tonnage of solids with the scrubber water
and the iron analysis (Table III) of the scrubber, there are about 0.832 tph of iron in the
scrubber solids. Assuming 100 percent operating time (8,760 hours per year), not
recycling the scrubber solids would result in about 2.2 pounds of mercury being removed
from the system with a loss of about 7,300 tons of iron units per year.

Northshore - Line 11 was being fed 196 ltph of greenballs at 10.1 percent
moisture with an estimated scrubber feed rate of 1,000 gpm. As shown in Table VI, this
results in 0.258 g/hr mercury being added to the system with the greenballs and 0.0016
g/hr being added with the scrubber water. Coming out of the system, the fired pellets
removed 0.0847 g/hr (using the assumed mercury content in the fired pellets); the
combined scrubber solids removed 0.021 g/hr; and the combined scrubber water removed
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0.007 g/hr. Line 12 was very similér, as shown in Table VI. As was the case for Minntac,

- more mercury was removed with the scrubber solids than with the scrubber water.

EVTAC - The system was being fed 600 ltph of greenbalis at 9.5 percent moisture.
Coal was being added at a rate of 7.52 ltph and slat water at 980 gpm. At these rates, the
greenballs added 6.627 g/hr mercury; the coal added 0.0788 g/hr; and the slat water added
0.0012 g/hr as shown in Table VI. Exiting the system, the fired pellets removed 0.2619
g/hr mercury, the combined solids in the thickener underflows removed 0.7761 g/hr
mercury, and the thickener underflow water removed 0.0040 g/hr mercury. Assuming 100
percent operating time, discarding the thickener underflow solids would remove 14.99
pounds of mercury a year from the system with a loss of about 5,423 tons of iron units.
Minorca - Since there was no estimate of the amount of dust from the multiclone,
there was no way to estimate a mercury balance. It is of interest to note the high mercury
concentration (3.179 ppm) in the solids recycled with the scrubber. This indicates that
magnetite dust has a high capacity for removing mercury and would suggest that any
scrubber solids sent to the tailing basin would not be leached by the water.
~ Hibtac - As with Minorca, there was no estimate of the rate of multitube dust
production. That, combined with a lack of the solids contained with the scrubber water,

precluded the calculation of a mercury balance.

CONCLUSIONS

Sampling around the scrubbers at five taconite plants has indicated that the
majority of the mercury that is removed by the various scrubbers is removed by the solids,
either wet or dry. Mercury in the solids appears to be concentrated in the minus 10
micron fractions. There was no indication that the scrubber water chemistry had any
affect on the amount of mercury removed by the water. Discarding the solids from the
scrubber system could remove significant amounts of mercury from the system without a
catastrophic loss of iron units. - Results from Minorca’s scrubber solids recycling indicates
that the scrubber solids have a relatively high capacity for the deposition of mercury,
which implies that the scrubber solids would retain the mercury in the tailings basin. Since
the fired pellet mercury analyses were all below detection limits, no accurate mercury
balances could be calculated. Using an assumed value of 0.5 ng/g mercury in the fired
pellets, the fired pellets removed a significant amount of mercury compared to the

scrubber solids and water.
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Table | - Chemical Analysis of Water Samples

ppm

Minntac Hg, ng/g pH iC Na K Ca Mg S04 Cl F. TOC
Scrub in 78.90 8.11 41.00 73.23 26.26 117.14 176.81 717.60 141.80 2.91 3.70
Scrub out 66.50 6.62 - 5.60 74.57 27 .47 135.63 180.27 878.10 163.80 8.00 2.80
PR A AN s AN Y

Inland | 157, A o /67 "

Process water 5.67 7.88 37.10 41.41 9.72 32.69 52.46 74.70 82.00 5.79 3.80
Scrub out 112.00 457 1.40 52.07 14.61 62.03 73.63 15420 205.70 47.50 2.80
Northshore

Feed Water 7.05 9.71 36.90 738.50 53.33 22 57 6.08 426.30  395.00 35.80 6.70

Hood Exhaust 11 32.80 7.65 30.30 780.60 56.01 24.32 712 531.60 436.30 130.90 6.80
Hood Exhaust 12 15.70 7.54 31.40 808.30 53.01 23.42 7.00 504.30  458.30 136.30 7.80
Waste Gas Wat 11 29.10 7.81 34.20 441.40 33.70 19.65 717 279.30 266.70 68.50 5.00
Waste Gas Wat 12 15.70 7.79 44 .60 851.30 63.77 25.29 7.34 518.10  487.20 130.90 9.10

Evtac

Thick unflo 2A 15.48 4.44 2.76 103.38 20.83 175.16 .  67.73 752.10 79.50 31.70 5.12
Thick oflo 2A 82.22 3.92 2.96 103.50 20.26 168.11 65.29 766.50 84.10 45.70 5.81
Thick unflo 2B 18.12 4.49 2.61 100.26 18.82 146.36 67.62 704.10 76.00 38.80 5.44
Thick oflo 2B 24.35 453 3.32 98.92 18.69 136.31 65.30 668.40 78.20 40.40 5.17
Slat Spray Water 5.25 7.25 29.24 74.30 10.89 44,57 55.74 246.60 55.00 12.00 6.41
Hibtac

Conc water 8.61 7.99 90.89 58.75 10.80 74.79 128.89 265.20 64.20 8.30 7.92
Make-up water 5.37 8.00 40.79 58.31 16.26 40.32 74.58 204.90 57.20 9.80 3.62
Scrub water 11.95 7.63 22.79 58.95 16.94 41.23 7477 . 267.60 62.30 18.00 2.84
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Table Il - Comparison of Mercury Content in Water Samples
From 1997 and Current Study.

Minntac
Scrubber in
Scrubber out

Hibtac

Scrubber in

Scrubber out
Northshore

Scrubbers in

Hood Exhaust out

Waste Gas out

1997
2.05
491.55

2.81
63.35

2.21
6.61
10.87

Hg, ng/l
Current
78.9
66.5

5.37
11.95
Line 11
7.05
32.8
29.1

Current

Line 12
7.05
15.7
16.7
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Table Il - Chem‘ical Analyses of Solid Samples

Percent v o
Hg, ng/g Fe Sio2 Ca0 MgO Al203  Sat Mag Fe+2 s C
Evtac Greenball 12.00 66.60 6.14 0.80 0.48 0.10 66.53 22.92 0.016
Evtac Fired Pellet <0.69 64.90 6.18 0.72 0.48 0.10 0.58 0.79 0.003
Evtac Coal 10.30 0.09 2.01 0.95 2.980 74.63
Evtac Thickner Unflow 2A 527.00 55.00 17.56 0.98 1.25 0.74 39.56 14.50 0.064
Evtac Thickner Oflow 2A 233.00 49.60 23.64 0.85 1.68 1.08 28.53 11.89 0.083
Evtac Thickner Unflow 2B 367.00 §7.20 15.53 0.87 1.06 0.53 43.86 14.93 0.099
Evtac Thickner Oflow 2B 826.00 48.30 24.21 1.31 1.81 0.90 28.47 11.83 0.074
Hibtac Filter Cake 13.90 67.90 417 0.31 0.30 0.07 68.90 22.88 0.015
Hibtac Concentrate 18.20 68.40 3.97 0.16 0.28 0.05 68.12 23.24 0.005
Hibtac Limestone 0 3.72 0.02 0.46 55.05 0.69 0.11 0.285
Hibtac Multi-tube Dust 154.00 66.90 4.56 0.28 0.32 0.13 38.01 12.58 0.028
Hibtac Greenball 16.70 67.60 4.69 0.31 - 0.30 0.18 68.67 21.39 0.022
Hibtac Bentonite 26.40 3.03 61.47 0.09 1.91 17.60 0.295
Hibtac Fired Pellet <0.69 66.20 462 0.31 0.33 0.17 1.99 1.09 0.000
Northshore Waste Gas 11 211.00 61.20 594 3.80 1.25 0.35 52.76 . 16.49 0.030
Northshore Waste Gas 12 110.00 62.20 4.34 3.96 1.12 0.32 52.74 16.40 0.022
Northshore Hood Exhaust 11 26.00 63.20 3.92 3.68 1.02 0.33 56.68 18.53 0.030
Northshore Hood Exhaust 12 26.40 62.70 4.56 3.72 1.04 0.35 54.26 17.01 0.031
Northshore Greenball 11 1.44 63.20 3.86 3.85 '1.03 0.28 63.33 20.73 0.013
Northshore Greenball 12 1.10 63.10 4.06 3.85 1.04 0.32 62.81 20.29 0.018
Northshore Fired Pellet 11 <0.69 63.30 4.42 3.91 1.05 0.34 2.01 0.21 0.011
Northshore Fired Pellet 12 1.85 63.20 4.25 3.94 1.04 0.33 1.76 0.18 0.014
Minntac greenball 8.10 62.90 4.48 3.27 1.12 0.18 62.88 21.00 0.016
Minntac fired pellet <0.6 63.60 464 5.58 1.13 0.20 1.45 0.20 0.014
Minntac scrubber out 87.00 - 84.00 4.57 2.19 1.10 0.25 52.50 15.20 0.015
Minntac coal 25.30 0.20 0.86 0.74 0.327 66.39
Minorca scrubber solids 3179.00 55.40 14.13 2.88 1.78 0.22 13.85 4.38 0.050
Minorca muiticlone dust 193.00 49.40 5.18 9.63 4,94 0.15 13.47 4.26 0.058
Minorca green balls 7.80 61.10 4.29 4.35 1.39 0.15 61.00 20.99 0.014
Minorca fired pellet <0.6 62.60 4.38 452 1.45 0.15 6.44 1.47 0.004
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Table IV - Comparison of Mercury Content in Greenballs and

Minntac
Hibtac

Northshore

Fired Pellets From 1997 and Current Study.

Hg, ng/g.
1997 Current Current
Greenballs 7.5 8.1
Fired Pellets 0.65 <0.60
Greenballs 16.2 16.7
~ Fired Pellets 0.94 <0.69
Line 11 Line 12
Greenbalis 0.83 1.44 1.1
Fired Pellets 0.29 <0.69 <0.69
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EVTAC
Un'flow 2A

Un'flow 2B

Hibtac
Multitube
Dust

Table V - Distribution of Mercury Between Plus and

Minus 10 Micron Fractions

Sample Wt, g
+10 microns 2.75
-10 microns 1.36

head ~
+10 microns 4.70
-10 microns 1.66
head
+10 microns 5.40
-10 microns 0.38
head

Wt %
66.91
33.09

73.90
26.10

93.43

6.57

Hg, ng/g
38.8
1514.2
527.0
48.6
1268.5
367.0

86.8
1108.9
154.0

Hg Dist, %
4.93
95.07

9.79
90.21

52.66
47.34
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Table Vi - Estimated Mercury Balances for the Various Plants

Minntac

Northshore

Line 11

Line 12

EVTAC

Hg

IN Analysis
Greenbali 8.1 ng/g
Coal 25.3 nglg
Scrubber water 10 ng/l
Total in

ouT

Pellets 0.5 ng/g
Scrubber solids 87 ng/g
Scrubber water 66.5 ng/l
Total out

IN

Green Balls 1.44 ng/g
Scrubber water 7.05 ngfl
Total in

ouT

Pellets 0.5 ng/g
Waste Gas Solids 211 ng/g
Waste Gas water 29.1 ng/l
Exhaust Solids 26 ng/g
Exhaust water 32.8 ng/l
Total out

IN
Green Balls 1.1 ng/g
Scrubber water 7.05 ng/l
Total in

ouT

Pellets 0.5 ng/g
Waste Gas Solids 110 ng/g
Waste Gas water 15.7 nght
Exhaust Solids 26.4 ng/g
Exhaust water 15.7 ng/l
Total out

IN

Green balis 12 ng/g
Slat water 5.25 ng/l
Coal 10.3 ng/g
Total in

ouT

Fired pellets 0.5 ng/g

- Underflow water 18.12 ng/l

Underflow solidsa 527 ng/g
Underflow solids b 826 ng/g

Total out

Fiow
Rate
450 itph
13000 Ib/hr
2960 gpm

382.5 itph
1.33 tph
2960 gpm

196 Ipth
1000 gpm

166.6 Itph
0.08 tph
400 gpm
0.15 tph
600 gpm

184 Itph
1000 gpm

156.4 ltph
0.09 tph
400 gpm
0.09 tph
600 gpm

600 Ipth
980 gpm
7.52 liph

515 itph
880 gpm
0.49 tph
0.61 tph

Total Hg
g/hr
3.3547
0.1493
0.0087
3.5107

0.1945
0.1150
0.0447
0.3542

0.2583
0.0016
0.2599

0.0847
0.0171
0.0026
0.0039
0.0045
0.1129

0.1852
0.0016
0.1869

0.0795
0.0100
0.0014
0.0024
0.0021
0.0955

6.6265
0.0012
0.0788
6.7064

0.2619
0.0040
0.2621
0.5140
1.0420

% solids
80.50

0.18

89.90

0.08

0.10

190.00

0.09

0.06

90.50

0.40
0.50
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Total Hg in Solids (University of Minnesota)

analyzed by:

Frontier Geosciences R&C 414 Pontius Avenue North, Suite B, Seattle WA 98109
phone: (206) 622-6960_fax: (206) 622-6870 email: nicolasb@frontier.wa.com

Sample Dry Total Hg, ng/g*
Identification Fraction wet wt basis dry wt basis
Evtac Green Ball 1.000 12.0 12.0
Evtac Final Pellet 0.999 ND(<0.69) ND(<0.69)
Evtac Coal 0.998 10.3 10.3
Evtac Thickener Un’flow 2A 0.999 526 527
Evtac Thickener O’flow 2A 0.998 233 233
Evtac Thickener Un’flow 2B 0.997 366 367
Evtac Thickener O’flow 2B 0.996 823 826
Hibtac Filter Cake 0.998 13.9 13.9
Hibtac Concentrate 0.999 18.2 18.2
Hibtac Limestone 0.999 3.72 3.72
Hibtac Mult-tube Dust 1.000 154 154
Hibtac Green Ball 1.000 16.7 16.7
- Hibtac Bentonite 0.980 25.9 26.4
Hibtac Fired Pellet 1.000 ND(<0.69) ND(<0.69)
North Shore Waste Gas Line 11 0.999 211 211
North Shore Waste Gas Line 12 0.999 110 110
North Shore Hood Exhaust Line 11 0.998 25.9 26.0
North Shore Hood Exhaust Line 12 1.000 26.4 26.4
North Shore Green Ball Line 11 0.999 1.44 - 1.44
North Shore Green Ball Line 12 1.000 1.10 1.10
North Shore Fired Pellet Line 11 0.999 ND(<0.69) ND(<0.69)
North Shore Fired Pellet Line 12 1.000 1.85 1.85

*Blank corrected

ND-less than estimated MDL

B-1-16




G

Total Hg in Solids (University of Minnesota)

analyzed by: :
Frontier Geosciences R&C 414 Pontius Avenue North, Suite B, Seattle WA 98109
phone: (206) 622-6960 fax: (206) 622-6870 email: nicolasb@frontier.wa.com -

Sample Dry Total Hg, ng/g
Identification Fraction wet wt basis dry wt basis
Method Blanks
Blank-1 0.89
Blank-2 1.96°
Blank-3 0.49
Blank-4 0.49
Mean method blank 0.62
Estimated MDL 0.69
*Excluded from calcuation of mean method blank
Standard Reference Materials
NIST-2709 1,529
recovery 109.2%
reference value | 1,400 |

B-1-17




R ] . , e | m— G jpr—

- . -

= _ [ - . - r- u- i:- h-

B

Total Hg in Solids (University of Minnesota)
analyzed by:
Frontier Geosciences R&C 414 Pontius Avenue North, Suite B, Seattle WA 98109
phone: (206) 622-6960 fax: (206) 622-6870 email: nicolasb@frontier.wa.com

Sample Dry Total Hg, ng/g*
Identification . Fraction wet wt basis dry wt basis
Matrix Duplicates
North Shore Hood Exhaust Line 11 25.89
North Shore Hood Exhaust Line 11 MD 25.85
Mean ‘ 25.87
RPD 0.2%
North Shore Fired Pellet Line 11 -0.01
North Shore Fired Pellet Line 11 MD 1.32
Mean 0.66
RPD 203.1%
Evtac Green Ball 11.98
Evtac Green Ball MD 11.95
Mean 11.97
RPD . 0.3%
Matrix Spikes
North Shore Fired Pellet Line 11 MS 9,980
spiking level 9,488
net 9,979
recovery 105.2%
North Shore Fired Pellet Line 11 MSD 9,868
spiking level 9,901
net 9,867
recovery 99.7%
RPD | 5.4% |

*Blank corrected
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[ Total Mercury in Process Water (University of Minnesota)
' analyzed by '
) Frontier Geosciences R&C 414 Pontius North, Suite B Seattle WA 98109
phone: 206-622-6960 fax: 206-622-6870 e-mail: nicolasb@frontier.wa.com
- sample ID description - [Hg], ng/L comments
#8 evtac thickener u'flow water 2A 15.48
| #20 evtac concentrate water 8.61
#12 evlac slat spray water 5.25
#10 evtac thickener u'flow water 2B 18.12
#22 hibtac scrubber water 11.95
#21 hibtac makeup water 5.37
#9 evtac thickener o'flow water 2A 82.22
#11 evtac thickener o'flow water 2B 24.35
B-1 blank-1 0.12
B-2 blank-2 0.16
B-3 blank-3 0.16
mean 0.15
estimated MDL 0.07
#12 evtac slat spray water rep 1 - 4.97
#12 evtac slat spray water rep 2 6.21
mean 5.25 10.5% RPD
matrix spike level 40.40
#8 evtac thickener u'flow water 2A + MS 53.71 94.6% recovery
#8 evtac thickener u'flow water 2A + MSD 54.77 97.3% recovery
' mean 52.24 2.1% RPD
NIST-1641d NIST certified water CRM rep 1 7,751 diluted 200x
NIST-1641d NIST certified water CRM rep 2 7,054 diluted 200x
mean 7,403 9.4% RPD
certified value 7,950 93.1% recovery
analysis date 2-Jul-01
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Total Mercury in Process Water (University of Minnesota)

analyzed by

Frontier Geosciences R&C 414 Pontius Avenue ‘North, Suite B Seattle WA 98109
phone: (206) 622-6960 fax: (206) 622-6870 email: ericv@frontier.wa.com

sample ID description [Hg], ng/L comments
#9 N.S. Feed Water 7.05
#10 N.S. Hood Exhaust Water Line 11 32.8
#11 N.S. Hood Exhaust Water Line 12 15.7
#12 N.S. Waste Gas Water Line 11 29.1
#13 N.S. Waste Gas Water Line 12 15.7
B-1 blank-1 0.05
B-2 blank-2 0.10
B-3 blank-3 0.05
mean 0.06
estimated MDL 0.09
#11 N.S. Hood Exhaust Water Line 12 15.72
#11 N.S. Hood Exhaust Water Line 12 17.67
mean 15.89 11.7% RPD

matrix spike level 40.40

#11 N.S. Hood Exhaust Water Line 12 + MS 57.94 97.2% recovery

#11 N.S. Hood Exhaust Water Line 12+ MSD 56.11 92.9% recovery

: mean 57.03 3.2% RPD

NIST-1641d NIST certified CRM (diluted 200x) 8,042 101.2% recovery

certified value 7,950
] ~ analysis date {July 9, 2001 ]
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Total Mercury in Taconite Mill Substances (Coleraine Minerals Research Lab)
o , analyzed by
B N _ Frontier Geosciences Inc. 414 Pontius North, Seattle WA 98109
- - ) ‘phone: 206-622-6960 fax: 206-622-6870 e-mail: nicolasb@frontier.wa.com
sample # -sample descriptio fHy it alyzed: 1
#01 Mintac scrubber in water 78.9 ng/L 18-Jul-01 QC sample
#02 Mintac Scrubber out water 66.5 ng/L 18-Jul-01
#03 Inland process water 5.67 _ng/L 18-Jul-01
#04 | Inland scrubber water 112 ng/L 18-Jul-01
#05 | Mintac greenball 8.1 ng/g 31-Aug-01 QC sample
#06 B Mintac fired pellet <0.6 ng/g 31-Aug-01
#07 Mintac scrubber out solids 87.0 ng/g 31-Aug-01
#08 Mintac coal 25.3 ng/g 31-Aug-01
#09 Inland scrubber water solids 3,179 ng/g 31-Aug-01
#10 Inland multi-clone dust 193 ng/g 31-Aug-01
#11 Inland fired pellet <06 ng/g 31-Aug-01
#12 Inland greenball 7.8 nglg 31-Aug-01
__#13 Evtac thickener 2A + 10m 38.8 ng/g 31-Aug-01
#14 ._Evtac thickener 2B + 10m 48.6 ng/g 31-Aug-01
#15 Hibtac multi-tube dust + 10m 86.8 ng/g 31-Aug-01
- solids blank #1 0.4 ng/g 31-Aug-01
u solids blank #2 04 ng/g 31-Aug-01
solids blank #3 0.2 ng/g | 31-Aug-01
solids blank #4 0.8 ng/g 31-Aug-01
solids blank #5 0.3 ng/g 31-Aug-01
solids blank #6 0.2 ng/g | 31-Aug-01
_ mean 0.4 ng/g 31-Aug-01 estimated MDL = 0.6 ng/g
| water blank #1 0.05 ng/L 18-Jul-01
i ' water blank #2 0.06 ng/L 18-Jul-01
water blank #3 - 0.09 ng/L 18-Jul-01 '
mean 0.07 _ng/L 18-Jul-01 estimated MDL = 0.06 ng/L
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Total Mercury in Taconite Mill Substances (Coleraine Minerals Research Lab)

analyzed by

Frontier Geosciences Inc. 414 Pontius North, Seattle WA 98109

phone: 206-622-6960 fax: 206-622-6870 e-mail: nicolasb@frontier.wa.com

‘sample-description.

sample #
#05 Mintac greenball 8.3 ng/g 31-Aug-01
#05 Mintac greenbail dup 7.8 ng/g 31-Aug-01 ‘
mean 8.1 ng/g 31-Aug-01 6.2% RPD
__#05 Mintac greenball + 93.5 ng/g MS 974 ng/g 31-Aug-01
o % recovery 95.6
#05 Mintac greenball + 99.7 ng/g MSD 107.2 ng/g 31-Aug-01
% recovery 99.4 ' 3.9% RPD
B NIST-2709 (soil) 1,367 ng/g 31-Aug-01 certified = 1,400 ng/g
% recovery 97.6 :
#01 ) Mintac scrubber in water 74.5 ng/L 18-Jul-01
_#O1 Mintac scrubber in water dup 83.3 ng/L 18-Jul-01
. e mean 78.9 ng/L 18-Jul-01 11.2% RPD
#01 Mintac scrubber in water + 202 ng/L MS 292.5 ng/L 18-Jul-01
% recovery 105.7
#01 Mintac scrubber in water + 202 ng/L MSD 279.7 ng/L 18-Jul-01
% recovery 99.4 6.4% RPD
|-
NIST-1641d (water) 7,926 ng/L 18-Jul-01 certified 7,950 ng/L @ 200x dilution
% recovery

99.7
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FIGURE 1 - SCHEMATIC OF MINNTAC SCRUBBER
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FIGURE 2 - SCHEMATIC OF EVTAC SCRUBBER
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FIGURE 3 - SCHEMATIC OF MINORCA SCRUBBER
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FIGURE 4 - SCHEMATIC OF HIBTAC SCRUBBER

B-1-26




Dec 05 01l 12:38p Univ of Minn/MRRI/CMRL 218-245-4219

.19

Water In Water In

Scrubbers 1 1
‘Water and el ___t L _ I~ Wate d
Solids Out \j N —” .D> SO?id: gﬂt

Waste . Hood
Gas | Exhaust

r Traveling Grate Machine

SCRUBBERS

FIGURE § - SCHEMATIC OF NORTHSHORE

B-1-27|




Dec 05 01 12:39p Univ of MinnANRRIACMRL 218-245-4219 p.20

APPENDIX I - MERCURY ANALYSES REPORTS FROM FRONTIER
GEOSCIENCE
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Total Hg in Solids (University of Minnesota}
analvzed by:
Frontier Geosciences R&(‘ 414 Pontius Avenue North, Suite B, Seattle WA 98109

Total Hg, ng/g*
Tdentification Fraction wet we basis dry wt basis
Evtac Green Ball 1.000 12.0 12.0
Eviac Final Pollet 0,999 ND{<0.69) ND(<0.69)
Evtac Coal 0.998 10.3 10.3
8 Evtac Thickener Un’flow 2A 0.999 526 527
Evtac Thickener O’flow 2A. 0,998 233 233
Evtac Thickener Un’flow 2B (.997 366 367
Evtac Thickener O’flow 2B 0.996 823 826
Hibtac Filter Cake 0.998 139 13.9
Hibtac Concentrate 0.999 182 18.2
Hibtac Limestone 0.920 3.72 3.72
Hibtac Mult-tube Dust 1.000 154 154
Hibtac Green Ball 1.000 16.7 16.7
Hibtac Bentonite 0.980 259 - 264
Hibtac Fired Pellet 1.000 ND(<0.69) ND{(<0.69)
North Shore Waste Gas Line 11 0.999 211 21}
North Shore Waste Gas Line 2 .999 110 110
North Shore Huod Exhaust Line 11 0.998 25.9 26.0
North Shore Hood Exhaust Line {2 1.000 _26.4 26.4
North Shore Green Ball Line 11 0.999 1.44 1.44
Notth Shore Green Ball Line 12 1,000 1.10 1.10
North Shore Fired Pellet Line 11 0,999 ND{<0.69) ND{<0.69)
| North Shore Fired Pellet Line 12 1.000 1.85 1.85
“Blank cotrected
ND-Jess than estimated MDL
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Total Hg ia Solids (University of Minnesota)

analyzed by:
Frontier Geosciences R&C 414 Pontius Avenue North, Suite B, Seattle WA 98109
- phone: (206] 622-6960 fax: (206} 622-6870 email: nicolast@frontier.wa.com

Sample Dry Total Hyg, ng/g
Identification Fraction wet wit basis dry wt basis
Method Blarks

Blank-1 0.89
Rlank-2 1.96"
Blank-3 0.49
Blank-4 0.49
Mean method blank 0.62
Estimated MDL 0.69

"Excluded from calouation of mean method blank

Standard Reférence Materials

NIST-2709 1,529
recovery 199.2%
reference value { | 1,400 [

.22
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Total Hg in Solids (University of Minnesota)
analyzed by:
Frontier Geosciences R&C 414 Pontius Avenue North, Suite B, Seattle WA 98109

hone: (206) 622-6960 fax: (206) 622-6870 email: nicolash@frontier.wa.com
Sample Dry Total Hg, ng/g*
Identification Fraction wet wt basis dry wt basis
Matrix Duplicates
North Shorz Hood Exhaust Line 11 25.80
North Shore Hood Exhaust Line 11 MDD 25.85
Mean 25.87
RPD 0.2%
North Shore Fired Pellet Line 11 -0.01
North Shore Fired Pellet Live 11 MD 1,32
Mean 0.66
RPD 2031%
Evtac Green Ball 11,98
Evtac Green Ball MD 11,95
Mean 11.97
RPD : 0.3%
Matrix Spikes
North Shore Fired Pellet Line 11 MS 9,980
spiking fevel 9,488
net 9.979
recavery 105,2%
North Shore Fired Pellet Line 11 MSD _9,868
spiking level 9,901
net 9,267
recovery 99.7%
RPD | | 54% |
*Blank corrected '

.23
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Total Mercury in Process Water (UUniversity of Minnesota)
analyzed by ,
Frontier Geosciences R&C 414 Pontius North, Sulte B Sealtle WA 98109
phone: 206-622-6960 fax: 206-622-6870 e-mall. riicolasb@irontisr.wa.com
sample 1D description "~ {Hgj, ngiL comments
#8 | evtac thickener u'flow water 2A 15.48
| #20 eviac concentrate water 8.61 L
#12 eviac slat spray water 525
#10 aviac thickener uflow water 28 18.12
#22 hibtac scrubber water 11,95
#21 hibtac makeup water 5.37
#9 ovtac thickener o'flow water 28 82.22
#11 evtac thickener o'flow water 28 24,35
B-1 blank-1 0.12
B-2 blank-2 0.16
B-3 blank-3 0.16
mean 0.15
estimated MOL 0.07
o #2 eviac slat spray water rap 1 4.97
#12 eviao slat snray water rep 2 6.21 :
meari 5.25 10.5% RPD
matrix spike level 40.40 ,
#B eviac thickener u'flow water 2A + M§ 53.71 94.6% recovery
#8 avtae thickener u'flow water 2A + MSD 54,77 97.3% recovery
mean 52.24 2.1% RPD
NIST-1641d NIST certifiad water CRM rep 1 7,151 diluted 200x
NIST-18414d NIST certified water CRM rep 2 7,054 diluted 200x
mean 7,403 9.4% RPD
cortified valus 7,950 93.1% recovery
- analysis date 2-Jul-01
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Total Mercury in Process Water (Unlversity of Minnesota)

analyzed by

218-245-4219 p.25

Frontier Gaosciences R&C 414 Pontius Avenus North, Suilte B Seatlle WA 88109
phone: (206) 622-6960 fax: (206) 622-6870 email: ericv@frontier.wa.com

gample ID description [Hgl, nglL conunents
#9 N.S. Feed Water 7.05
#10 N.S. Hood Exhaust Water Line 11 328
#11 N.S. Hood Exhaust Water Line 12 15.7
#12 N.S. Waste Gas Water Line 11 29.1
#13 N.S. Waste Gas Water Line 12 15.7
B-1 biank-1 0.08
B-2 blank-2 0.10
B-3 blank-3 0.08
mean 0.06
estimated MDL 0.08
#11 N.S. Houd Exhaust Water Line 12 15.72
#11 N.S. Hood Exhaust Water Line 12 1767
mean . 15.89 11.7% RPD
matrix spike level 4040 -
#11 N.S. Hood Exhaust Water Line 12 + MS £57.94 97.2% recovery
#14 N.S. Hood Exhaust Water Line 12+ MSD 56.11 92.9% racovery
mean 57.03 3.2% RPD
NIST-1641d NIST certified CRM (diluted 200x) 8,042 101.2% recovery
certified value 7,850
analysis date | July 8, 2001
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Total Mercury in Taconite Mill Substancas (Coleraine Minerals Research Lab)

analyzed by

Frontier Geosciences Inc. 414 Pontius North, Seatile WA 28109

~_phone: 206-622-6960 fax: 206-622-6870 e-mail. nicolasb@frontier.wa.com

sample # sampledescription . -~~~ JHg]l - units_ . analyzed .
#01 Mintac scrubber in water 78.9 ng/l 18-Jul-Gi
#02 Mintac Scrubber cut water 686.5 ng/L 18-Jul-01 S ,
L #03 Inland process water 567 ng/i. 18-Jul-01
#04 Infand scrubber water 112 ng/L 18-Jul-01
#05 Mintac greenball 8.1 nglg 31-Aug-01 QC sample
#0868 Mintac fired peilet <056 ng/a 31-Aug-01i
#07 Mintac scrubber out solids 8§70 ng/a | 31-Aug{1
~_#08 Mintac cosl 253 nglg 31-Aug-01
#09 Inland scrubber water solids 3,179 nglg 31-Aug-01
#10 Infand mutti-clone dust 183 ng/g 31-Aug-01
#11 Inland fired pelict <0.86 ng/y 31-Aug-01
#12 _____ inland greenball 7.8 ng/g 31-Aug-01
#13 Evtac thickener 2A + 10m 38.8 ng/g 31-Aug-01 B
#14 Evtac thickener 2B + 10m 486 nglg 31-Aug-01
#15 Hibtac muilti-tube dust + 10m 85.8 ng/g 31-Aug-01
_ solids blank #1 0.4 ng/g 31-Aug-01
solids blank #2 0.4 ng/g 31-Aug-01
solids blank #3 0.2 _ngfg 31-Aug-01
solids blank #4 0.8 ngfg 31-Aug-01
solids blank #& 0.3 ng/g 31-Aug-01
_____ solids blank #6 0.2 nglg 31-Aug-01
mean 0.4 nglg 31-Aug-01 estimated MDL = 0.6 ng/g
water biank #1 0.05 ng/L 18-Jul-01
water blank #2 0.06 ng/l. 18-dul-G1
s water blank #3 0.09 ng/L 18-Jul-G1
mean 0.07 ng/L 18-Jul-01 estimated MDL = 0.06 ng/L_

dip:21 10 G0 s8g
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Total Mercury in Taconife Mill Substances (Coleraine Minerals Research Lab)
- analyzed by
Frontier Geosciences Inc. 414 Pontius North, Seattle WA 98109
_phone: 206-822-6960 fax: 206-622-6870 e-mail: nicolash@frontier.wa.com
sample # sampledescription. [Hgl - units " an _comment
#05 Mintac greenbali 83 nglg 31-Aug-01 <
#05 Mintac greenbail dup 7.8 nglg | 31-Aug-01 R =
mean 8.1 ngfg | 31-Aug-01 6.2% RPD
o]
. S
#05 Mintac greenbell + 93.5 ng/g MS 97.4 nglg 31-Aug-01 =
, % racovery 9586 ] o
#05 Mintac greenball + 99.7 ng/g MSD 107.2 ng/lg | 31-Aug-0f ] 3
% recovery 934 ' 3.8% RPD 3
. A
- NIST-2708 (soil) 1,367 nglg 31-Aug0t certified = 1,400 ng/g i z
% recovery 976 B o
. =z
#07 Mintac scrubber in water 745 ng/L 18-Jui-01 =
#01 Mintac scrubber int water dup 83.3 ng/L. 18-Jul-01
mean 789 ngh. 18-Jui-01 11.2% RPD
#01 Mintac scrubber in water + 202 ng/L MS 292.5 ngh. 18-Jul-01 2
% recovery 105.7 @
#01 Mintac scrubber in water + 202 ng/l. MSD 279.7 ng/L 18-Jul-01 ro
% recovery 8c.4 ' 6.4% RPD th
i
: .. 5
NIST-1641d {(water) 7.926 ngiL 18-Jul-01 certified 7,950 ng/l. @ 200x dilution N
% recovery 99.7 3
B
mn

B-1-35




Dec 05 01 12:42p Univ of Minn/NRRIZCMREL 218-245-4218 P.3

r@mn@r
eosciences Inc.

Envirenmental Research & Specialty Analytical Laboratory
414 Pontius Ave M - Seattie WA 88109

Mr. Blair Benner

University of Minnesota Duluth
Coleraine Minerals Research Lab
P.O. Box 188

Coleraine, MN 55722

July 16, 2001

Dear Mr. Blair,

Enclosed please find our results for the determination of total Hg in 22 solids
samples which were received on June 25 and July 2, 2001 and 8 water samples
received on July 2. Following receipt, the water samples were preserved with 1%
(v/v) 0.2N BrCl and allowed to oxidze at least overnight prior to analysis.

One gram aliquots of the sarnples were accurately weighed into HF cleaned
Teflon bombs, and 25 mL of a mixture of 2:1:1 (v/v) HNQ, + HF + HC! were
added. The samples were digested for 12 hours at 100°C. We find that even
though common soils and rocks will easily go into solution in less than 4 hours
under these conditions, the “conc.” and “pellet” samples did not fully solubilize
even after the full 12 hours. Although certain ores, including taconite and
bauxite, do not fully solubilize during digestion, we have performed
intercomparison exercises with thermal volatilization and aqua regia digestion
which suggest that grinding to a powder, followed by HF/HNO,/HCI digestion
is never-the-less the most effective way to liberate the Hg for analysis.

After digestion, the samples were cooled and diluted to 100 mL with reagent
water, and stored in their regpective digestion bombs until analysis. Aliquots (2.0
mL) of the digests were analyzed using SnCl, reduction, purge and trapping on
gold coated sand, and cold vapor atomic fluorescence spectrometry (CVAFS)
detection. Overall, the analysis went very well, with excellent spike and CRM
recoveries, and low blanks. One of the four blanks prepared and. fa e@-with
the set was neted to be higher than the other three, and~ was :
calculation of the mean blank employed to blank correct the data.

206 622 6960 .

fax 206 622 6370 -
email: info@krontierWa.com .+
www.FrontierGeosciences.com ~
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July 24, 2001

Mr. Blair Benner

University of Minnesota-Duluth
Colergine Minerals Research Lab
P.O.Box 188

Coleraine, MN 55722

Dear My, Benner,

Enclosed please find our results for the determination of total mercury in process
water samples received on July 2, 2001. The samples were received in good condition
and immediately oxidized with 1% (v/v) 0.2N BrCl. All samples were allowed to oxidize
at least overnight prior to analysis.

Aliquots of each sample were analyzed using SnCly reduction, dual gold
amalgamation, and cold vapor atomic fluorescence (CVAFS) detection. Analysis went
very well, with no analytical problems encountered. Please feel free to contact me if you
have any questions regarding these results.

Regards,

GNPV

Fric I. von der Geest
Analytical Chemist

206 622 6960
fax 206 622 6B70

email: (nfo@Frontier.WA.com | "
www.FrontierGeosciences.com 7
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Mr. Blair Benner

University of Minnesota Duluth
Coleraine Minerals Research Lab
P.O.Box 188

Coleraine, MIN 35722

September 9, 2001

Dear Mr. Blair,

Enclosed please find our results for the determination of total Hg in 11
taconite process solid samples and 4 waters, which were received on July 16,
2001. This is a hard copy report of the data table already forwarded to you by e-
mail on September 8, 2001.

One gram aliquots of the solid samples were accurately weighed into HF
cleaned Teflon bombs, and 25 mL of a mixture of 2:1:1 (v/v) HNO, + HF + HCI
were added. The samples were digested for 12 hours at 100°C. We find that even
though common soils and rocks will easily go into solution in less than 4 hours
under these conditions, some ore samples do not fully solubilize even after the
full 12 hours. Although certain ores, including taconite and bauxite, do not fully
solubilize during digestion, we have performed intercomparison exercises with
thermal volatilization and aqua regia digestion which suggest that grinding to a
powder, followed by HF/HNO,/HCl digestion is never-the-less the most
effective way to liberate the Hg for analysis. After digestion, the samples were
cooled and diluted to 100 mL with reagent water, and stored in their respective
digestion bombs until analysis. Water samples were digested by the addition of
1% (v/v) of 0.2 N BrCl in 12N HCl to the original sample bottle, and allowing to
sit over night at room temperature prior to analysis.

Aliquots (0.1-2.0 mL of the solids digests, or 5-50 mL of the waters) were
analyzed using SnCl, reduction, purge and trapping on gold coated sand, and
cold vapor atomic fluorescence spectrometry (CVAFS) detection. Overall, the
analysis went very well, with excellent spike and CRM recoveries, and low
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blanks. One sample (Inland scrubber water solids) went off scale, but was re-
analyzed on a different analyzer on the same day.

Please feel free to call or e-mail me if you have any questions, or are in need
of additional analytical or contract research services.

Best Wishes,

7, e
Nicolas Bloom

Sr. Research Scientist
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Summary

Water samples containing suspended solids (“scrubber dust”) were collected from wet
scrubber systems of four taconite processing plants on Minnesota’s Iron Range. Mercury in
scrubber water and scrubber dust were analyzed separately following field and laboratory
filtration. Results indicated that mercury redistribution among water and particles occurred
when samples were brought from the field and shipped to the analytical laboratory. Mercury
in the water tended to adsorb to particles. Although the time dependency of the adsorption
process was not established in this study, the results demonstrate that dissolved and adsorbed
mercury components must both be considered in any inventory and process evaluation for
taconite scrubber systems.

Considerable short- and long-term variation in total mercury concentration was found
in all of the systems studied. Short-term variability could be attributed to the inhomogeneous
nature of taconite processing and gas stream chemistry, but the long-term mercury variations
imply relationships between processing technique and mercury recovery. For example,
mercury captured by the scrubber system at Minntac (line 4) was approximately an order of
magnitude greater when the company was making “acid” pellets as compared to “fluxed”
pellets. It is possible that the additional heating required to fire fluxed pellets resulted in
greater volatilization (conversion of Hg"? to volatile Hg) of mercury in the gas stream.
However, Ispat-Inland Mining Company was also generating acid pellets during one of our
visits and fluxed pellets during another. In this case, mercury capture by the scrubber system
appeared to be significantly greater during fluxed pellet production. This reversal (compared
to Minntac) may be related to the fact that Ispat-Inland uses a straight-grate induration system,
while Minntac uses a grate-kiln system, however, Ispat-Inland’s practice of recirculating
water within its scrubber system complicates the interpretation.

In two process lines (Ispat-Inland and Hibtac), a multiclone dry dust collector is
employed upstream from the wet-scrubber system. In both cases, the mercury concentration
of dry dust was found to be much lower than that of dust collected by the wet scrubber
system. This difference suggests that Hg*? is either being generated or transported within the
non-particulate fraction of the gas phase. Adsorption of this mercury fraction to particulates
appears to take place at lower temperatures and within the aqueous phase beginning from the
time that it is captured by the wet scrubber system until the time that suspended particulates
are separated from the water.

Verification of the results is needed, because it is possible that day-to-day changes in
mineral source and processing could account for some of the observed variation. Planned
future studies of these and other relationships for mercury in taconite processing plants may
lead to better inventory assessments of mercury emissions from taconite companies, and may
ultimately help to identify a cost effective means to reduce mercury emissions from taconite
processing plants.
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Introduction

Taconite mineral processing in Minnesota contributes an estimated 250 to 350 kg of
volatile mercury to the atmosphere each year, increasing when mining production rates are
high and decreasing when production is low (Engesser and Niles, 1997; Jiang et al., 1999;
Berndt, 2002). The mercury is released when taconite pellets are exposed to high
temperatures during the induration or hardening process. Reduced and oxidized mercury
enter the process gas stream during heating and are either captured in plant scrubbers or
released to the environment as stack emissions. It is generally thought that most of the
mercury released to the gas phase during induration is “elemental” or “volatile” mercury,
Hg°. This form of mercury is insoluble in water and does not adsorb to most solids, and is,
therefore, not captured by taconite scrubber systems.

However, recent research performed at the Coleraine Minerals Research Laboratory
(Benner, 2001) determined that the concentration of mercury on particles suspended in
scrubber waters (filtered upon return to the laboratory) is, in some cases, quite large, and may
represent as much as 10% or more of the inventory of mercury in taconite plant emissions.
This mercury probably represents the oxidized fraction of the mercury, Hg">. Oxidized
mercury is both water-soluble and adsorbs to particles and is, therefore, mostly captured by
wet scrubbers. Benner believed that all or most of the mercury captured by wet scrubbers is
adsorbed to the solid phase, which in many plants is recycled back to the induration furnaces.
Thus, his results suggested that one pathway to reduce mercury emissions might be to
eliminate recycling of some or all scrubber solids to induration furnaces.

The Department of Natural Resources undertook the present study with guidance and
funding from the Minnesota Pollution Control Agency. The purpose of the study was to
evaluate more closely the inventory of mercury in plant scrubber systems and to determine
how best to optimize sampling and experimentation methods associated with mercury
reduction projects anticipated over the next two years. This report presents the results and
interpretations from the initial six months of what is expected to be a two to three year study.

Methods

Plant participation and sample site selection

Four companies were selected for participation based on the presence of a wet
scrubber system. These companies included Hibbing Taconite Company (Hibtac), United
States Steel Corporation Minnesota Ore Operations (Minntac), EVTAC Mining (Evtac), and
Ispat-Inland Mining Company. In each case, sampling sites were chosen in consultation with
mining personnel. Diagrams for each of the scrubber systems are presented in the appendix.

There were two sample points at Hibtac. Scrubber water samples were taken from a
pipe containing the combined effluent from two separate induration lines. Samples were also
collected from Hibtac’s “multiclone” dry dust collection system, which removes particles
from process gases upstream from the wet scrubber system. Samples from the second site
provide information on the mercury concentration of dust prior to capture by the wet scrubber
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system. Mr. Rod Heikkila of Hibbing Taconite Company assisted the DNR in identifying the
sampling points.

Only one sample point was selected at Minntac. This site was at a valve located on
the scrubber discharge pipe from the “Line 4” agglomeration unit. Mr. Tom Moe and Mr. Ron
Braski of USS Minntac assisted the DNR in identifying the sample point. Minntac does not
use a multiclone system, so no dry dust samples could be collected from that system.

Only one sample collection point was identified at EVTAC, and this was located at the
scrubber-thickener-underflow-discharge pipe. No valve was available to sample direct
scrubber outflow which feeds directly into the thickener system. It was decided that for this
initial phase of the study, we would focus attention on the underflow portion of the thickener
because of its higher suspended solids and the greater ease with which it could be accessed
(less potential for contamination). Mr. Bradley Anderson of EVTAC Mining assisted the
DNR in identifying this sampling point.

Two sample points were found for Ispat-Inland Mining Company. In this case,
scrubber effluent was sampled from a valve located upstream from a scrubber-water storage
tank, but directly downstream from the scrubber itself. Like Hibtac, Ispat-Inland also uses a
multiclone system to collect dry dust directly upstream from the wet scrubber system.
Samples were also obtained from this site during one of our visits, once again to provide a
reference for the concentration of mercury on dust prior to capture in the wet scrubber system.
Mr. Gus Josephson assisted the DNR in identifying the sample points at Ispat-Inland.

Dates and more detailed processing information for each sampling site are provided in
Table 1. An important distinction between the facilities is that two of the operations are
“grate-kiln” facilities (Evtac and Minntac diagrammed in Fig. 1) and two are “straight grate”
(Ispat-Inland and Hibbtac, diagrammed in Fig. 2). This fundamental difference in plant
design, when superimposed with other less distinct differences in plant operation procedures
makes every plant on the iron range unique. Thus, while some aspects of mercury chemistry
will likely remain consistent in all taconite processing plants, subtleties associated with
mineral processing and plant engineering for each processing plant need to be considered to
understand mercury pathways in specific taconite processing operations.

Water sampling and analysis:

At each plant, water samples were collected in a clean two-liter plastic bottle from
which sub-samples were decanted. Samples that were to be filtered in the laboratory were
decanted quickly (prior to settling) into specially purchased, pre-acid washed 250 mL glass
sample jars with Teflon-lined lids. Samples filtered on-site were forced through membrane
filters (0.45um, Pall Corporation) and the resulting water and filtrate were placed into
separate 250 ml jars.

All samples for mercury analyses were collected using “clean-hands, dirty-hands”
procedures, whereby the clean bottles were placed into sealed plastic bags prior to leaving the
laboratory and not opened except during sampling. Only the designated clean-hands person,
wearing clean plastic gloves, handled the sample bottles when they were outside of the plastic
bag. All other sample processing was conducted quickly and efficiently by so-called “dirty-
hands” personnel. These procedures were implemented to minimize the risk of contamination
from plant dust and of cross-contamination between samples.
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In addition to these special precautions, procedures were extensively evaluated during
our second sampling round to assess the degree of mercury contamination associated with
filtration and sampling. A series of procedural blanks were collected at each site. One bottle
was filled with deionized water prior to leaving the laboratory and another was filled at the
sampling site with deionized water brought from the lab. In addition, deionized water was
filtered at the sampling location and both the water and the filter were saved for analysis. An
empty bottle was also sealed into a plastic bag, brought to the sampling site, and then later
filled with water at the mercury analytical laboratory. Finally, an unused filter was placed
into a 250 ml bottle and also analyzed for total mercury. The level of contamination
introduced by our procedures was insignificant relative to the concentration of mercury found
in samples analyzed in this study (see Table 2). The importance of this step cannot be
overstated, as it implies that variation in mercury concentration observed among samples is
unlikely due to contamination.

Samples were analyzed by Cebam Analytical, Inc., located in Seattle, Washington.
Filtered water samples were digested with BrCl over night, and then analyzed by SnCl,
reduction, gold trap collection, and CVAFS detection (modified EPA1631).

Temperature, pH, and conductivity were measured on site. Temperature and pH were
measured using a Beckman Model 11 meter with a Ross Model 8165BN combination pH
electrode and a Beckman Model 5981150 temperature probe, while specific conductance was
measured with a Myron L EP series conductivity meter.

For cations and trace metals, samples were acidified in the field using nitric acid and
analyzed by inductively coupled plasma mass spectrometry (ICP-MS) at the University of
Minnesota, Department of Geology and Geophysics. For anions, samples were stored in
clean plastic bottles and analyzed using ion-chromatography (IC, Dionex lon Chromatograph
fitted with a GP40 gradient pump, CD20 conductivity detector, and two AS4 anion exchange
columns) at the University of Minnesota, Department of Geology and Geophysics.

Finally, an attempt was made to evaluate exchangeability of adsorbed Hg'". H>SO4
and NaOH were added to unfiltered samples collected during our first visit to Minntac, and
reaction enhanced by placing the samples on a bottle roller at the DNR laboratory in Hibbing
for 24 hours prior to shipment and later filtration at Cebam, Inc. By measuring distribution as
a function of pH, we could assess potential for pH adjustments in scrubber systems to be used
in Hg"? control strategies.

Suspended solids (scrubber dust)

Filters containing the solids from the above procedures were dried at 104C for
analysis, weighed, and digested in hot acid (HCI/HNOs3, 3/1). Particulate mercury was
analyzed using SnCly reduction and gold trap collection, followed by CVAFS detection
(modified EPA1631). Certified reference materials WS-68, NIST2709, and GSR-2 were used
to assess recovery and analytical accuracy.

Total suspended solids (TSS) were analyzed by filtering a two-liter sample of scrubber
water collected specifically for this purpose. Solids from this sample were collected on a
glass fiber filter (0.7p), dried at 100° C overnight, and weighed.
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Selected dust samples were sent to Blair Benner at the Coleraine Minerals Research
Laboratory — Natural Resources Research Institute (CMRL-NRRI), University of Minnesota,
Duluth for determination of percentage magnetite using a Satmagan analyzer. Solids were
also examined by Scanning Electron Microscopy (SEM) to assess mineralogy, texture, and
grain size. These analyses were conducted by Peter McSwiggen and Associates in New
Brighten, MN on a JEOL Microprobe.

Results and Discussion

Mercury data for scrubber water and suspended particulates are provided in Tables 3
through 6 and plotted in Figures 3 through 6. Concentrations varied greatly between
operations on both short and long time scales and also depended on the timing of filtration.
However, the aforementioned differences in mineral processing make it difficult to compare
directly the mercury distributions and abundances observed at different plants. We will
discuss mercury distributions, therefore, on a detailed plant specific basis in following
sections, but prior to that we present less detailed discussion of other components measured in
our study.

Temperature, TSS, pH, and water chemistry for the scrubber waters are reported in
Table 7. All of the scrubber waters were warm (27.4 to 44.6°C) and slightly acidic to near-
neutral in pH (4.2 to 7.38). Suspended solids were highest at EVTAC where we sampled the
underflow, and lowest at Hibtac, where a multiclone dry-dust collection unit removes much of
the dust from the gas stream before it enters the wet scrubber. Because scrubbers capture
volatile gases generated during heating of taconite ore and burning of fuels, they contain
relatively high concentrations of F (from HF), Cl (from HCI), and SO42 (oxidation of SO»).

An important indication of process origin for the dust is the percentage of material
captured that is still magnetic. Induration converts the taconite pellets that are composed
initially of magnetite (magnetic) to hematite and other non-magnetic iron-oxides. Satmagan
analysis of the dust samples (Table 8) reveals that only a small fraction of the dust collected at
Ispat-Inland was magnetic (17 to 20%), and 52 to 81% of the taconite dust from the other
companies was magnetic. This low value for Ispat-Inland dust samples suggests composite
exposure of the captured dust to higher temperatures compared to scrubber-dust from other
companies.

SEM images for the solids are shown in Figures 8 through 12. Not surprisingly, the
dust from all of the processing plants was relatively similar in appearance in terms of
mineralogy, texture, and grain size. Dust samples from Evtac appeared to contain many
particles larger than those in samples from the other companies (250 microns as opposed to
100 microns), while samples from Ispat-Inland’s scrubber system appeared to have a finer
upper limit on particle size (50 microns). Conspicuous in the material from Evtac and also, to
a lesser degree, in samples from Minntac, were small round spherical particles suggestive of
melt formation somewhere in the process lines or gas streams at those two plants. Although
the dust samples were, of course, composed primarily of iron-oxides, occasional grains of
silicate and carbonate phases were also observed.
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Hibtac:

A total of eight water samples and nine dust samples were collected and analyzed for
mercury during two visits to Hibtac. The highest concentration of mercury in dust was 5027
ng/g, which was found in a sample that was filtered by Cebam, Inc. (Figure 3, Table 3). This
concentration was much higher than the 1405 ng/g measured for dust collected on the same
visit, but filtered immediately after collection. Dissolved mercury for these two samples was
255.5 ng/L in the sample filtered at the plant, but only 13.6 ng/L in the water sampled after
shipment to the analytical facility, implying that the increased mercury on solids came from
the water in which the solid was suspended. Apparently, most mercury in Hibtac’s scrubber
system is initially dissolved, but then, given time, adsorbs onto the suspended dust particles.

A similar observation was made in a second sampling round in May. Then, dust
obtained by on-site filtration averaged approximately 600 ng/L mercury while dust filtered in
the lab averaged approximately 1540 ng/L. Dissolved mercury in the corresponding water
samples decreased from 340 ng/L to 13 ng/L. The increase for particulate mercury was not
as large as we observed previously, most likely due to the increased total suspended solids
(350 mg/L compared to 70 mg/L in the first visit). The five-fold increase in suspended solids
in the second sampling visit effectively diminishes the effect of mercury adsorption on
particulate mercury concentration.

Multiclone dust also contains mercury, but the concentration was much less than that
of the scrubber dust. Dust collected in the multiclone has a grain size coarser than that
collected “down-stream” in the plant scrubber system, and the lower specific surface area
combined with hotter trapping temperatures may account for the lower mercury
concentration. It is also possible that not all of the oxidized mercury carried in taconite gas
streams is carried on the particulate phases. If it were, one might expect better agreement
between concentration of mercury for dust samples collected from the multiclone and wet
scrubber systems. Furthermore, the great difference in mercury distribution for lab and field
filtered wet-scrubber samples suggests an overall process whereby at least some oxidized
mercury is transported or produced in the gas phase, captured by the wet scrubber system, and
only then begins to adsorb to the captured particulate phases.

Minntac:

Two sets of samples were collected at Minntac, and, importantly, while the plant was
operating under distinctly different conditions. In particular, the first sample set from
Minntac was obtained on February 19, 2003, when the company was processing “acid”
pellets, while the second set of samples was obtained on May 9, 2003, when Minntac was
producing “fluxed” pellets. This difference, in terms of mercury capture by plant scrubbers,
turned out to be quite large, with nearly an order of magnitude increase in mercury captured
by plant scrubbers during production of acid compared to fluxed pellets.

The mercury concentration in dust filtered on-site from scrubber water was 1285 ng/g
during the first visit, but only about 160 ng/g in the second visit. The water, meanwhile,
contained approximately 115 and 80 ng/l dissolved mercury, during acid and fluxed pellet
production, respectively. For samples filtered after shipping to Cebam, the concentration of
mercury in the dust increased to over 2000 ng/g for acid pellet, versus 180 ng/g for fluxed
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pellet production. The corresponding water for samples filtered by Cebam decreased in all
cases to values close to 25 ng/L.

Water chemistry might be one way to account for differences in the adsorptive
behavior of mercury. For example, adsorption to iron oxides is supposed to decrease with
decreasing pH. However, we tested the effect of pH on mercury adsorption (Table 4) and
found that the mercury tends to adsorb to scrubber dust (long exposure time) for the entire pH
range we expected to encounter (3 to 9) in taconite processing plants. When the pH was
lowered to 2.96 by addition of H2SO4, the concentration of mercury in the scrubber water was
68.3 ng/L. but when NaOH was added to the water, bringing the pH up to 9, dissolved
mercury in scrubber water was 16.9 ng/L. Hg. Because the dissolved mercury concentration
in water filtered on-site was higher than either value, the results imply that adsorption to
solids dominated mercury distribution, regardless of pH. The amount that adsorbs over an
extended period of time (6 days) decreases with decreasing pH, but these differences pale in
comparison to differences in overall mercury concentrations associated with production of
acid versus fluxed pellets.

Another potential cause for the differences observed during our two sampling visits to
Minntac include the fact that TSS was much higher in the later sample sample (3870 mg/L as
compared to 860 mg/L). Particulate mercury concentration would be lower for adsorption in
solutions containing higher TSS. However, this effect is insufficient to account for all of the
observed difference in mercury for fluxed and acid pellet production because the difference in
TSS is only about 5X, while that for mercury concentration is approximately 12X. This
implies that the delivery rate for oxidized mercury to the wet scrubber systems, whether
originally adsorbed to particulates or not, was greater during acid pellet production than
during fluxed pellet production.

One possibility to account for this might be the differences in heat management and
distribution for production of the two types of pellets. Owing to differences in heat capacity
and chemical energy release upon heating, significantly greater amounts of energy are
required to produce fluxed pellets than are needed for acid pellets. Because of this, auxiliary
burners have been added in the pre-heat zone at Minntac, which are activated only when
fluxed pellets are being generated (Fig. 1). The hotter gas temperatures in the preheat zone
could cause a larger share of the Hg?" released during induration to become chemically
reduced to volatile Hg’. Because only the oxidized form, Hg", is captured by the wet
scrubber systems during production of either type of pellet, this would result in less capture of
mercury in wet scrubbers during fluxed pellet production. It is interesting to note that the
lower concentrations of mercury observed in this study during fluxed pellet production are
similar to those reported by Benner (2001) who also sampled scrubber effluents at a time
when Minntac was producing fluxed pellets.

Evtac

The scrubber at Evtac was only sampled once owing to temporary shutdown during
the second sampling round. This turned out to be unfortunate for our study, because we
obtained fewer samples for this plant than others in our initial visit, and for those few samples
we did collect, the behavior of mercury appeared to be unique compared to that observed at
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the other plants. Unlike Hibbtac and Minntac, the highest particulate mercury concentrations
were found during on-site filtration (980 ng/g compared to 490 ng/g mercury for samples
filtered at Cebam). The corresponding concentration for dissolved mercury (filtered scrubber
water) was 64 ng/L for on-site filtration which increased to an average of approximately 90
ng/l when filtered at Cebam, Inc. The cause for this variation is unknown, but one possibility
under consideration is a chemical reaction with SO (or H>SO3 when dissolved in water),
which owing to Evtac’s use of coal as a fuel source, may be more abundant than at the other
plants. If, this molecule reacts with Hg*? on the solid phase, it would likely convert it to Hg®
and volatilize it. On-site filtration, in effect, would isolate adsorbed Hg*? from the H,SOs3 and
prevent its loss, while waiting and filtering samples at the lab might provide time for the
reaction to take place and reduce the overall amount of mercury in the sample. Due to the
limited number of samples taken at EVTAC, however, it is also possible that the time-
dependency of mercury distribution that we observed is only reflecting the simple short-term
variation in the mercury distributions in EVTAC’s process stream. Nevertheless, possible
reaction with H2SO3 will be tested further in future studies.

Ispat-Inland Mining Company

Like Hibbtac, Ispat-Inland also employs a dry multiclone scrubber system to remove
some of the dust from their gas stream prior to collection in the wet scrubber system. Unlike
Hibbtac, however, the water and fine particles in Inland’s system are recirculated within the
scrubber and only periodically dumped. Because of this, components like Hg?>" may build up
for a period of time within the scrubber system and grow to higher concentrations than might
be expected in a “single-pass” scrubber system. Owing to this, the mercury distribution is
more difficult to characterize for Ispat-Inland’s system than for the other plants, however, this
procedure could offer potential advantages since it is possible that Hg-adsorbing fine particles
will adsorb proportionately large amounts of mercury by reacting with fresh Hg-bearing
processing gas streams many times before being dumped.

One important observation is the fact that the dry dust captured by the multiclone
system at Ispat-Inland was found to be quite low (only 6.4 ng/l), which is consistent with a
component that may have been heated to high temperatures and lost most of its mercury. A
high temperature origin for this dust is also consistent with the low percentage magnetite for
Inland dust samples.

In contrast, mercury concentrations in the wet scrubber samples were consistently
high. During acid pellet production (2/20/03 samples) on-site filtration yielded 1215 ng/L
dissolved mercury and 616 ng/g for particulate mercury. The percent magnetite, meanwhile,
was very low (19%), however, suggesting a common high-temperature heritage with the
multicyclone dust. This implies that most of the mercury captured by Ispat-Inland’s wet
scrubber system was NOT transported there on particulate phases, but was transported there
in the gaseous phase, perhaps as minute particles of mercury-oxide or mercury salts.

Another important observation appears to be related to the fact that mercury
concentrations appeared to be higher when Ispat-Inland was producing fluxed pellets
compared to when they were producing acid pellets. This is the opposite of what was
observed for Minntac. Dissolved mercury for scrubber water during fluxed pellet production
at Ispat Inland was approximately 840 ng/L for samples filtered on-site and only 550 ng/L for
samples filtered by Cebam. Particulate mercury concentrations, meanwhile, increased from
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1560 ng/g to 3460 ng/g for samples filtered in the field and lab, respectively. The fact that a
large fraction of the mercury remained in solution in these samples suggests that the solids
may have reached their capacity to adsorb mercury.

Unfortunately, the recirculating nature of Inland’s wet scrubber system makes it
difficult to determine if the increase in mercury concentrations for fluxed pellet production
were related to the change in process, or to greater accumulation due to increased recycling
time. If the later case were true, however, one might expect other components in the scrubber
fluid (F, Br, SO42) to be enriched in similar fashion to mercury, which they were not. Thus,
for the limited samples that we now have, it appears that production of fluxed pellets results in
increased capture of mercury at Ispat-Inland, but reduced capture of mercury at Minntac.
Whether this represents a fundamental difference between Ispat Inlands use of a straight grate
line compared to Minntac’s use of a grate-kiln system, remains to be determined in future
studies.

Conclusions

It is apparent from the results collected in this study that the distribution of mercury in
wet scrubber systems is highly dependent on a number of variables, only a few of which were
addressed in this preliminary study. Other variables not addressed might include variations in
the mercury concentration and distribution in the ore source, or slight differences in crushing
and milling. In general, however, it appears that it is important to take into account the
mercury concentrations in both the aqueous and particulate phases to provide a full
accounting of mercury cycling in taconite scrubber systems. Furthermore, there appears to be
significant differences in the rate at which mercury is captured when companies produce acid
or fluxed pellets. Studying these differences may lead, ultimately to an understanding of the
processes most important in controlling mercury release (heating effects on Hg volatilization,
catalysis of mercury oxidation and reduction processes in scrubber streams). Finally, in plants
that contained both multiclone dust collectors and wet scrubbers, the concentration of mercury
was much higher on the dust particles captured by the wet scrubbers than they were upstream
in the dry multiclone dust collectors. This, and the finding of considerable dissolved mercury
in scrubber waters immediately upon sampling suggest strongly that non-particulate, oxidized
mercury is being transported or generated within the gas stream at taconite plants. This
mercury readily adsorbs to particulates suspended in the water at room temperatures
following sample collection. Thus, accurate assessment of mercury distribution within wet
scrubber systems necessarily requires on-site filtration.

Future studies on possible mercury control should be directed toward better defining
the rates of mercury adsorption in aqueous solutions, the dependence of this rate on
temperature and water chemistry, and the degree to which changes in mineral processing
affect mercury volatilization and transport. Until the relative importance of these factors can
be better understood, it is likely premature to estimate the potential savings in mercury
emissions that might be found by making adjustments to mineral processing techniques (e.g.,
discarding rather than recycling scrubber fines, Benner, 2001). The relatively high flow rates
and high concentrations of mercury in some of the aqueous and particulate samples collected
by Benner (2001) and in the present study suggest, however, that cost effective means to
reduce mercury emissions using some form of scrubber water and scrubber dust method may
be found.
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Table 1: Taconite Plant data.

Taconite | Sample | Scrubber | Green Ball | Pellet | Fuel Type Furnace Type Notes
Plant Date Flow Rate | Feed Rate | Type
(gpm) (Lton/hr)
Hibtac | 2/20/03 | 6600 oo Acid | Natural gas Straight grate | L0 °f 3 furnaces
rnace operating
Hibtac | 5/8/03 | 6627 0 Acid | Natural gas Straight grate | L0 °f 3 furnaces
rnace operating
Minntac | 2/19/03 | 2650 600 Acid | Woodtokiln,no g i
preheat burners
Minntac | 5/9/03 | 2645 540 Flux | Woodtokiln, natural | ooy
gas to preheat burners
EVTAC | 2/18/03 | 2300 600 Acid | Pet-coke, coal (3% S) | Grate kiln
Inland 2/20/03 | 1000 240 Acid | Natural gas Straight grate
Inland 5/8/03 1000 340 Flux | Natural gas Straight grate

12
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Table 2: Blanks and Standards

Sample type Filtration Hgin | Hgin | Notes
water | filtrate
(ng/L) | (ng/g)

Hibtac-Blank 1 0.9 Filter (new) (assuming 1 gram of filtrate)
Hibtac-Blank 2 Cebam Cebam DDW water placed in sealed bottle

(6 days) 1.5
Hibtac-Blank 3 1.2 DNR DDW water - bottle filled at lab and brought to plant sealed
Hibtac-Blank 4 1.3 DNR DDW water - bottle filled at the plant (unfiltered)
Hibtac-Blank 5 Immediate 1.3 DNR DDW water - filtered at the plant
Hibtac-Blank 6 2.9 Filter from Blank 5 (assuming 1 gram of filtrate)
Minntac-Blank 1 0.9 Filter (new) (assuming 1 gram of filtrate)
Minntac-Blank 2 | Cebam 14 Cebam DDW water

(5 days) '
Minntac-Blank 3 5.5 DNR DDW water - bottle filled at lab and brought to plant sealed
Minntac-Blank 4 2.1 DNR DDW water - bottle filled at the plant (unfiltered)
Minntac-Blank 5 | Immediate 1.9 DNR DDW water - filtered at the plant
Minntac-Blank 6 3.0 Filter from Blank 5 (assuming 1 gram of filtrate)
Inland-Blank 1 0.8 Filter (new) (assuming 1 gram of filtrate)
Inland-Blank 2 Cebam 11 Cebam DDW water

(6 days) '
Inland-Blank 3 1.5 DNR DDW water - bottle filled at lab and brought to plant sealed
Inland-Blank 4 1.5 DNR DDW water - bottle filled at the plant (unfiltered)
Inland-Blank 5 Immediate 1.5 DNR DDW water - filtered at the plant
Inland-Blank 6 2.6 Filter from Blank 5 (assuming 1 gram of filtrate)

DDW = doubly deionized water

13
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Table 3: Hibtac Mercury Data

Sample type 1D Filtration | Hgin | Hgin Notes
water | filtrate
(ng/L) | (ng/g)
(Szigu(;gggwater Hgs immediate 5555 | 1405.5
(SSC/rOuéb/Bgr) water -1 immediate 3373 | 4205
(SSC/rOu;Bgr) water 2.3 immediate 3408 | 808.1
T U
St 2 a0 15
wer0on) |8 | Gaan |2 |12
x;gric(lz"/g%m) Hg3 geg:;ns) 127 11299 S:SSL N HESOREE
1(\;[;1218/(:01;);163 dust dust 63.5
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Table 4: Minntac Mercury Data

Sample type D Filtration | Hgin | Hgin Notes
water | filtrate
(ng/L) | (ng/g)

(Sz(:/liu9l)/l())gr) water [ o ?6@32;‘;) 217 | 18642

(Szc/rlug‘t;ggr) water He3 immediate 115.8 1284.8

?5?;g§3water Hg6 %gz;ns) 223 | 2093.7 %fs%ll(oﬁllili 4.51)

(Szc/rlugb/ggr) water Hg8 éegz;ls) 16.9 2607.7 ?pi{niLg%gi\I oot

(Ssc/roug‘t;ggr) water -1 immediate 39 8 153.0

(Ssc/roug‘t;ggr) water -3 immediate 7.6 167.6

e O e

Table 5: Evtac Mercury Data

Sample type D Filtration | Hgin | Hgin Notes
water | filtrate
(ng/l) | (ng/g)

(Szc/rluzgggr) water Hg3 immediate 64.2 978.7
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Table 6: Inland Mercury Data

Sample type ID Filtration | Hgin Hgin | Notes
water filtrate
(ng/L) | (ng/g)

Scrubber water Cebam

(2/20/03) Hgl (5 days) 359 1105.3

Scrubber water Cebam

(2/20/03) Hg2 (5 days) 33.7 1012.6

Scrubber water immediate

(2/20/03) Hg3 1215.5 616.8

Multiclone dust

(2/20/03) dust 6.4

Scrubber water immediate

(5/08/03) 2-1 836.6 4378.8

Scrubber water immediate

(5/08/03) 2-3 853.2 1560.2

Scrubber water Cebam

(5/08/03) 2-5 (6 days) 585.2 3382.9

Scrubber water 2.6 Cebam 529.1 3550.1

(5/08/03) (6 days)

16
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Table 7: TSS and Water Chemistry for scrubber water samples.

Parameter Hibtac Hibtac! Hibtac Minntac Minntac Inland Inland EVTAC
(2/20/03)  (2/20/03) (5/08/03)  (2/19/03)  (5/9/03) (2/20/03)  (5/8/03)  (2/18/03)
Temp. (C) 27.4 4.0 34.1 35.1 422 36.6 44.6 40.8
Conductivity 55, 850 1050 2300 1950 1000 1250 1800
(uS/cm)
5.62
pH 6.67 7.00 7.38 (4.25) 6.42 6.67 6.42 4.20
% Solids 0.007 0.035 0.086 0.387 0.328 0.142 1.34
Anions (ppm)
F 22.33 6.80 19.09 23.07 6.94 47.69 42.65 43.19
Cl 85.94 39.52 64.90 196.1 175.5 108.7 208.6 58.5
NO2-N 0.22 0.020 0.187 0.15 0.176 0.19 0.395 <0.050
Br 0.327 0.148 0.280 1.408 1.279 0.701 1.697 0.337
NO3-N 7.226 3.543 5.123 3.286 3.156 1.746 1.688 3.165
PO4-P <0.020 <0.020 <0.020 <0.020 <0.020 0.022 0.021 0.025
SO4 325.5 154.5 243.4 994.6 859.25 159.2 193.9 710.7
Cations (ppm)
Na 74.89 37.08 51.93 103.7 88.21 51.20 57.22 55.07
Mg 98.73 61.34 77.25 193.85 174.03 67.68 78.39 44.14
Al 0.011 0.056 0.008 0.023 0.01 0.014 0.032 1.299
Si 12.11 8.79 10.30 8.05 431 8.63 15.29 10.18
P 0.012 0.005 0.003 0.058 0.022 0.034 0.008 0.069
K 16.84 8.24 17.88 29.63 25.39 9.24 11.54 13.09
Ca 57.55 56.83 43.25 137.88 129.10 45.19 66.08 179.73
Fe 0.025 0.631 0.003 0.111 0.047 0.029 0.0002 9.46
Mn 0.112 0.141 0.068 0.147 0.152 0.122 0.258 0.780
Sr 0.206 0.161 0.146 0.435 0.385 0.185 0.232 0.409
Ba 0.012 0.010 0.007 0.059 0.040 0.009 0.013 0.042
Trace (ppb)
Li 22.22 12.62 16.58 24.79 20.21 23.35 27.08 14.64
B 116.25 53.12 96.57 147.65 108.97 121.5 169.57 127.65
Al 5.40 50.11 5.60 16.58 8.15 12.14 26.15 1251.5
P 6.19 2.53 4.79 33.47 24.34 14.96 11.22 38.83
S 133750 50945 78337 373450 269833 53135 61987 266750
Cl 83285 31755 63677 176900 161700 108700 194200 42285
Cr 0.40 0.41 0.16 1.83 1.02 0.39 0.60 15.15
Fe 1.32 493.95 9.39 29.44 55.81 0.12 14.45 7823
Mn 92.83 118.70 61.59 115.55 138.93 101.8 234.60 699.35
Co 0.32 0.42 0.22 0.53 0.58 0.37 0.31 2.97
Ni 1.03 2.22 1.25 4.66 7.43 3.74 5.39 82.75
Cu 0.99 0.43 1.95 2.82 1.63 1.67 2.49 45.99
Zn 2.69 1.46 2.20 6.86 10.59 2.72 10.84 14.39
As 40.16 9.69 63.19 30.72 1.48 11.43 3.10 82.42
Br 357.80 158.80 289.03 1434 1260.33 732.75 1765.33 359.85
Se 19.61 5.51 18.15 17.71 6.95 54.58 28.34 48.26
Rb 10.73 5.72 11.01 27.45 22.65 8.47 15.18 17.13
Sr 192.3 153.65 137.60 391.00 345.10 174.90 215.93 373.65
Mo 26.57 10.70 25.04 65.04 67.98 126.15 149.63 51.61
Cd 0.05 0.06 0.03 0.17 0.11 0.20 0.21 0.19
Cs 0.53 0.29 0.57 2.51 3.97 1.52 6.69 3.75
Ba 10.20 8.85 6.50 49.34 34.86 7.94 11.90 36.71
w 1.81 0.26 0.70 0.69 1.12 1.33 0.88 1.79
Ti 0.61 0.49 0.50 2.08 3.45 1.00 1.21 3.68
Pb 0.11 0.03 0.07 3.25 0.30 0.10 0.24 1.19
Th 0.47 0.02 0.38 0.10 0.88 0.15 0.36 0.96
18] 1.25 0.90 1.30 0.95 1.15 0.51 0.44 1.13
! Hibtac multiclone water sample
17
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Table 8. Satmagan analysis of magnetite for taconite scrubber and multiclone dust.

Taconite | Sample | Sample Type Magnetite Notes

Plant Date %

Hibtac 2/20/03 | Multiclone 51.87

Minntac | 2/19/03 | Scrubber water 73.73

Minntac | 5/9/03 Scrubber water 80.80

EVTAC | 2/18/03 | Scrubber water 55.11

Inland 2/20/03 | Scrubber water 13.20

Inland 2/20/03 | Multiclone 16.50

Inland 5/8/03 Scrubber water 19.80 small sample size

analysis by CMRL-NRRI.
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Grate Kiln Furnace — Minntac and EVTAC

*Pre-heat

Green % g
Pellet rate %Burners

Feed | Tempering

ﬂrrying Zone \\ y| Pre-heat Zone Kiln Air Fan

/
Waste Gas
Stack

Cooler Vent
Stack

Kiln

with wet W;?E Gas Preheat Fans
Scrubber (1A & 1B)

Cooler Pellet
Discharge

Cooling
3A  Fans 3B
Ambient Air

—p Pellet Flow

——» AirFlow
*Pre-heat burners at Minntac
for flux pellet production.
EVTAC does not have pre-
heat burners.

Figure 1. Diagram of a grate-kiln taconite pellet indurating process. Fresh, wet pellets
(termed green balls) fed into the system (on the left side) are systematically dried, heated, and
hardened into pellets as they pass from the drying zone and through a large, rotating kiln.
Drying and heating is accomplished using gases, that are generated by cooling of the hot
pellets and burning of fresh fuels in the kiln. The gases interact with pellets in the kiln, and
are passed through pellet beds in the drying and pre-heat zones. The gases carry mercury and
dust to the wet scrubber systems that were sampled in our study. The preheat burner near the
center of the diagram is used only for fluxed pellet production.
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Straight Grate Furnace — Ispat Inland and Hibbing Taconite

Hood
Exhaust
Fan - to We P
Scrubber, A
Windbox *Pre-heat Burners|  combustion
Exhaust For Flux Pdllets Chambers
A Fan-to Wet >
Scrubber "
bypass
\‘\ A A

Preheat Firing : : Secopd Cooler
' Zone Zone First Cooling Zone Cooling Pellet
Green Pellet \ Zone Discharge

Multiclone
Dust Collector

Ambient Air

Recup. Fan

Cooling Fan

A

—» Pellet Stream

Updraft —» Gas Stream

Drying Fan *Pre-heat burners are at Ispat
Inland for Flux Pellet Production
Hibbing Taconite does not have
pre-heat burners

Figure 2. Diagram of a straight-grate taconite pellet indurating process. Fresh pellets
are carried on a grate through a furnace and cooled by fresh air passed through the pellet bed.
The air used for cooling and gases generated in the firing zone are used for drying and heating
the pellets. In this case, the gases are passed through a dry “multiclone” dust collector that
collects relatively hot, coarse particulates before they pass through the wet scrubber system.
In this study, dust was collected from the multiclone collector and water containing
particulates was sampled from the wet scrubbers.
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Hibbing Taconite
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Figure 3. Mercury distribution in wet scrubber samples collected from Hibtac. Open
symbols are for the first sampling round, close symbols are for the second sampling round.
Triangles are results for samples filtered on-site, while circles are for samples that were
filtered at the analytical laboratory, usually about six days after the sample was collected.
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Minntac
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Figure 4. Mercury distribution in wet scrubber samples collected from Minntac.
Symbols are the same as described in the caption for Figure 3.
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EVTAC Mining
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Figure 5. Mercury distribution in wet scrubber samples collected from Evtac.
Symbols are the same as described in the caption for Figure 3.
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Ispat Inland Mining
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Figure 6. Mercury distribution in wet scrubber samples collected from Ispat-Inland.
Symbols are the same as described in the caption for Figure 3.
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Figure 7. SEM images of dust samples filtered from samples collected at Hibtac. Larger
grains range up to approximately 100 microns, but most are in the 5 to 30 micron range. Most
of the sample is composed of iron-oxides (approximately 51% magnetic).
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Figure 8. Secondary electron images showing grain size distribution for Minntac scrubber
dust. Larger grains are around 100 microns across but most of the dust is between
approximately 10 and 50 microns. The spherical object in the center is composed of iron-
oxide. In addition to the dominant iron oxides, small amounts of carbonate and silicate grains
were present. 80% of the sample was magnetic.
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Figure 9. SEM images of scrubber dust samples from Evtac. The larger grains are 100 to 250
microns across, while the smaller grains tend to be in the 5 to 30 microns range. Numerous
spherical objects were present. Interpreted as melt products, they were composed of iron
silicate, iron-oxides, and aluminum silicate. The sample was 55% magnetic.
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Figure 10. SEM images for scrubber dust samples from Ispat-Inland. Larger grains are
around 50 microns across, but typical grain size is in the range of 5 to 30 microns.
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Appendix: Wet scrubber schematic diagrams
Hibbing Taconite Company Scrubber Flow Diagram
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Multiclone Waste Gas
Dust Collector
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Minntac Scrubber Flow Diagram
Scrubbed
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Water and
Solids Out

Waste
Gas In
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EVTAC Mining Scrubber Flow Diagram
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Summary

Mercury is a naturally occurring element that is ubiquitous in the earth’s crust. It is
released to the environment by natural processes and anthropogenic activities and
transported worldwide through atmospheric and aquatic reservoirs. Increased Hg loading
to the environment has ultimately led to increased Hg in freshwater fish, often to levels
considered unsafe for human consumption. This has, in turn, led to global, national, and
statewide efforts to reduce mercury emissions. The present document summarizes
mercury cycling in NE Minnesota where an economically important iron-mining district
(“taconite”) operates within aregion prized for its many fishing lakes.

As is the case in most regions, mercury loading in NE Minnesota is dominated by
atmospheric deposition. Most mercury deposited on land is revolatilized, but a
significant fraction is incorporated into local soils with only arelatively small component
transported to lakes. Only a tiny fraction of the mercury deposited in any region is
converted to methylmercury (CHsHg"), the type of mercury that accumulates in fish.
Considerable uncertainty exists concerning relationships between mercury emission,
deposition, methylation, and bioaccumulation. However, recent research
(METAALICUYS) suggests much of the methylated mercury in a lake is generated in
surface sediments but comes from “new mercury” that was recently deposited on the lake
surface (e.g., precipitation within the last season) and conveyed to the bottom via particle
transport.

Average mercury concentration in NE Minnesota precipitation is higher than
dissolved mercury in most streams and lakes, underscoring the importance of
sedimentation and uptake by soils and vegetation in regional mercury cycles.
Atmospheric deposition of mercury from precipitation appears to be increasing or
holding steady since 1990 despite large reductions in Minnesota' s statewide emission
rates. Lake sediment records indicate that mercury is being delivered to lakes at rates
much greater now than in pre-industrial times, but some lakes reveal recent declines.
Mercury concentrations in fish inhabiting surface waters are sufficiently high to trigger
consumption advisories, but in more lakes than not, fish-Hg levels are declining.

Taconite processing in NE Minnesota potentially participates in the mercury cyclein
three ways: (1) by releasing spent water that was originally obtained from precipitation
and other freshwater supplies, (2) by generating tailings that interact with the
environment, and (3) by emitting mercury to the atmosphere through stack emissions.
Release of mercury to waters during taconite processing appears to be insignificant since
the water sampled from tailings basins has mercury concentrations that are lower than
local precipitation and similar to normal surface waters. Most of the dissolved mercury
in taconite tailings basins may have come from atmospheric sources, rather than from
mineral processing. Stack emissions are clearly the dominant pathway of mercury
release from taconite processing on the iron range. Hg(l1) in ore concentrate is converted
to Hg(0) during the firing of pellets and released to the atmosphere in stack emissions.
Emission factors reflect primary distribution of mercury in the ore body, and generally
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increase in a westward direction across the district from 1 to 17 kg Hg per million long
tons of pellets.

Atmospheric Hg emissions from taconite processing exceeded 100 kg/yr in the late
1960’ s, and have ranged between approximately 200 and 400 kg/yr ever since. The great
majority of this mercury is transported out of the state and distributed globally,
contributing approximately 0.24% and 0.007%, respectively, to nationa and global totals.
No suitable technology has been found to curtail taconite mercury emissions. Regardless
of whether currently active research on the iron range provides a cost efficient and
effective method to limit mercury emissions from taconite processing, significant
reduction of mercury deposition to Minnesota lakes will require globa reductions in
mercury emissions.
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1. Introduction

Human activities since the industrial revolution have increased atmospheric
deposition of mercury to lakes compared to pre-industrial times (Swain et al., 1992,
Engstrom and Swain, 1997; Engstrom et al., 1999; Fitzgerald et al., 1998). The resulting
increased environmental availability of mercury has led, in turn, to increased uptake of
the element by many aguatic organisms, including fish that may be consumed by humans.
Mercury in fish tissue is now the leading cause for issuance of consumption advisories
for fish captured in Minnesota lakes, just asit is at many localities throughout the US.

In an attempt to reduce mercury deposition to lakes, US legislation has mandated
emission regulations for coal-fired power plants, previously identified as the largest
anthropogenic emitter of mercury to the atmosphere (EPA, 1997). Decreased emissions
from this and other sources will likely help Minnesota to reach statewide mercury
emission reduction goals which were set during 1999 state legidation, and include
reducing mercury emissions from 1990 levels by 60% in 2000 and 70% by 2005.
Already, decreases in Hg release from industrial sectors where effective control measures
are easiest to implement have led to large reductions in Minnesota statewide mercury
emissions. At the same time, however, these decreases have effectively increased the
proportion of current statewide Hg emissions for industries where control measures are
either not available or difficult to implement. One such industry is taconite processing,
which has seen its share of statewide emissions increase from 16% in 1995 to 20% in
2000, making it the second largest current source of Hg emissions in Minnesota (Table
1). Asthe primary domestic supplier of iron ore to US steel manufacturing companies,
however, Minnesota is the only state where taconite processing is considered a maor
emitter of mercury. Important timelines for reduction of Hg from this source may
include 2007 and 2010 when mercury “total-maximum-daily-load” (TMDL) limits must
be set for the Great Lakes Basin and Minnesota (statewide), respectively (MPCA, 2001).

Northeastern Minnesota is a region prized not only for its economically important
taconite mining industry, but also for its many wetlands and fishing lakes. Thus, the
Minnesota Department of Natural Resources has undertaken this two-year study on
mercury cycling and distribution in northeastern Minnesota, with emphasis on taconite
processing. The overall goal of this study is to provide a technical foundation and
background that can be used to guide mercury research and future discussions regarding
the devel opment and application of mercury regulations to Minnesota’ s taconite industry.

2. Mercury Chemistry

Mercury occurs in the environment in two forms. zero-valent Hg(0) (or elementa
mercury) and doubly charged Hg(l1) (or oxidized mercury). Hg(0) isaliquid in pure form
at room conditions, but vaporizes when in contact with the atmosphere. Because it has
low solubility in water and does not adsorb readily to solids, Hg(0) emitted into the
atmosphere generaly remains there until it is oxidized to Hg(l1). Hg(ll) readily combines
with other compounds to form non-volatile species that are both water-soluble and adsorb
to solids. These properties promote a return of the element to terrestrial and aquatic
environments through wet and dry deposition. While much of the mercury deposited
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from the atmosphere in terrestrial environments may be revolatilized and returned to the
atmosphere, a significant fraction is retained in local soils, sediments, and biota.
Ultimately, only a very small fraction of mercury deposited in aregion isincorporated in
the tissues of fish.

Seasonal, annual, and spatial variations, as well as the high cost and technical
specialization associated with low-level mercury analysis, make it difficult to determine
an absolute mercury budget for any single watershed. However, based on areview of data
from forested watersheds in temperate and boreal zones, Grigal (2002) provided a general
description and semi-quantitative understanding of the most important processes. In
detail, mercury deposition in a region can be divided into three distinct categories: that
associated with litterfall (captured by and transported with falling vegetation), that in
throughfall (rinsed from vegetation during precipitation), and mercury deposited in open
precipitation (direct dry and wet deposition). Mean reported flux values for these three
transport mechanisms for a region like NE Minnesota are approximately 21, 17, and 10
Hg m? a*, respectively. Grigal suggested that the dominance of the first two terms (21
and 17) over the last (10) indicates the relative importance of vegetative matter as a trap
and transport mechanism for mercury. These data further indicate that the flux of
mercury to the forested portion of a watershed can be much greater than that for open
water (approximately 4x or (21+17+10)/10)).

On the other hand, most mercury deposited in a forested watershed appears to be
revolatilized (e.g., mean value is 32 pg m? a*) by poorly understood processes. The
primary step must involve reduction of Hg(ll) back to Hg(0), but how this occurs is
uncertain. Most of the remaining non-volatilized mercury is sequestered by soils (5 pg
m? a*) and only a small fraction is transported out in streams (e.g., 1.7 pg m* al)
(Grigal, 2002). Asaresult, only about 5-25% of the mercury deposited on forested lands
typically winds up in streams and lakes but, depending on the relative surface area of
lakes and lands, this can account for between about 5 and 85% of the mercury delivered
to lakes.

Mercury sequestration and transport in terrestrial and aquatic environments most
commonly involves complexation with organic molecules, the most important of which
appear to be fulvic and humic acids. A particularly strong affinity exists between Hg(Il)
and reduced-sulfur functional groups such as thiol (Skyllberg et al., 2000). The capacity
for organic molecules to bind with mercury in soils and streams typically exceeds
mercury availability, meaning that any unbound Hg(l1) is* captured” and transported with
organic “captors’. As a consequence, strong correlations are often found between
mercury concentration and dissolved or particulate organic carbon (Sorenson et al., 1990;
Fleck, 1999; Kolka et al., 1999). The later correlation becomes more important in
watersheds characterized by draining of peat lands, which, owing to slow growth and
efficient adsorption of mercury, can accumulate mercury deposited from many centuries
of precipitation. Groundwaters, by contrast, typically have little or no detectable mercury
because nearly all of the mercury ininfiltrating watersis captured by soils.

Although most terrestrial and aquatic mercury interactions involve organic
compounds, one reaction that deserves special consideration is methylation, or the
generation of methyl-mercury (CHsHg" or “MeHg”). This species, although representing
only asmall fraction of dissolved mercury in lakes, accounts for nearly al of the mercury
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present in the tissues of fish. MeHg is a persistent bioaccumulative compound, meaning
that once formed, it can remain in the environment where, owing to a high affinity for
living tissues, it accumulates up the food chain. MeHg is not “emitted” into the
environment, but rather produced from Hg(ll) that is present in the environment.
Gilmour et a. (1992) were the first to recognize that bacterial reduction of SO, to S™is
associated with increased generation of methylmercury. Benoit et a. (1999)
hypothesized later that methylation of mercury occurs at the transition zone between
oxidizing and reducing conditions, where dissolved neutral Hg-sulfur species, having the
ability to penetrate the cell membranes of methylating bacteria, are most likely to form.
Their results, which revealed a direct correlation between calculated abundances of
neutral Hg-sulfide complexes and rates of mercury methylation, support thisidea. Kelley
et al. (2003) recently provided data disagreeing with this model, however, and suggested
an alternative explanation involving an H* facilitated mechanism for cell-uptake of
mercury.

Hg(ll) can also form complexes with other inorganic species (e.g., Cl"), and can
adsorb to solids. Indeed, most of the mercury in wet and dry precipitation is
inorganically bound Hg(ll), but most of this mercury quickly combines with organic
carbon or sulfide in terrestrial and lake environments. Owing to the low solubility of HgS
(cinnabar), dissolved Hg(l1) is virtually absent from solutions when sulfide ion becomes
abundant.

Although much has been learned about specific reactions that might affect mercury
distribution, a more important question concerns identification of the most important
pathways that exist between anthropogenically released mercury and fish uptake. The
chain connecting mercury deposited from the atmosphere to mercury taken up by fish has
many links, many of which are not fully understood. However, a multi-institutional
collaborative study named “METAALICUS’ (Mercury Experiment To AsSsess
Atmospheric Loading In Canada and the United States, Hintelmann et a., 2002) has
recently provided clues to the more important processes by introducing isotopically
labeled Hg to alake and its watershed and tracking its dispersal in the environment.

In an initial phase of the study, most of the mercury applied to a forested area
surrounding a small Canadian lake (Hintelmann et al., 2002) remained bound to
vegetation and soils in the application area. Lessthan 1% of the new mercury was rinsed
into the lake and approximately 8% was revolatilized. In a more recent study phase,
221 was added directly to the lake surface and other isotopes, *°Hg and **Hg, were
added to surrounding wetland and upland areas, respectively (Krabbenhoft and Goodrich-
Mahoney, 2003). The ?*Hg isotope spike was found in sediment traps on the lake
bottom within six days of application and continued to accumulate throughout the
summer months. Simultaneously, Me*Hg spread upward from the sediments into the
water column. The isotope spikes added to the land around the lake did not contribute
significantly to any of the various lake-mercury reservoirs (water column, sediments,
MeHg). Although full results and discussion have not yet been published, the data
provide evidence that mercury deposited on the surface of alake is conveyed relatively
rapidly to the sediments via particle transport, and it is this “new” mercury that appears to
provide the dominant source of bioaccumulative MeHg to the water column.
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3. Mercury Distribution in NE Minnesota

As is apparent from the discussion above, concentration of mercury in a lake or
stream, or in the tissues of fish or in other aquatic species that inhabit a watershed may be
functions of alarge number of parameters (Glass et al., 1990). Considering the seasonal
and annual variations in precipitation and the fact that no two lakes are identical (e.g.,
underlying geology and topography, vegetation, soil development, relative distributions
of forest, wetland, and open water), it is not surprising that there is considerable variation
in the mercury levels of northeastern Minnesota lakes. Moreover, mercury appears to be
very transient in its behavior, meaning that relatively recent effects (rainfall, enhanced
sedimentation or runoff, filtration) can cause the concentration at a single location to
vary, depending on when and how the sample was collected. For an organism such as a
fish, mercury may accumulate through its lifetime and mercury concentration may reflect
atime-integrated snapshot of mercury uptake processes.

The following brief summary of mercury distribution in NE Minnesota is meant to
provide information on the quality and quantity of mercury data that exist for the region.

3.1 Precipitation

A considerable database has been developed on recent precipitation in the US,
largely through efforts of the Mercury Deposition Network (MDN) which is part of the
National Atmospheric Deposition Program (NADP) (Vermette et al., 1995; Glass et al.,
1999; NADP, 2002). Currently, there are over fifty MDN sites nationwide that collect
and report high quality mercury data for precipitation. Four of these sites are located in
Minnesota: including one near Ely and another at the Marcel research center near Grand
Rapids.

Both Ely and Marcel stations began reporting on mercury deposition in early spring
of 1995. Additional mercury data for precipitation in NE Minnesota are reported for the
period 1990 to 1995 by Glass and Sorenson (1999). In that report, data are included for
stations located in or near Duluth, Finland, International Falls, and Ely. Data for 1988
and 1989 are also available for Marcel, Ely, and Duluth (Sorenson et al., 1990; Glass et
al., 1991), however, the reported concentrations were conspicuously elevated compared
to those in the later two datasets and compared to precipitation in many other similar
stations elsewhere in the world. Noting this discrepancy, Sorenson et al. (1994) reported
that the higher values for 1988 and 1989, as compared to 1990 or 1991 may have been
related to either a change in sampling procedures or to changing local emissions, and did
not include the data in subsequent studies. The 1988 and 1989 data are also excluded
here.

Combining data from 1990 to 1995 from Glass and Sorenson (1999) and the data
collected since then from northern Minnesota MDN sites (Marcel and Ely), we can
evaluate trends in mercury concentration for precipitation (Figure 1a) and for wet
deposition (Figure 1b) on an annualized basis for the twelve-year period extending from
1990 through 2001. Datain Figure 1a suggest that the volume-averaged concentration of
mercury in regiona precipitation in northern Minnesota have been relatively level or
dightly rising in the last decade. Data in Figure 1b suggest that total wet deposition of
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mercury isalso relatively level, or dightly increasing in the region, although the dataset is
noisier than that for concentration.

Because data from the beginning and end portions of the twelve-year period were
generated by two different research groups, it is possible that the apparent increasing
trends could be related to minor differences in sampling or analytical procedures.
However, Glass and Sorenson (1999) argue that increases in wet mercury deposition for
the abbreviated time period of their study (1990-1996) were aready statistically
meaningful. They suggested that the increasing trend is due to an increase in atmospheric
mercury owing to increased coal consumption in the region.

Increasing mercury in precipitation is in direct contrast to global atmospheric data
(Slemr et al., 2003) and also to data from 1994 through 1999 generated at the Trout Lake
station in northern Wisconsin. Atmospheric mercury as measured at various stations in
the Northern Hemisphere appears to have decreased greatly during the early 1990's and
leveled off in the period since 1996 (Slemr et al., 2003). Meawhile, mercury in both
precipitation and surface waters from the precipitation-dominated Trout Lake in Northern
Wisconsin appeared to be on a decreasing trend (Watras et al., 2000). Moreover, many,
but not all, lakes in Minnesota record decreasing mercury accumulation in sediments
following periods of peak accumulation in the 1960's and 1970’ s (see section 3.4 below).
Spatial and temporal changes of mercury in precipitation are apparently very complicated
on a regiona scale, but the twelve years of continuous precipitation records in NE
Minnesota suggest mercury concentrations may have been increasing, or at least not
decreasing.

3.2 Lakes and Streams

A search of the US EPA’s “STORET” database (EPA, 2002) provided mercury
concentrations for 84 lakes in NE Minnesota, nearly al of which were sampled in 1991
and referenced to the MPCA. Samples were collected just beneath the surface of the lake
using clean techniques and analyzed by a sensitive technique (cold vapor atomic
fluorescence spectroscopy or “CVAFS’) (Swain, E., MPCA, personal communication).
Additional data for approximately 80 lakes sampled in 1996 were found in a recent report
by Glass et a. (1999). Samples for this study were also collected using clean techniques,
but from a 1-meter depth and then analyzed using a less sensitive, but widely accepted
method (Cold vapor atomic absorption spectroscopy or “CVAAS’). Finaly, data from
an additional 80 lakes in NE Minnesota sampled in 1988 were found in Sorenson et al.
(1989, 1990). Hg data from the lakes where samples were analyzed by the more sensitive
CVAFS technique are shown in Figure 2. As can be seen, considerable variability exists
for lake mercury, but the values are al less than that of average precipitation.

The most striking difference between the different datasets is they had greatly
different ranges in mercury concentration. The STORET database values range up to 10
ng/L while mercury concentrations reported by Glass et al. (1999) are al less than 3 ng/L
for asimilar set of lakes. Hg concentrations in the Sorenson et al. study are similar to the
1991 STORET data, ranging in concentration up to 7 ng/L. In that study, a significant
positive correlation was found for total Hg and total organic carbon (TOC), consistent
with the general consensus that most mercury in lakes is associated with organic carbon.
Similar correlations and concentration ranges have been reported elsewhere, including
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New York (Driscoll et al., 1995) and Wisconsin (Watras et a., 1995). The reason for the
different ranges in mercury concentrations is unknown.

There is a near complete absence of readily available information on mercury
concentrations in lake waters for the region extending southeastward from the iron range
to the Lake Superior shoreline. Some indication of mercury levelsin that area can also be
found in stream data. The EPA’s STORET database reported mercury concentration data
for six rivers draining into Lake Superior from NE, Minnesota. Samples were collected
on monthly intervals during the summer of 1996 (Figure 3). Again, the data were
collected and analyzed using clean techniques by the MPCA. Concentrations generally
varied from 2 to 6 ng/L (reported as total mercury recovered), but two concentrations
reported for the Knife River were well above these values (9 and 14). With the exception
of those two higher values the concentrations are similar to those reported for area lakes
in the STORET database.

Abundant stream data has also been reported from the Marcel research station near
Grand Rapids, MN, for an area characterized by upland forests and bogs (Kolka et al.,
1999). Mercury concentrations up to 50 ng/L were reported for streams draining bogs
during periods of high flow, and most of this mercury was bound to particulate organic
carbon. Because this form of carbon settles from the water column under calmer
conditions, streams often have much higher total mercury concentrations than lakes.

3.3 Fish

Fish have many orders of magnitude higher mercury concentrations than the waters
they grow in. The concentration varies among lakes and species, but within asingle lake,
mercury in fish tends to increase with size and age. In order to compare mercury
concentrations in fish from different lakes, therefore, it is important to compare similar
sized fish of the same species.

Two of the largest databases on Minnesota fish mercury levels were generated by
Glass et a (1999) and Sorenson et al. (1990). Jeremiason (2002) combined these data
with other fish mercury data collected by Minnesota state agencies through 1999 and
produced an extensive database of normalized fish-mercury concentrations which
allowed assessment of spatial and temporal trends. Empirical relationships were
developed to estimate mercury concentrations for a 55 cm northern pike (NPss) using
mercury concentrations measured in northern pike of other sizes or fish of other species
(Sorenson et ., 1990; Jeremiason, 2002).

Recent NPss fish mercury concentrations in NE Minnesota range up to
approximately 2 pg/g (Fig. 4). For comparison, recent fish consumption advisories began
to take effect at a level of 0.038 pg/g Hg, but fish containing 2 pug/g Hg were to be
consumed no more than once per month by most people, and no more than approximately
once per year by young children or by women of child-bearing age (Table 2). These
levels are subject to change as more becomes known about health effects of Hg
consumption.

A number of lakes in extreme northern Minnesota have relatively high fish-mercury
concentrations, as do some located near the iron range but none of these appear to be
close to the highest level for fish consumption advisories. The highest Np55 mercury
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concentrations near the iron range are in Wynne (Np55= 0.60 and 1.11 ug/g in 1996),
Esquagama (0.64 and 0.66 pg/g in 1999), Colby (0.82 ug/g in 2000), and Embarrass
Lakes (0.64 and 0.94 pg/g in 1999) located on or just south of the eastern side of the
Mesabi Iron Range. These values are for a standard sized northern pike of 55 cm as
reported by Jeremiason (2002 and personal communication).

Determining whether fish mercury is increasing or decreasing in Minnesota is a
difficult task owing to the slow rate at which changes take place and to arelatively sparse
dataset for lakes that have had fish measured at least twice over a long period of time.
Statewide, Jeremiason (2002) found 114 lakes that had fish mercury data available for
1995 and later and which had been sampled at least 5 years previous. Of these, fish-Hg
declined in 63 cases, increased in 22 cases, and stayed approximately the same for 29
lakes, suggesting that fish mercury levels, on average, may be declining. On the other
hand, when measurements of fish mercury were grouped according to year, regardless of
which lakes were sampled, aregression of fish mercury levels versus time resulted in no
significant change with time.  Likely, it is too early to tell whether state, national, and
international efforts to reduce mercury emissions are having a direct impact on the
mercury levelsin Minnesota fish.

3.4 Historical Deposition

Much of the mercury delivered to a lake in the form of precipitation or runoff is
deposited and stored permanently in sediments. Thus, coring and age-dating the
sediments from a lake make it possible to evaluate historical changes in Hg deposition
and to evaluate changing mercury transport characteristics for a watershed. Two recent
lake sediment studies conducted on lakes in Minnesota include Swain et al. (1992) and
Engstrom and Swain (1997), who reported age-dated sediment data from 12 lakes
including four in NE Minnesota, and Engstrom et al. (1999) who report data from 50
Minnesota lakes including 20 in NE Minnesota. Actual mercury accumulation rates are
highly variable owing to geographic and geologic differences, but cores consistently
record increasing mercury accumulation rates since pre-industrial times (Figure 5).
These increases can be attributed to increased erosion of soils within disturbed
watersheds and to increased global and regiona atmospheric deposition.

Not surprisingly, the greatest changes in Hg fluxes to lakes in Minnesota occur in the
east central part of the state, near Minneapolis and St. Paul, where watersheds are most
likely to have been disturbed and where lakes are located closest to a number of potential
mercury sources (e.g., coal combustion, waste incinerators). As is the case for Hg data
from lakes and rivers, however, few cores exist to evaluate changes in Hg accumulation
rates on or near the iron range. A group of lakes cored near Grand Rapids is well west,
and generaly “upwind” of the areas currently being mined. Another group of lakes cored
near Silver Bay, meanwhile, are relatively close to Northshore mining’s processing plant,
but as will be discussed later, the ore processed at this site has much lower mercury
concentration than ore mined by the other companies on the iron range.
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4. Iron Mining in Minnesota

4.1 Introduction

The iron mining industry in Minnesota began with discoveries of iron ore in the late
1860’'s, production on the Vermilion Range in the 1880's, and rapid expansion to the
Mesabi Iron Range in the early 1890's and Cuyuna Range in the early 1910's (Emmons
and Grout, 1943; Hatcher, 1950; Engesser and Niles, 1997). The so called “natural ore”
mined during the first half of the 20th century was high grade, having been oxidized and
enriched by extensive weathering near the surface. Most ore of this type required little or
no processing before being shipped through the Great Lakes to iron and steel
manufacturing facilities in the eastern United States, but beneficiation increased
gradually during the early part of the 1900's. From 1906 to 1936, the percentage of ore
beneficiated increased in five-year periods as follows: 0.6, 8.9, 9.6, 18.3, 36.3, 35, and
42.0, and increasing to over 50% by 1940 (Emmons and Grout, 1943). Most
beneficiation in these early periods involved simple crushing, screening, washing, and
drying of the ore, all processesthat likely did not result in release of significant mercury.

Mining and beneficiation of taconite, a very hard, relatively low grade, siliceous ore
that forms the basis of the iron industry in Minnesota today, began in 1949 after years of
research determined how best to utilize this large resource. While the “natural” direct-
shipping ore has been largely mined out, it is estimated that there may still be over 200
years of taconite reserves remaining in Minnesota (Ojakangas and Matsch, 1982).
Taconite production involves the fine grinding and magnetic separation of ore, and
importantly, the conversion of concentrate into pellets. Because, as will be discussed
later, Hg releaseisintrinsically linked to the firing of pellets, airborne Hg emissions from
Minnesota' siron industry effectively began with taconite processing in 1949.

In 2003, at the beginning of the year, six active taconite companies remained, al of
which mine on the Mesabi Iron Range (Fig. 6). These include, from west to east:
National Steel Pellet Company (NSPC) near Keewatin (recently purchased by US-Steel
and called Keewatin Taconite Minnesota Ore Operations), Hibbing Taconite (HibTac)
near Hibbing, US Steel-Minntac (Minntac), near Mountain Iron, EVTAC Mining
(EVTAC), near Eveleth, Ispat-Inland Mining Company (IIMC), near Virginia, and,
finally, Northshore (NS) Mining, with mines located near Babbitt and ore processing
facility located on the shore of Lake Superior in Silver Bay. EVTAC was in atemporary
shut down mode at the time this document was prepared. LTV-Steel Mining company
(LTVSMC) is a Cliffs-Erie facility that mined and processed ore on the iron range until
2001, at a site near Hoyt Lakes and located between IIMC and Northshore. In more
recent developments on the iron range, newer Direct-Reduction-Iron (DRI) and pig-iron
nugget technologies are being considered for mining operations near Nashwauk (the
former Butler mine site) and Northshore, respectively. These and similar products, with
their higher iron contents, may represent the future of mining production in Minnesota
and elsewhere in the world.
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4.2 Taconite and the Biwabik Iron Formation

All taconite companies in Minnesota currently mine ore from the Biwabik Iron
Formation. This formation is similar to banded iron formations found throughout the
world, al of which were deposited primarily from 1.8 to 2.6 billion years ago, during a
period of time when oxygen in the Earth’s atmosphere was becoming more available.
This oxidation led to world-wide deposition of iron from seawater. In Minnesota, near-
surface exposure of the Biwabik Iron Formation strikes east-northeast in a continuous
band extending approximately 120 miles from a location southeast of Grand Rapids to a
point near Babbitt, where it is truncated by the Duluth Complex. Sandwiched between
the Pokegama Quartzite below and the Virginia Formation above, the Biwabik Iron
Formation ranges in thickness from about 200 to 750 feet, and dips approximate 5 to 15°
towards the southeast (Morey, 1972). The relatively planar feature is interrupted by
several major structural features, the most prominent of which is the so-called “Virginia
Horn”. This feature, consisting of the Virginia syncline and parallel Eveleth anticline,
produces, in surface expression, a seven-mile curved offset of the formation between
EVTAC and Minntac (Fig. 6). The crest of the Eveleth anticline, traced using
geophysical methods, plunges into the subsurface in a southwesterly direction (Morey,
1972).

Taconite is a sedimentary rock, probably deposited originaly as a mixture of
Fe(OH)3; and varying proportions of other common materia (silica, carbonates, organic
carbon, iron-sulfides, clays) and converted to present form during diagenesis or low-
grade regional metamorphism (Morey, 1972; Perry et a., 1983; Thode and Goodwin,
1983; Bauer et a., 1985). Eastern sections of the formation have been subjected to
thermal metamorphism, especially near Babbitt, where intense heating occurred during
intrusion of the Duluth Complex (Morey, 1972; Ojakangas and Matsch, 1982). Although
the metamorphism in that area has not serioudy affected the major element geochemistry,
it has certainly affected mineralogy, as the primary low temperature silicate phases
(minnesotaite, greenalite, stilpnomelane, and chamosite) have been replaced by a
compositionally equivalent high temperature phase assemblage (quartz, amphibole,
magnetite, pyroxene, fayalite, cummingtonite). By comparison, isotopic data on minerals
recovered from the western side of the district suggest peak “metamorphic” temperatures
were less than 100 or 150° C (Morey, 1972).

5. Mercury Release from Taconite Processing

There are two potential primary sources of mercury during taconite processing: (1)
mercury released from processing of the ore and (2) mercury released from fuels used
when processing the ore. Of these two categories, the first is clearly dominant and will
be discussed in detail below. Coal is the primary source of mercury in fuels used by
mining companies, but only Minntac and EVTAC commonly use coal to fire their pellets.
However, it takes only about 20 to 30 Ibs of coal to fire one long ton of pellets (Engesser,
personal communication), so for this to be a significant source of mercury compared to
pellets, the concentration would have to be much higher. Mercury concentrations for
coa used by mining companies (included in the appendix) are similar to those in the
unprocessed ore, so this report focuses on mercury distribution in the ore.
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5.1 Mercury in Taconite Ore

Mercury concentrations in the Biwabik Iron Formation reflect concentrations of the
element deposited with the original sediment as modified by diagenetic, metamorphic,
and weathering processes. Despite a significant amount of chemical work on the
Biwabik Iron Formation, relatively few data exist which can be used to confidently
quantify the abundance and distribution of mercury in taconite ore. Data from the most
extensive study of mercury distributions in the Biwabik Iron Formation (Morey and
Lively, 1999) cannot be easily reconciled with data from numerous other studies
conducted on samples collected from mineral processing facilities (Appendix 1). Both
datasets are described here along with possible explanations for observed discrepancies.

Morey and Lively (1999) reported mercury concentrations for approximately 200
samples collected from drill core at three sites south of the present area of mining.
Collectively, the samples had a mean value of 79.2 ng/g (ppb) for mercury concentration,
but the ore zone had dlightly lower mercury concentrations near Biwabik (56.82 ppb,
n=13) and Keewatin (70.9 ppb, n=12) and dightly higher near Buhl (90.2 ppb, n=10).
Replicate analyses were made at three other laboratories. Results from Frontier
Geosciences, Seattle Washington, who employed a more sensitive technique (cold-vapor
atomic fluorescence spectrometry, or CVAFS with detection limit of approximately 0.5
ppb) than that used in the rest of the study (cold vapor atomic absor ption spectroscopy or
CVAAS,; detection limit about 5 to 10 ppb) proved to be systematically lower than values
obtained from the other three labs, sometimes by more than 70%. Morey and Lively
noted this, as well as the large differences between concentrations they measured and
those reported for materials presently being mined (Engesser and Niles, 1997). Further
research and appropriate iron formation standards were needed to explain the disparate
results.

As a result of limitations in the above data, mercury measurements from a large
number of studies conducted at taconite processing facilities (Engesser and Niles, 1997;
Engesser, 1998a,b, 2000; Monson et al., 2000; Lapakko and Jakel, 2000; Benner,
2001a,b) were compiled (Appendix 1) and summarized in Table 3 and Figure 7. Mercury
concentrations from freshly crushed, non-beneficiated ore samples ranged in value from
0.6 up to a maximum of only 32 ppb, well below the values reported by Morey and
Lively (including the subset of samples analyzed by Frontier Geosciences). Moreover,
there is general agreement among data collected in various studies, providing evidence of
a relatively clear trend in mercury concentration for unprocessed ore. Mercury
concentration at the west end of the district is only about 20 ppb but increases gradually
eastward to a maximum of 32 ppb and then decreases gradually again to a value less than
1 ppb in thermally metamorphosed ore at Northshore. A similar geographic trend is
present in the Morey and Lively data, but their reported concentrations are elevated over
those at the present mining surface by approximately 50 ppb.

Engesser and Niles (1997) noted an association between mercury and sulfur
concentrations at Minntac and LTVSMC' s facilities. This introduces the possibility that
higher Hg concentrations reported by Morey and Lively (1999) for deep drill core might
be related to the presence of higher sulfur concentrations than near the surface. Thus,
mercury concentrations from Morey and Lively (1999) were plotted as a function of
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sulfur concentration (for the same core intervals as reported earlier by Morey, 1992) and
compared to similar data for presently mined ore from Engesser and Niles (1997) (Fig.
8). The mercury values reported by Morey and Lively (1999) are clearly elevated for
samples having similar sulfur as reported by Engesser and Niles (1997), indicating that
the high mercury cannot be attributed to increased sulfur.

Another possibility to consider is that of Hg contamination for the dataset reporting
the higher numbers: Morey and Lively (1999). In thisregard, the potential for significant
mercury contamination in powdered samples is demonstrated by the results of mercury
adsorption experiments conducted by Fang (1978). This study found that 2.0 gram
powdered mineralogical samples adsorbed up to 5 pg of Hg from air containing 79.2
ng/m® Hg(0) in a few weeks. Furthermore, mercury was still rapidly adsorbing to the
solids when the experiments ended and the adsorbed mercury was not later released when
samples were placed into a vacuum. These data indicate that powders exposed to air for
long periods of time could experience increasing concentrations of mercury.

Of relevance to the contamination question, in this case, is the fact that samples
collected by Morey and Lively (1999) were garnered from a previous study (Pfleider et
a., 1968), and had been stored as powders for approximately 30 years prior to being
analyzed for mercury. Although Hg concentrations typical for indoor air are three orders
of magnitude less than those used in Fang's experiments (Carpi and Chen, 2001), the
powders analyzed by Morey and Lively were exposed for a much longer period of time
than that used in the experiments. Furthermore, because the samples analyzed by Morey
and Lively (1999) were stored in cardboard boxes, rather than in air-tight glass or plastic
containers, temporary exposure to air containing high levels of Hg from common
products, such as latex paints, pesticides, fungicides, or detergents or from the accidental
breakage of Hg-containing devices (fluorescent lights, tilt switches, thermostats), cannot
be ruled out. Because of the possibility of mercury adsorption from air, data from Morey
and Lively (1999) are not considered further in the present study. Distribution of
mercury in ores deep in the subsurface may well be similar to those in ore presently being
mined today (See Fig. 7), but the possibility of elevated Hg values should not be ignored.
Conducting further analyses on fresh core samples could potentially clarify thisissue.

Perhaps more significant than bulk mercury concentration, especially regarding
atmospheric emissions, is the concentration of mercury in magnetite, the primary ore
mineral from which iron is derived. During processing, magnetite is magnetically
separated from other solids in the composite ore and the resulting concentrate is rolled
with other minor components (fluxing agents, binders) into balls (greenballs). It is the
magnetite dominated “greenballs’ that are introduced into the indurating furnaces where
mercury emissions are generated. Mercury concentrations in “concentrate” and
“greenball” were found to be statistically similar to each other, and these concentrations
were almost always lower than concentrations in the bulk ore, especially at 1IMC and
Minntac (Fig. 7). Because magnetite is, by far and away, the dominant minera in
concentrate and greenballs, these concentrations probably represent mercury associated
with magnetite in the primary ore. Correspondingly, tailings from Minntac, EVTAC, and
[IMC have the highest mercury of all samples collected (averages of 39.5, 40.2, and 35.4
ppb, respectively), consistent with the idea that selective removal of low-Hg magnetite
from the bulk ore results in selective enrichment of mercury in tailings (Fig. 7).
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Engesser and Niles (1997) noted mercury concentrations at some facilities (Minntac
and LTVSMC) were closely associated to sulfur concentrations. In these cases, a
relatively small percentage of the mercury in the primary ore was routed into the
pelletizing plant. Apparently, pyrite, which is non-magnetic and is sent, therefore, to
taillings basins, provides an important host for the trace mercury at Minntac and
LTVSMC. Little correlation was observed by Engesser and Niles between mercury and
sulfur at HibTac and Northshore mining, however, and the result was that a higher
percentage of the mercury was routed with concentrate into the pellet plant at those
facilities. Nevertheless, significant mercury was routed into the tailings basins when no
correlation with sulfur could be made. This indicates that, in addition to magnetite and
sulfide minerals, some mercury resides in other phases in the ore matrix (non-magnetitc
iron oxides, silicates, and carbonates). No attempt has been made to establish the
distribution of mercury among these other minerals.

Other sample types were collected at some of the processing sites, including dust
from scrubbers and various filtrates. Values are reported in the appendix, but have little
application to the present study, which focused on the broader question of mercury
distribution in the Biwabik Iron Formation and release during mineral processing.

5.2 Tailings Basins

Fine tailings generated at most mining operations are slurried with processing waters
and pumped into large man-made impoundments called tailings basins. There, the tailings
settle from the discharged waters, and most of the water is recycled to the plant for reuse.
I IMC previously disposed tailings in a tailings basin but in December, 2001, began
disposing tailings and recycling water in an abandoned open-pit mine located near their
processing facility (Minorca Pit). An important question for all of these operations
relates to the effect of tailings disposal on mercury distributionsin NE Minnesota.

As discussed previoudly, and shown in Figure 7, the concentration of mercury in
taillings is usually greater than the concentration of mercury in the concentrate.
Furthermore, the mass of tailings released to tailings basinsis typically two to three times
the mass of pellets generated (Engesser and Niles, 1997, Skillings, 2001). Thus, the total
mass of mercury that reports to tailings basins must be larger than that which is emitted to
the atmosphere. At least two pathways need to be considered for release of mercury from
tailings basins: (1) transport out of the system in waters that leak or are intentionally
discharged from the tailings basin and (2) direct release of mercury to the atmosphere as

Hg(0).

Averaged mercury concentrations for tailings basin waters are compiled in Table 4.
The averaged values range from 1.23 to 3.48 ng/L for basin waters and from 0.72 to 2.44
ng/L for seeps. These values are similar to those measured in lakes and streams (see
above), but much less than that of recent precipitation (most recently about 12 ng/L). In
fact, calculations suggest that arelatively large fraction of the mercury present in tailings
basins waters may have been supplied by precipitation. According to ClI concentration
data available in Berndt et al. (1999), it can be shown that water discharged to tailings
basin at NSPC from 1996 to 1999 was diluted by an average 21% by precipitation falling
on the basin. Assuming 21% dilution in 1999 when mercury concentrations were
measured in NSPC’s basin, and considering that precipitation contained an average 12
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ng/L in the area for that year, precipitation alone would account for at least 2.54 ng/L
mercury. Although this calculation does not take into account mercury added by dry
deposition or further concentration of dissolved elements by evaporation, the average
value of dissolved mercury in NSPC'’ s tailings basin was 2.52 ng/L. Thus, wet and dry
precipitation alone, combined with evaporative increase, more than accounts for al of the
dissolved mercury in tailings basins. This is not particularly surprising, as the same can
be said for many lakes in NE Minnesota. However, it does demonstrate that tailings are
not a significant source of dissolved mercury.

Minntac performed a study to evaluate mercury released during seepage from
tailings basins (US Steel, 2000) (See Table 4 and Appendix 1). Water within the tailings
basin had an average of 1.1 ng/L Hg during the study in 1999. This is considerably less
than the single value of 4.23 ng/L reported by Engesser and Niles (1997) for a sample
collected in 1996. Seepage during 1999 averaged only 0.73 ng/L, indicating that reaction
of water with tailings does not result in an increase in the concentration of mercury and
may, in fact, result in a decrease in concentration. The mercury concentrations in waters
seeping from the tailings basins were found to be lower than concentrations in
surrounding surface waters. Similar findings were made at Northshore by Monson et al.
(2000) who determined that the net effect of discharge from the tailings basin was to
decrease the concentration of mercury in the river receiving the discharge.

It is important to note that just because an industry discharges water with a
concentration that is less than that of the water it takes in does not mean it will meet
water quality standards. Currently, two major water quality standards are in effect,
depending on which drainage basin the discharge is located. Tailings basins for
Northshore, Evtac, and the former LTVSMC as well as Ispat-Inland’s Minorca Pit
disposal facility are all located in the Lake Superior watershed, which currently has a
Class 2B mercury discharge standard for mercury of 1.3 ng/L. The current standard for
I IMC’s inactive tailings basin and for Hibbtac, National, and Minntac, all of which have
tailings basins located in the Red and Mississippi River watersheds, is 6.9 ng/L.
Currently, it appears that all of the mining companies meet the higher water quality
standard, but water in some tailings basins and seepages are above the stricter 1.3 ng/L
water standard.

Finally, volatilization is an important natural process in forested watersheds where it
has been estimated that a mean value of 32 ug of mercury is volatilized (or deposited and
revolatilized) per sgquare meter per year (Grigal, 2002). Thus, a screening study was
conducted to evaluate mercury volatilization rates from taconite tailings basins (Swain,
2002). Rates of measurement for the 20 minute intervals used in the study, which was
conducted in the fall under daylight conditions, cannot be extrapolated for the year nor
can it be applied to nighttime conditions. Nevertheless, the data suggest that some
mercury does appear to volatilize from unvegetated tailings, and that this amount is
different for different tailings. Rates of volatilization ranged from 24 to 44 ng/m2/hr at
Evtac, 29 to 34 ng/m2/hr at Minntac, and were indistinguishable from the control at
Northshore. No volatilization was detected above ponded water in the tailings basin. If
tailings volatilized approximately 30 ng/m2/hr for afull year, then atotal of 263 ug m? &
! would be released. Although this is greater than that estimated for natural background
volatilization (32 ug m? a%), extrapolating this rate to a tailings basin having a size of
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300 hectares (Evtac's tailings basin area), results in an estimate of approximately 0.8 kg
a’. This would represent a relatively small addition to EVTAC's mercury emissions,
which as will be shown in the next section, already commonly exceed 50 kg a™.
Moreover, closure of tailings basins involves a revegetation of the surface. It is

unknown, what effect this will have on mercury volatilization.

5.3 Stack Emissions

Engesser and Niles (1997) realized that emission rates (per ton of ore produced)
increased in a westward direction across the Mesabi Iron Range. This trend can be
attributed to a combination of effects including low levels of mercury in ore from the
eastern side of the district and sulfide enhanced mercury levels in the center of the
district. Highest mercury emission rates were found on the western side of the district,
where the mercury was neither diminished by metamorphism nor sequestered into easily
separable sulfide minerals. However, because stack emissions weren’t measured directly
by Engesser and Niles (1997), they had to be estimated by difference and by assuming a
value for scrubber efficiency for mercury removal from stack effluents. Stack emissions
have since been measured directly at all taconite facilities on the Iron Range and results
have been compiled and summarized by Jiang et a. (2000). In genera, these stack
emission tests have corroborated and better refined the trends noticed by Engesser and
Niles.

An important parameter for estimating emissions from taconite companies is the
“emission factor”, which represents the mass of mercury released divided by the mass of
pellets produced. Probably the most convenient unit for presenting emission factors is kg
mercury per million long tons of pellets produced (kg/10°LT). Not only are taconite
production figures often provided in units of long tons, but one long ton of solid
containing 1 ppb (or 1 pg/kg) mercury is capable of releasing a numerically similar
amount of mercury in kg (1.016 kg) (1 ppb = 1.016 kg/10°LT).

Emission factors reported by Jiang et a. (2000) are listed in Table 5 and plotted with
concentration data as a function of distance from Northshore’'s mine in Figure 7, a
procedure first adopted by Engesser and Niles (1997). Severa important observations
can be made, including: (1) emission factors and concentrations are extremely low on the
eastern side of the district (Northshore); (2) mercury in the concentrate and/or green ball
generally increases westward across the district; and (3) despite its location at the center
of the district, EVTAC's emissions and mercury levels in concentrate or greenball are
closer to values characteristic of facilities on the western side of the district (NSPC and
HibTac).

It is generally recognized that low mercury in Northshore ore is related to past
geologica processes, whereby mercury was expelled during intense heating associated
with emplacement of the Duluth Complex. A possibility to account for the other noted
trends might involve heating to lesser degrees due to (1) increasing distance from the
Duluth Complex or (2) range-wide differences in the peak depth of burial. Indeed, ore
across the district exhibits increasing metamorphism and recrystallization from west to
east on the iron range (Morey, 1972). Increasing recrystallization of magnetite may have
systematically released a greater percentage of mercury from the magnetite.
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The portion of the Biwabik Iron Formation currently mined by EVTAC, is somewhat
unique compared to other parts of the formation because it is positioned at the top of the
Eveleth anticline. Whether this ultimately affected the depth to which this section of the
formation was buried, or whether it affected the degree to which it was affected by
igneous intrusion during emplacement of the Duluth Complex, is beyond the scope of this
paper. Indeed, with the collection of more data, it may turn out that the higher mercury at
EVTAC relative to other nearby operations is a statistical anomaly, or may be rooted in
differences in mineral processing technique (IIMC and Minntac use flotation to refine
their concentrate, while EVTAC does not).

Whatever the cause of the mercury emission trends, it is generally assumed that the
mercury that is emitted from stacks is predominantly in elemental form. Although this
has not been verified at every plant, a study conducted at HibTac indicated that an
average of 93.3% of mercury emissions were in Hg(0) form, with aimost all of the
remainder emitted as Hg(ll) (Jiang et a., 2000). Very little particulate mercury was
emitted. The form of mercury is important for determining where the element is
deposited. Elemental mercury can be transported in the atmosphere for years prior to
being deposited, while particulate and charged forms may be deposited much more
locally.

5.3.1 Historical stack emissions

Because mining companies keep relatively complete production records, and because
mercury stack emissions are believed to be directly proportional to mining production, it
is possible to estimate historical mercury release levels for taconite mining operations
since the industry began. Such records may have value for evaluating links between
mercury emissions and local mercury accumulation.

Records of annual concentrate production were compiled for Minnesota taconite
mining companies through 1995 by Engesser and Niles (1997). Similar data were also
obtained for the present study for the years 1995 through 2003 (estimated) in Skillings
(2003). All concentrate production data were converted to pellet production numbers
using recent conversion factors (pellet mass/ concentrate mass) and are plotted as a
function of time for individual mining companies in Figure 9. Resulting values were
multiplied by emission factors from 1995 to 1997 reported by Jiang et al. (2000) (Table
5) to provide estimates of annual atmospheric emission since initiation of taconite mining
in 1949. Prior to this, nearly all ore and concentrate shipped to ports in the eastern US
were mined and processed using techniques involving little or no intense heating. While
emission factors may have varied through time, data presented in Figure 7 suggest that
emissions are closely linked to concentration of mercury in the concentrate, which
appears to be closely related to geographic location of the mine. Thus, by multiplying
geographically appropriate emission factors by production figures for individual taconite
plants, reasonable estimates of historical atmospheric emissions can be achieved
(Appendix 3).

No mercury data are available for the former Butler site, so production at this site
was assumed to have an emission factor similar to that of NSPC, the nearest site.
LTVSMC operated the Dunka mine, which, with its location immediately adjacent to the
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Duluth Complex, probably contained very little mercury. 1IMC, meanwhile, extracted
ore from the Minorca pit, located near Virginia Minnesota (on the Virginia anticline)
between Minntac and EVTAC until 1993, but has since switched to its current mine
location, between EVTAC and LTVSMC. These and other possible geographic shiftsin
mining operations were not taken into account here.

With the exception of a few subtle differences, the historical patterns of mercury
emission (Fig. 9) are, of course, similar to historical patterns of taconite production (Fig.
10). Because early pellet production was concentrated on the east end of the range
(Northshore and LTVSMC) where emission factors are low, initial mercury emission
rates were aso initially low relative to production. In contrast, a peak in taconite
production that occurred from 1979 to 1981 involved the opening and rapid expansion of
companies on the western side of the district, where mercury emission factors are
comparatively high. This westward shift in mining lead to an acceleration of mercury
emissions relative to production. Annua mercury emissions exceeded the 100 kg mark
in 1967, leveled off at approximately 200 kg at the end of the 1970's, and then abruptly
and temporarily increased to the 350 kg range from 1978 through 1981. Following that,
annual mercury emissions abruptly decreased to 200 kg but then increased gradually
through the 1980's and eventually leveled off between 300 and 350 kg/year through the
1990's.

The closing of LTV SMC, and production decreasesin 2001 at other companies, have
resulted in a correspondingly large reduction in mercury emissions from taconite
companies in recent years. |If other companies on the western side of the district had
picked up the reduced pellet production caused by LTVSMC's closing, then emissions
would likely have increased dlightly owing to the higher emission factors for those
companies. However, LTVSMC's closing does not appear to have bolstered pellet
production at other Minnesota companies. Hg emissions have, therefore, decreased
substantially.

Based on the most recent precipitation records available from the National
Atmospheric Deposition Program (NADP, 2002; Vermette et al., 1995), the annual
atmospheric Hg release from taconite mining is approximately two to three times that
deposited from precipitation over an area the size of St. Louis County in NE Minnesota.
Thus, if only afraction of the Hg released by taconite processing were deposited locally,
it should be recorded in Hg distributions in sediments from nearby lakes. Because of the
global nature of mercury dispersal, alink between mercury emission and deposition is not
always established in an area. This appears aso to be the case here, where an assessment
of Minnesota lake sediment data by Engstrom et a. (1999) found that mercury
accumulation rates for lakes closest to the iron range (e.g., near Silver Bay) did not
obvioudly reflect taconite emission data. This is consistent with the notion that most Hg
emissions from taconite companies are airborne and not deposited locally. Because
Hg(0) released to the atmosphere remains in the atmosphere for a long period of time
before being precipitated (approximately half will be oxidized and precipitated out every
1to3.5yrs, Mason et a., 1994, Pirrone et al., 2000), mercury in Minnesota taconite stack
emissions is probably dispersed globally before being deposited.
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5.3.2 Comparison to other sources

While the amount of mercury released to the atmosphere by taconite mining
companies is second (in Minnesota) to that of power companies, the total is relatively
small compared to emissions from other national and international sources (Table 6). An
estimated maximum of 388 kg of mercury was released by the taconite industry in 1979.
Mercury emission data from other iron producers world-wide was not readily available,
except for an estimate of 4360 kg released annually by the steel and iron industry in the
Mediterranean area of Europe (Pirrone et al., 2001). The later number, which may
include mercury released by scrap iron processing (a considerable source due to presence
of mercury bearing equipment in scrapped automobiles), is similar to Minnesota's entire
1990 annual output of 5,305 kg, but much higher than Minnesota' s entire annual output
in 2000, estimated at 1720 kg (MPCA, 2002).

US emissions were estimated to be approximately 144,000 kg in 1994 to 1995 (EPA,
1997), less than half of North America's estimated 1992 total of 301,000 kg. Global
anthropogenic emissions are approximately 1,450,000 to 2,000,000 kg, which is less than
half of the estimated total globa Hg emissions to the atmosphere (anthropogenic +
natural) of 5,000,000 kg/yr (EPA, 1997). Based on these figures, taconite emissions
represent about 0.24% of the US anthropogenic releases in 1994/1995, 0.1% of North
American anthropogenic Hg emissions to the atmosphere, and about 0.007 % of total
global emissions (anthropogenic plus natural).

5.3.2 Potential control

As part of a statewide plan to reach emission reduction goas, many taconite
companies have entered into voluntary mercury reduction agreements with the MPCA.
Although significant steps have indeed been taken by all of the taconite companies to
eliminate and/or control use of Hg bearing chemicals and equipment (IMA, 2001), these
sources were not even considered in the MPCA'’ s prior assessment of taconite companies,
which focused exclusively on mercury in stack emissions (Engesser and Niles, 1997;
Jiang et a, 2000). As discussed above, mercury present in taconite occurs as a trace
element, and cannot be eliminated by simply using a different fuel source or by
eliminating mercury-bearing components from material to be combusted.

A recent study by the Coleraine Minerads Research Laboratory (CMRL-NRRI),
University of Minnesota, suggested that some emission control may be obtained by
modifying the current practice of recycling the dust from wet scrubbers into the
indurating furnaces (Benner, 2001b). Benner (2001b) found that this dust contains
extremely high mercury concentrations, and if this material, particularly the fine fraction,
was channeled into the waste stream (rather than recycled to the indurator), mercury
emissions could be cut. Estimated savings in terms of mercury release to the
environment are shown in Table 7, but it is important to note that these estimates are
based on one time measurements, and are based on many assumptions.

For example, Berndt et a. (2003) showed that considerable mercury is present in
dissolved form in plant scrubber systems and that with passage of time this mercury
adsorbs to the suspended dust. The concentration of mercury measured on dust,
therefore, can vary considerably depending on when the filtration was performed.
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Because most previous studies collected samples at the plant and processed them at the
laboratory (after adsorption occurred), the amount of mercury adsorbed to dust has
probably been previously over-estimated.

In addition, Berndt et a. (2003) found that the amount of mercury captured in wet
scrubbers depends greatly on whether the processing facility is producing fluxed or acid
pellets. At Minntac, mercury capture by the plant scrubber system was nearly an order of
magnitude greater when the company was producing acid pellets compared to fluxed
pellets. Thus, the combined mercury captured by scrubber waters and suspended solids
can, at times, represent a significant fraction of the mercury released during taconite
processing. Thisis a continuing area of active research on the iron range (see section 7
below) and may potentially lead to re-estimates of taconite plant emissions (taking into
account increased capture during acid pellet production) and/or more cost effective
means to eliminate at least some of the mercury from taconite air emissions.

6. Cost and Benefit

Cost-benefit analyses attempt to weigh the costs of implementing control measures
against the benefit in terms of environmental and public health. Technologies to reduce
mercury emission from taconite processing have only recently begun to be addressed (see
above) so the cost of reducing mercury from emissions is unknown.

Hagen et al. (1999) surveyed and interviewed Minnesota residents to help arrive
at adollar figure for the value of reduced mercury deposition to Minnesotans. They first
educated a large number of Minnesota residents on mercury issues, and then asked how
much they would be willing to pay for mercury reductions. 2500 Minnesotans were
surveyed and an additional 250 were interviewed. For a 12% reduction in mercury
deposition, the surveyed households were willing to pay an average of $118.91 per year
while those interviewed were willing to pay an average $198.03 per year. The lower
figure trandates to a value of approximately 212 million dollars for Minnesota as a
whole.

Lutter and Irwin (2002) reviewed literature on health effects and mercury exposure
and estimated the cost per child of controlling mercury from coal burning power plants.
They claim that “approximately 6000 children in the US would experience improvements
in specific, narrow measures of neurological performance (between 13 and 22 percent of
a standard deviation)” upon the complete elimination of mercury from fish. The authors
noted that even sharp cuts to the power industry would not achieve such improvements
owing to the fact that many other industries and activities emit mercury to the
atmosphere. Using what the authors claimed to be conservative choices, the cost of
implementing mercury control on coal-fired power plants ($1.1 billion to $1.7 billion per
year) amounted to spending approximately $10,000.00 per affected US child. The
authors indicated, however, that the positive effects of reduced mercury exposure would
likely be hard to measure or detect.

The taconite industry emits much less mercury to the atmosphere than coal-fired
power plants and, in fact, it is clear from data in Table 6 that cutting even 100% of the
mercury from taconite stack emissions would have only a small impact on the national
and world inventories of mercury. If mercury in the environment is to be controlled, it
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must involve a global effort, placing emphasis on curtailing emissions from the largest
sources that are easiest to control. Mercury control methods and costs are only beginning
to be established for taconite processing companies, but even if an economic means is
found to remove this source of mercury, continued efforts will be needed to reduce
mercury emissions elsewhere to have significant impact on mercury deposited in
Minnesota.

7. Additional Studies

Studies are being conducted at Coleraine Minerals Research Laboratory and by the
Department of Natural Resources which could help to improve our understanding of
mercury concentrations and distribution in taconite ore and aso help to control
emissions. Funding from the Minerals Coordinating Committee (MCC), the Iron Ore
Cooperative Research Fund (IOCR), and the Permanent University Trust Fund (PUTF) is
being used for conducting mercury balance studies around the concentrators at EVTAC,
[ IMC, Minntac, and HibTac. Results from this study are due out shortly. CMRL is aso
studying removal of elemental mercury from flue gases using a copper-coated magnetite
injection process at Clay-Boswell, using funding from PUTF and the Federal
Government Economic Development Administration (EDA).

Other studies are being conducted by the Minnesota Department of Natural
Resources to evaluate mercury exchange between water and solids in processing lines
and to determine if minor processing changes can lower mercury emissions to the
atmosphere.  This work is funded partially by 10CR, Environmental Cooperative
Research (ECR), and the Great Lakes Nation Program Office (GLNPO-EPA). The idea
IS to maximize mercury oxidation in processing lines, eliminate recycling of oxidized
mercury captured by plant scrubbers (to the induration furnace), and to ensure permanent
disposal of the mercury in tailings basins. A secondary objective is to better evaluate the
relative sources of mercury in tailings basin water (precipitation?). These studies are
expected to take two years, with start times ranging from July to October, 2003.
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8. Summary

This study summarizes and presents available data on mercury distributions in and
around the taconite mining region in Minnesota. Twelve years of deposition records
suggest a stable to increasing trend of mercury concentration in precipitation and mercury
deposition, while sediment records indicate a recent decreasing trend for selected
localities within NE Minnesota. Two large datasets on the total mercury concentration in
lakes yield conflicting results, one suggesting much higher concentrations than the other.
Neither dataset provide concentration of mercury for lakes in a large region extending
from the iron range southeastward to Lake Superior. Fish mercury is decreasing in more
lakes than it is increasing in, but the overal record is insufficient to prove a declining
trend in fish mercury levels. Recent research reveals that the mercury in precipitation
that falls directly on a lake is much more available for methylation than that which falls
on (and runs off from) land.

Mercury is present in small quantities in primary taconite ore, ranging in
concentrations from approximately 20 ppb on the western edge of the active area, up to
approximate 32 ppb at Minntac, near the center of the mining district, and decreasing
again eastward to approximately 1 ppb in Northshore' s ore. Mercury in Northshore's ore
islow owing to effects of extensive therma metamorphism that occurred during intrusion
of the Duluth Complex. Data from a study on drill core suggest that mercury
concentration increases by approximately 50 ppb down-dip in the iron formation,
however, the possibility that samples analyzed in that study were affected by Hg-
adsorption from air makes this an unresolved issue.

Waters existing in and being discharged or seeping from tailings basins have
mercury concentrations similar to and possibly lower than rivers and lakes in the region
and much lower than local precipitation. Class 2b water quality standards for total
mercury in NE Minnesota are 6.9 ng/L for waters discharged into the Red and
Mississippi River Drainage basins and 1.3 ng/L total mercury for waters discharged into
the Lake Superior basin. All tailings basin waters and seeps have concentrations less
than the higher standard, and a few have concentrations that are below the much stricter
Lake Superior basin standard. No mercury appears to be volatilized from tailings basin
ponds, but small amounts are volatilized from the tailings themsel ves.

The primary source of mercury from taconite mining are stack emissions. The
amount of mercury released per kg of pellets produced is a plant-specific quantity related
more to the distribution of mercury within the primary ore than to bulk concentration in
the ore, itself. Mercury release to the atmosphere increases westward across the range
from a value less than 1.0 kg per million long tons at the eastern edge of the mined area
to about 15 to 17 kg per million long tons on the western side of the district. The
exception to this trend is EVTAC, located in the center of the district at the top of a
prominent geologic feature (the Eveleth anticline). This company releases mercury at a
rate similar to taconite producers located on the western side of the district. The notion
that most mercury emitted is in elemental form, Hg(0), has been tested and confirmed by
stack emission measurements at HibTac. Most mercury emitted in this form would be
dispersed worldwide.
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Present day emission factors were combined with past production records to estimate
annual Hg release since taconite mining began in NE Minnesota (1949). Results suggest
that atmospheric Hg emissions exceeded 100 kg/yr in the late 1960s, and have ranged
between approximately 200 and 350 kg/yr ever since, with a peak occurring from 1979 to
1981, corresponding to a peak in taconite pellet production. Taconite emissions represent
about 0.24% of the US anthropogenic releases (1994-1995), 0.1% of North American
anthropogenic Hg emissions to the atmosphere, and about 0.007% of estimated total
annual global emissions (anthropogenic plus natural). Thus, although taconite processing
is asufficiently large industry that it is one of the biggest emitters of mercury in the state
of Minnesota and to the Lake Superior Basin, it is not so large as to significantly impact
national and international mercury atmospheric budgets. Current efforts to reduce
mercury emissions from taconite processing reflect Minnesota s desire and commitment
to reach state-wide reduction goals as a part of national and international cooperative
efforts to reduce mercury in the environment.
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10. Tables

Table 1. Estimates of Minnesota mercury emissions for 1990, 1995, and 2000 (MPCA,
2002).

1990 1995 2000
Source Kg % Kg % Kg %
Coal-fired power
plants 711 13.4 737 34.6 820 47.7
Latex Paint 1725 325 0 0.0 0 0.0
Municipa Solid
Waste Combustion 820 15.4 288 13.5 73 4.3
Household Waste
Incineration 302 5.7 123 5.8 82 4.8
Taconite
Processing 333 6.3 352 16.5 342 19.9
Volatilization from
Solid Waste 592 11.1 196 9.2 131 7.6
Medical Waste
Combustion 234 4.4 16 0.8 4 0.2
All Other 594 11.2 419 19.7 268 15.6
Total 5312 100.0 2131 100.0 1719 100.0
28

B-1-103



Table 2. Fish consumption advisories for Minnesota. Advisories vary by group
depending on susceptibility and how often fish are eaten (e.g., only on vacation, only
during fishing season, or year round. “Susceptible groups’ in this table refers to young
children and women of child-bearing age. Data on Minnesota lakes is from Jeremiason
(2002). Fish advisories are subject to change as more data become available. Up-to-date
fish advisories can be found on the internet at http: // www.health.state.mn.us/ divs/ eh /

fish / safeeating / safeeating.html.

Mercury
Level

Advisory

% MN Lakes
(1998/1999)

0-0.038

Unlimited consumption for all groups

24

0.038-0.16

Vacation: Unlimited

Seasonal: Unlimited for most, 2 meals/wk for
susceptible groups

Annual: 2 meals/'wk for most, 1 meal/wk for
susceptible groups

35.2

0.16-0.65

Vacation: Unlimited for most, 1 meal/wk for
susceptible groups

Seasonal: 2 meals/wk for most, 2 meals/mo for
susceptible groups

Annual: 1 meal/wk for most, 1 meal/mo for susceptible
groups

0.65-2.8

Vacation: 1 meal/wk for most, 1 meal/year for
susceptible groups

Seasonal: 2 meals/mo for most, 1 meal/2 mo for
suscept. groups

Annual: 1 meal/mo for most, none for suscept. groups

8.1

>2.8

Vacation: 1 meal/yr for most, none for suscept. groups
Seasonal: 1 meal/mo for most, none for suscept, groups
Annual: do not eat

0.2
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Table 3. Summarized data for Hg concentrations (ppb or ng/g) and number of samples
analyzed (n) from taconite mining operations in Minnesota. Full data set is included in

the appendix.
Miles from Concentrate

Company | Northshore Raw ore n | or “greenball”’| n Tailings n
NSPC 51 21 3 15.2 3 20.4 6
HibTac 46 24 4 16.6 7 26.0 6
Minntac 30 32 2 8.2 7 39.5 7
EVTAC' 29 32 0 11.4 3 40.2 3
[IMC 23 27 1 7.8 1 354 1
LTVSMC 12 11 2 4.0 3 12.2 3
Northshore 0 0.6 3 1.1 5 1.1 8

! No estimated or measured value was available for raw ore from EVTAC so avalue was
calculated using reported values for “greenball” and tailings and assuming 31.5 %

recovery rate (Skillings, 2003).

2 A single sample with a high value of 130 was not included in the average.
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Table 4. Averaged mercury concentrations in taillings basin waters and seeps.

data set can be found in the appendix.

Site Hg (Total) Hg (Filtered) MeHg
(ng/L) (ng/L) (ng/L)
NSPC:
Basin 2.52 (n=3)
Monitoring well 2.69 (n=1)
Hibbing Taconite:
Basin 2.24 (n=1)
US Stedl (Minntac):
Basin 1.72 (n=5) 0.42 (n=4) <0.008 (n=4)
Seep 0.72 (n=3) 0.77 (n=3) <0.016 (n=3)
EVTAC
IIMC:
Seeps and wells 2.9 (n=3)
LTV:
Basin 3.48 (n=1)
Seep 2.44 (n=1)
Northshore:
Basin 1.23 (n=5)
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Table 5. Air emission factors for taconite production from Jiang et a. (2000). These
factors have been multiplied by production figures to estimate yearly mercury emissions
to air in Minnesota since taconite mining began in 1949. Hg values measured for
greenball and concentrate from Table 3 are provided for direct comparison.

Company

Air Emission Factor
(kg Hg/10° LT pellet)

Hg (ppb) in “greenball”
or concentrate

Jiang et a (2000) Average value

National Steel Pellet 10.1 15.2
Company (NSPC)

Hibbing Taconite 12.6 16.6

U.S. Steel (Minntac) 5.3 8.2
EVTAC 114 11.4
Inland Steel (1IMC) 54 7.8
LTVSMC Steel 5.1 4.0
Northshore Mining Company 1.8 1.1
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Table 6: Comparison of taconite stack air emissions with emissions from other sources
It is important to note that emission records for
mercury are uncertain and subject to change with increasing information. These data are

and regions throughout the world.

presented for relative comparison purposes only.

Source Hg Emission (kg/yr) Reference

MN Taconite industry™:

peak (1979) 388 This report
1995-1997 347 Jiang et a. (2000)
2000 342 This report

Steel and Iron Industry in 4,360 Pirrone et al. (2001)
Mediterranean Area (1995)

Minnesota anthropogenic

1990 5,305 MPCA (2002)

1995 2,120 MPCA (2002)

2000 (est.) 1,720 MPCA (2002)
UStotal anthropogenic 144,000 EPA (1997)
emissions (1990)

North America 301,000 Pirrone et al. (1998)
anthropogenic Emissions

(1992)

Global emissions 1,450,000 Pacyna and Pacyna (1996)
(anthropogenic) 2,000,000 Pirrone et al. (1996)
Global total Hg emissions 5,000,000 EPA (1997)

(anthropogenic + natural)

Taconite values are for air emissions only. Hg reductions relating to recycling or
discontinued use of Hg-bearing equipment and chemicals are reported in IMA (2001) but
have not been factored in here.
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Table 7. Cost estimate figures for mercury reduction from stack emissions.
were made by John Engessor (MNDNR, personal communication), using data in the

listed references, extrapolated from one time results to afull year of production.

Estimates

Hg saved (Ibs/yr)

T : i Value of recycled| by discarding Cost of
aconite company: Recycled dust | dust assuming rather than technology
Reference (It/yr) $25/1t recycling the dust| ($ per Ib Hg)

EVTAC:

Benner (2001b) 8343 $208,575.00 15 $13,905.00
Engesser and Niles

(1998b) 27600 $690,000.00 19 $36,315.79

Minntac:

Benner (2001b) 11231 $280,775.00 2.2 $127,625.00
Engesser (1998a) 39900 $997,500.00 22.6 $44,137.17
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11. Figures
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Figure 1. (A) Concentration and (B) annual deposition rate (wet) of Hg in precipitation
in NE Minnesota. 1990-1995 data from Glass et al. (1999); 1996-2001 data from NADP
(2002). The data appear to reveal a trend of increasing mercury concentration and
mercury deposition in NE Minnesota over the last twelve years.
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Figure 2. Total Hg in water from lakes in Northeastern Minnesota. Data are from
STORET database that for this region consisted almost exclusively of 1991 values.
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Figure 3. Mercury concentrations for rivers entering Lake Superior from NE Minnesota.
Average value for al measured concentrations is 4.3 £ 2.8. Data are from MPCA

STORET database. Dates of sample collection are + 1 day.
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Figure 4. Mercury levels in standard sized (55 cm) Northern Pike Fish. Data are from
samples collected in the 1990’ s as compiled by Jeremiason (2002). The database for fish

mercury is considerably larger than that for |ake water chemistry.
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Figure 5. Ratio of Hg flux (modern versus pre-industrial) as estimated from age-dated
lake sediment cores. Circles are data from Engstrom et al. (1999) and triangles are data
from Engstrom and Swain (1997). As s the case for most lakes world-wide, the current
mercury flux to lakes is much greater than in pre-industrial times. In Minnesota, greater
increases in mercury flux have occurred near heavily populated and agricultural regions,
owing most likely to increased erosion of soils. An approximate three to four-fold
increase in Hg in precipitation since pre-industrial times has also caused mercury fluxes

to increase to lakes in remote areas.
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Figure 6. Location map showing location of the Mesabi Iron Range and taconite processing plants in
northern Minnesota. Butler and LTVSMC plants are not currently operational, but are included for
completeness. EVTAC was temporarily shut down beginning in May, 2003. The Biwabik Iron
formation, which is currently the source of al iron mined in Minnesota, is shown for comparison. The
formation is a broad planar feature, dipping 5 to 15 degrees to the southeast, but interrupted near the
center of the district by alarge fold structure known as the Virginia Horn, which isitself, composed of
the Virginia syncline and Eveleth anticline. EVTAC' s ore bodies are located on the Eveleth anticline.
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Figure 7. Mercury concentration in ore, concentrate, and tailings as a function of
distance from Northshore (located on the east edge of the district). The concentration of
mercury in “green ball” was considered to be within the error of measurement for
mercury concentration in “concentrate” and the two were combined to provide better
statistics. In addition, emission factors (in units kg/10°LT) are similar to concentration
units presented in ppb (1 ppb = 1.016 kg/10°LT), so these parameters can be compared
directly. No data were available for raw ore or tailings at EVTAC. The concentration of
mercury approaches zero at Northshore where the ore has been thermally
metamorphosed, but increases to highest values in the center of the mining district.
Emissions and concentrations of mercury in the concentrate (and “greenball”) generally
increase with distance from Northshore mine pits, with the exception of EVTAC.
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Figure 8. Mercury concentration as a function of total sulfur in Biwabik Iron Formation
rocks. “Present day” samples represent ore mined at the surface and processed at the
listed facility. Morey and Lively’s samples were collected from drill core locations down
dip from the current mining horizon, but were powdered and stored in cardboard boxes
for thirty years prior to analysis for mercury. If mercury concentration in the Biwabik
Iron Formation actually does increase down dip from the current mining horizon, it is not
related to increased presence of sulfur (or pyrite). Alternatively, the long-term storage of
the powdered drill core samples might have lead to inadvertent contamination by Hg
adsorbed from air as demonstrated by experiments on other mineralogical powders by
Fang (1978).
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Figure 9. Taconite pellet production by Minnesota taconite companies since 1949.
Production reached a peak in the late 1970's, declined sharply, in the early 1980's, but
then increased gradually again, leveling off in the 1990's. After a major decline in 2001
when LTV closed, pellet production rebounded slightly in 2002 and 2003.
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Estimated Hg emissions from Minnesota Taconite mining operations

—~ 350 -

(@)]

X

_0300,

(D)

(7]

@ 250 -

()

i

>

S

>

o 150

j -

D)

/
—
50 — /\_\
0 /\
[e)] -~ [30] n N (2] ~— [32] 0 N [*2] -~ [32] n ~ (] ~ (2] v N~ [} ~— [s2) w0 N~ (2] ~—
< 0 v v [Te} Yol © © © O O N~ N~ N~ N~ N~ o] @ [<e} © © (2] (2] (2] (2} D o
(o)) [} [} [} [} [} [} (&) (&) [} [} [} [} [} [} [} [} [} [} (o)) (o)) [} [} [} (o2} (2] o
— — — — — — — — — — — — — — ~— ~— ~ ~ ~ — — — ~— ~— ~ ~ N
Year

Figure 10. Estimated stack emissions of Hg from Minnesota taconite companies since
1949. Mercury emission estimates are generally similar to pellet production (Fig. 9), but
with subtle differences owing to differences in mercury emission factors across the range

(SeeFig. 7).
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Appendix 1: Hg Concentrations at Taconite Plants

Compiled data on concentration of mercury in water and solids from taconite mining
companies. Note: Many of the water samples collected from processing lines were apparently
unfiltered. Water samples having high concentrations of mercury may have entrained solids

containing adsorbed Hg.

Location Sample Description Source Hg(T) Date Hg(TD) MeHg
ng/l (water) ng/L
ng/g (solid)

Tailings Basin
NSPC Monitoring Well Lapakko (2000) 2.69
Tailings Basin Clear
NSPC Pool Engesser (2000) 1.7 08/10/99
NSPC Tailings Return Water [Engesser (2000) 3.03
NSPC Tailings Return Water [Engesser (2000) 2.83
Hibtac Concentrator Benner (2001b) 8.61 10/15/98|
Hibtac Make-up Benner (2001b) 5.37 10/15/98
Hibtac Scrubber Water Benner (2001b) 11.96 10/15/98|
Scrubber Water In Engesser and Niles
Hibtac (average) (1997) 2.81 02/04/97
Scrubber Water Out Engesser and Niles
Hibtac (average) (1997) 63.35 02/04/97
Engesser and Niles
Hibtac Tailings Basin (1997) 2.24 09/19/96
Minntac Scrubber Water Out Benner (2001b) 66.5 07/18/01
Engesser and Niles
Minntac Scrubber Water In (1997) 2.05 02/04/97
Engesser and Niles
Minntac Scrubber Water Out (1997) 491.55 02/04/97|
Engesser and Niles
Minntac  [Tailings Basin Water  [(1997) 4.23 09/19/96
Tailings Basin Water
Minntac ~ |(TB1-2") USX(2000) 1.54 09/22/99
Tailings Basin Water
Minntac ~ |(TB1-2") USX(2000) 1.06 09/22/99
Tailings Basin Water
Minntac ~ |(TB1-2") USX(2000) 0.99 Nov. 1999 0.41j<0.008
Tailings Basin Water
Minntac  |(TB1-27") USX(2000) Nov. 1999 0.36[<0.008
46

B-1-121



Tailings Basin Water

Minntac  |(TB2-2") USX(2000) 0.76 Nov. 1999 0.41[<0.008
Tailings Basin Water

Minntac  |(TB1-32") USX(2000) Nov. 1999 0.51<0.008

Minntac  |West Seepage (020) |USX(2000) 1.17 Nov. 1999 1.33<0.008

Minntac Dark River (Cty Rd 668)|USX(2000) 1.12 Nov. 1999 0.091
Dark River (US For Rd

Minntac  [271) USX(2000) 1.66 Nov. 1999 0.056
Sturgeon River (Cty Rd

Minntac  [107 USX(2000) 2.77 Nov. 1999 0.128

Minntac East Seepage (030) USX(2000) 0.44 09/22/99 0.27/0.033

Minntac East Seepage (030) USX(2000) 0.54 Nov. 1999 0.7|<0.008

Minntac Sandy River (Hwy 53) |USX(2000) 3.56 09/22/99 0.67

Minntac Sandy River (Hwy 53) |USX(2000) 1.3 Nov. 1999 0.089

Minntac Sandy River (Hwy 169) [USX(2000) 3.85 09/22/99

Minntac Sandy River (Hwy 169) [USX(2000) 2.19 Nov. 1999 0.162

Minntac Pike River (Hwy 169) |USX(2000) 2.82 Nov. 1999 0.238

Minntac  [Step Ill Scrubber USX(2000) Nov. 1999 3.42/0.288

Minntac  [Step Il Scrubber (L7) |JUSX(2000) Nov. 1999 6.04/0.174
Step Il Loadout

Minntac Discharge USX(2000) Nov. 1999 1.230.026
Scrubber Water Rec.

Minntac Pond USX(2000) Nov. 1999 0.8<.02
Scrubber Water Rec.

Minntac  |Pond USX(2000) Nov. 1999 3.42/0.288

Minntac Step | Ditch USX(2000) Nov. 1999 0.65<.02

Minntac  |Step Il Ditch USX(2000) Nov. 1999 0.29<.02

Minntac  [Step Ill Ditch USX(2000) Nov. 1999 0.59<.02

EVTAC Thickener Underflow 2A[Benner (2001b) 15.5

EVTAC Thickener Overflow 2A |Benner (2001b) 82.2

EVTAC Thickener Underflow 2BBenner (2001b) 18.1

EVTAC Thickener Overflow 2B |Benner (2001b) 24.35

EVTAC Slat Spray Water Benner (2001b) 5.25

EVTAC Slat Spray Water Engesser (1998b) 2.46 11/18/97|

EVTAC Slat Spray Water Engesser (1998b) 2.15 11/18/97|

EVTAC Thickener overflow Engesser (1998b) 199.6 11/18/97|

EVTAC Thickener overflow Engesser (1998b) 293.6 11/18/97|
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[IMC Process Water Benner (2001b) 5.67 07/18/01
[IMC Scrubber Water Benner (2001b) 112 07/18/01
[IMC Tailings Basin Seep Lapakko (2000) 2.99
Tailings Basin
[IMC monitoring well Lapakko (2000) 2.83
Tailings Basin
IIMC monitoring well Lapakko (2000) 2.86
Engesser and Niles
LTVSMC [Tailings Basin Water  [(1997) 3.48 09/19/96
LTVSMC [Tailings Basin Seep Lapakko (2000) 2.44
Northshore [Tailings Basin Water  |Swain (2002) 1.1 Sept. 2000
Northshore [Tailings Basin Water  [Swain (2002) 1.3 Sept. 2000
Northshore [Tailings Basin Water  [Swain (2002) 1.9 Sept. 2000
Northshore |Lake Superior Monson et al. (2000) 1.02
Northshore Return water Monson et al. (2000) 0.96 0.025
Discharge to Beaver
Northshore |River Monson et al. (2000) 0.73 <0.009
Northshore |Process Water Monson et al. (2000) 1.12 0.237
Northshore Beaver River Monson et al. (2000) 6.15 0.271
Northshore Beaver River Monson et al. (2000) 5.78 0.294
Upstream of MP7
Northshore |Discharge Monson et al. (2000) 4.02 0.262
Downstream of MP7
Northshore |Discharge Monson et al. (2000) 3.48 0.248
Northshore |Feedwater Benner (2001b) 7.05
Northshore |[Hood Exhaust 11 Benner (2001b) 32.8
Northshore |Hood Exhaust 12 Benner (2001b) 15.7
Northshore |Waste Gas Wet 11 Benner (2001b) 29.1
Northshore |Waste Gas Wet 12 Benner (2001b) 15.7
Engesser and Niles
Northshore [Thickener Overflow (1997) 2.21 09/20/96
Engesser and Niles
Northshore [Hood Exhaust Out (1997) 6.61 09/20/96]
Engesser and Niles
Northshore [Waste Gas Out (1997) 10.87 09/20/96)
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Engesser and Niles

Northshore |Lake Superior (1997) 2.18 09/20/96
Engesser and Niles

Northshore |Tailings Basin Water  |(1997) 0.9 09/20/96

NSPC Sag Mill Discharge Benner (2001a) 20.3

NSPC Sag Mill Discharge Engesser (2000) 21.5 08/10/99

NSPC Sag Mill Discharge Engesser (2000) 19.7 08/10/99

NSPC Coarse Tailings Engesser (2000) 171 08/10/99

NSPC Coarse Tailings Engesser (2000) 14 08/10/99

NSPC Fine Tailings Engesser (2000) 25.5 08/10/99

NSPC Fine Tailings Engesser (2000) 29 08/10/99

NSPC Concentrate Engesser (2000) 16.5 08/10/99

NSPC Concentrate Engesser (2000) 15.2 08/10/99

NSPC Concentrate Benner (2001a) 14

NSPC Fired Pellet Engesser (2000) 2.85 08/10/99

NSPC Fired Pellet Engesser (2000) 5.73 08/10/99

NSPC Tailings Lapakko(2000) 171

NSPC Tailings Lapakko(2000) 19.5

Hibtac Filter Cake Benner (2001b) 13.9

Hibtac Concentrate Benner (2001b) 18.2

Hibtac Limestone Benner (2001b) 3.72

Hibtac Multi-tube dust Benner (2001b) 154

Hibtac Greenball Benner (2001b) 16.7

Hibtac Bentonite Benner (2001b) 26.4

Hibtac Pellet Benner (2001b) <0.69
Engesser and Niles

Hibtac Mill Feed (1997) 14.89 07/24/96
Engesser and Niles

Hibtac Calculated Mill Feed  |(1997) 22.41 07/24/96
Engesser and Niles

Hibtac Concentrate (1997) 14.85 07/24/96
Engesser and Niles

Hibtac Tailings (1997) 25.03 07/24/96
Engesser and Niles

Hibtac Calculated Mill Feed  |(1997) 23.24 12/10/96

Hibtac Concentrate Engesser and Niles 154 12/10/96)
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(1997)

Engesser and Niles

Hibtac Tailings 1 (1997) 24.6 12/10/96
Engesser and Niles

Hibtac Tailings 2 (1997) 275 12/10/96
Engesser and Niles

Hibtac Calculated Mill Feed  [(1997) 23.78 12/13/96
Engesser and Niles

Hibtac Concentrate (1997) 13.2 12/13/96)
Engesser and Niles

Hibtac Tailings 1 (1997) 22.6 12/13/96)
Engesser and Niles

Hibtac Tailings 2 (1997) 25.8 12/13/96)
Engesser and Niles

Hibtac Calculated Mill Feed  |(1997) 28.3 01/28/97|
Engesser and Niles

Hibtac Final Concentrate (1997) 21.87 01/28/97
Engesser and Niles

Hibtac Tailings (1997) 30.54 01/28/97|
Engesser and Niles

Hibtac Fired Pellets (1997) 0.48 07/24/96)
Engesser and Niles

Hibtac Bentonite (1997) 22.39 07/24/96)
Engesser and Niles

Hibtac Limestone (1997) 5.89 07/24/96
Engesser and Niles

Hibtac Greenball (1997) 16.2 01/28/97|
Engesser and Niles

Hibtac Fired Pellets (1997) 0.94 01/28/97
Engesser and Niles

Hibtac Bentonite (1997) 12.56 01/28/97
Engesser and Niles

Hibtac Limestone (1997) 91.6 01/28/97

Minntac Fine Tailings Swain (2002) 29.6 Sept. 2000

Minntac Fine Tailings Swain (2002) 35.1 Sept. 2000

Minntac Greenball Benner (2001b) 8.1 08/31/01

Minntac Pellet Benner (2001b) <0.6 08/31/01

Minntac Scrubber Filtrate Benner (2001b) 87 08/31/01

Minntac Coal Benner (2001b) 25.3 08/31/01
Engesser and Niles

Minntac Rod Mill Feed (1997) 35.09 07/09/96
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Engesser and Niles

Minntac Final Concentrate (1997) 8.12 07/09/96
Engesser and Niles

Minntac Coarse Tailings (1997) 45.93 07/09/96
Engesser and Niles

Minntac Fine Tailings (1997) 38.97 07/09/96
Engesser and Niles

Minntac Rod Mill Feed (1997) 27.97 01/23/97
Engesser and Niles

Minntac Final Concentrate (1997) 8.22 01/23/97
Engesser and Niles

Minntac Coarse Tailings (1997) 43.54 01/23/97
Engesser and Niles

Minntac Fine Tailings (1997) 36.96 01/23/97
Engesser and Niles

Minntac Filter Cake (1997) 7.19 07/10/96
Engesser and Niles

Minntac Greenball (1997) 7.5 07/10/96
Engesser and Niles

Minntac Fired Pellets (1997) 0.65 07/10/96
Engesser and Niles

Minntac Bentonite (1997) 7.42 07/10/96
Engesser and Niles

Minntac Fluxstone (1997) 1.97 07/09/96
Engesser and Niles

Minntac Greenball (1997) 8.79 01/24/97
Engesser and Niles

Minntac  |Fired Pellets (1997) 0.57 01/24/97|
Engesser and Niles

Minntac Bentonite (1997) 12.36 01/24/97|
Engesser and Niles

Minntac Fluxstone (1997) 3.26 01/24/97|
Engesser and Niles

Minntac  |Wood chips (1997) 6.01 01/24/97
Engesser and Niles

Minntac  [Wood chip ash (1997) 11.85 01/24/97

Minntac Greenball Engesser (1998a) 8.62 09/03/97

Minntac Greenball Engesser (1998a) 7.76 09/03/97

Minntac Fired Pellets Engesser (1998a) 0.76 09/03/97

Minntac Fired Pellets Engesser (1998a) 0.72 09/03/97

Minntac Scrubber Solids Out Engesser (1998a) 252.7 09/03/97|

Minntac Drying furnace solids  |[Engesser (1998a) 12.77 09/03/97
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Minntac  [Tailings Lapakko(2000) 46.6
EVTAC Coarse Tailings Swain (2002) 24.7
EVTAC Coarse Tailings Swain (2002) 130.2
EVTAC Fine Tailings Swain (2002) 44
EVTAC Fine Tailings Swain (2002) 51.9
EVTAC Greenball Benner (2001b) 12
EVTAC Pellet Benner (2001b) <0.69
EVTAC Coal Benner (2001b) 10.3
EVTAC Thickener underflow 2A [Benner (2001b) 527
EVTAC Thickener overflow 2A [Benner (2001b) 233
EVTAC Thickener underflow 2B [Benner (2001b) 367
EVTAC Thickener overflow 2B [Benner (2001b) 826
EVTAC Final Pellet Engesser (1998b) 0.36 11/18/97|
EVTAC Final Pellet Engesser (1998b) 0.34 11/18/97|
EVTAC Green Ball Engesser (1998b) 17 11/18/97|
EVTAC Green Ball Engesser (1998b) 13 11/18/97|
EVTAC Ball Mill Engesser (1998b) 2.84 11/18/97|
EVTAC Ball Mill Engesser (1998b) 2.44 11/18/97|
EVTAC Classifier Overflow Engesser (1998b) 11.99 11/18/97|
EVTAC Classifier Overflow Engesser (1998b) 10.62 11/18/97|
EVTAC Thickener Underflow  |[Engesser (1998b) 286.4 11/18/97|
EVTAC Thickener Underflow  |[Engesser (1998b) 243.5 11/18/97|
[IMC Scrubber Filtrate Benner (2001b) 3179 08/31/01
[IMC Multiclone dust Benner (2001b) 193 08/31/01
[IMC Greenball Benner (2001b) 7.8 08/31/01
[IMC Pellet Benner (2001b) <0.6 08/31/01
[IMC Tailings Lapakko (2000) 35.4
Engesser and Niles
LTVSMC |Rod Mill Feed (1997) 14.05 08/06/96)
Engesser and Niles
LTVSMC |Final Concentrate (1997) 4.87 08/06/96
Engesser and Niles
LTVSMC [Total Tailings (1997) 17.86 08/06/96
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Engesser and Niles

LTVSMC |Rod Mill Feed (1997) 8.86 02/06/96
Engesser and Niles

LTVSMC |Final Concentrate (1997) 3.73 02/06/96
Engesser and Niles

LTVSMC [Total Tailings (1997) 11.61 02/06/96
Engesser and Niles

LTVSMC [Fired Pellets (1997) 0.16 08/06/96
Engesser and Niles

LTVSMC |Pellet Chips (1997) 0.42 08/06/96
Engesser and Niles

LTVSMC |Bentonite (1997) 9.41 08/06/96
Engesser and Niles

LTVSMC [Filter Feed (1997) 5.72 08/06/96
Engesser and Niles

LTVSMC [Fired Pellets (1997) 217 02/06/96)
Engesser and Niles

LTVSMC |Pellet Chips (1997) 2.88 02/06/96
Engesser and Niles

LTVSMC |Bentonite (1997) 14.81 02/06/96)
Engesser and Niles

LTVSMC |Green Balls (1997) 3.49 02/06/96

LTVSMC |[Total Tailings Lapakko (2000) 7

Northshore |Coarse Tailings Swain (2002) 0.43

Northshore |Fine Tailings Swain (2002) 1.2

Northshore |Fine Tailings Swain (2002) 3.2

Northshore |Wastegas 11 filtrate Benner (2001b) 211

Northshore |Wastegas 12 filtrate Benner (2001b) 110

Northshore |Hood exhaust 11 filtrate |Benner (2001b) 26

Northshore |Hood exhaust 12 filtrate |Benner (2001b) 26.4

Northshore |Greenball 11 Benner (2001b) 1.44

Northshore |Greenball 12 Benner (2001b) 1.1

Northshore |Pellet 11 Benner (2001b) <.69

Northshore |Pellet 12 Benner (2001b) 1.85
Engesser and Niles

Northshore |Dry Cobber Feed (1997) 0.75
Engesser and Niles

Northshore |Final Concentrate (1997) 0.82

Northshore |Dry Cobber Tailings Engesser and Niles 0.28
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(1997)

Engesser and Niles

Northshore |Coarse Tailings (1997) 0.83
Engesser and Niles

Northshore |Fine Tailings (1997) 1.07
Engesser and Niles

Northshore |Dry Cobber Feed (1997) 0.76
Engesser and Niles

Northshore |Final Concentrate (1997) 1.13
Engesser and Niles

Northshore |Dry Cobber Tailings (1997) 0.77
Engesser and Niles

Northshore |Coarse Tailings (1997) 0.54
Engesser and Niles

Northshore |Fine Tailings (1997) 1.64
Engesser and Niles

Northshore |Acid Pellets (1997) 0.22
Engesser and Niles

Northshore |Flux Pellets (1997) 0.04
Engesser and Niles

Northshore |Limestone (1997) 0.48
Engesser and Niles

Northshore |Bentonite (1997) 19.4
Engesser and Niles

Northshore |Oriox (1997) 1.09
Engesser and Niles

Northshore |Green Balls (1997) 0.83
Engesser and Niles

Northshore |Fired Pellets (1997) 0.29
Engesser and Niles

Northshore |Limestone (1997) 0.91
Engesser and Niles

Northshore |Bentonite (1997) 14.69
Engesser and Niles

Northshore |Oriox (1997) 1.46
Engesser and Niles

Northshore |Coal (1997) 15.61
Engesser and Niles

Northshore |Coal Ash (1997) 86.76
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Pellets produced (Million Long Tons) by individual mining companies. Sources included
compilation of concentrate produced as reported by Engesser and Niles (1997) multiplied by a
conversion factor (mass pelletsmass concentrate) and direct report of pellets production as

Appendix 2: Historical Pellet Production

reported by Skillings (2003).

Butler LTVSMC [EVTAC |Hibbing [lIMC NSPC Northshore[Minntac

1949 0.05

1950 0.13

1951 0.10

1952 0.10 0.01 0.00
1953 0.24 0.26 0.14
1954 0.19 0.32 0.43
1955 0.21 0.53 0.66
1956 0.22 4.28 0.66
1957 0.50 5.62 0.82
1958 3.04 4.89 0.80
1959 4.23 3.80 0.57
1960 7.35 5.50 0.85
1961 6.97 5.71 0.81
1962 7.82 6.21 0.82
1963 8.09 8.12 0.85
1964 8.25 9.77 0.88
1965 0.01 8.28 0.05 10.12 0.93
1966 8.81 1.56 10.94] 0.81
1967 1.62 10.20] 1.76 0.47, 9.80 0.94
1968 2.33 11.04] 1.82 0.84 10.10] 4.84
1969 2.6 10.51 1.94 2.29 10.45 6.42
1970 2.64 11.06) 2.01 2.73 10.94] 6.82
1971 2.65 10.50] 2.08 2.81 9.73 6.83
1972 2.3 10.27| 2.16 2.42 9.13 9.19
1973 2.56 12.01 2.09 2.58 10.52 13.29
1974 2.52 11.23 2.19 2.48 10.47| 13.38
1975 2.44 11.21 2.18 2.43 10.81 12.92
1976 2.4 11.10] 2.31 0.31 2.46 10.15 13.03
1977 1.69 4.79 2.60 2.19 0.25 2.62 5.08 7.88
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1978 2.51 7.64 4.97 5.52 2.08 5.10 9.24 13.71
1979 2.55 9.08 5.66 6.38 2.42 5.37 7.10 17.48
1980 1.58 5.85 5.84 6.94 1.52 2.90 4.63 15.00]
1981 2.19 8.18 5.94 7.27, 2.58 3.42 7.72 13.12
1982 1.04 4.08 4.66 5.81 1.93 1.29 1.54 3.51
1983 1.56 2.11 3.30 4.29 2.31 3.27, 1.00 8.17]
1984 1.99 4.84 3.97] 6.20 2.19 4.58 3.71 9.23
1985 0.95 5.01 2.97 5.16 1.97 4.43 3.31 10.50
1986 4.36 3.49 4.98 1.95 4.02 1.44 5.96
1987 6.97] 3.51 7.84 2.29 4.31 0.00 8.13
1988 8.13 4.28 8.82 2.43 4.61 0.00 12.56
1989 7.59 4.96 8.35 2.45 4.75 0.00 12.56
1990 8.03 4.46 8.30 2.45 4.81 2.40 13.47]
1991 7.10 3.40 8.18 2.53 4.85 2.01 13.22
1992 6.82 3.61 7.96 2.28 5.00 1.40 13.09
1993 7.62 3.15 7.38 2.59 2.76 3.44 14.32
1994 7.69 4.91 8.35 2.71 1.73 3.46 14.28
1995 7.76 5.24 8.62 2.77 5.08 3.71 13.65
1996 7.46 4.94 8.12 2.74 4.77 4.16 13.42
1997 7.71 5.07 7.67 2.58 5.11 4.25 14.58
1998 6.75 4.87 7.78 2.58 5.28 4.35 14.19
1999 7.00 4.40 6.90 2.80 5.25 3.91 13.01
2000 7.80 5.87 8.23 2.81 5.47 4.20 14.44
2001 4.26 6.10 2.77 4.30 2.65 12.64
2002 4.19 7.70 2.73 5.44 4.14 14.64
2003 (est) 2.00 8.30 2.90 5.30 4.80 14.61
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Appendix 3: Historical Mercury Emissions

Mercury (kg) emitted from taconite mining companies. Estimates were made by
multiplying past production records with present day emission factors.

kg Hg Butler LTVSMCIEVTACHibbing |IMC [NSPC |Northshore Minntac [Total |Cumulative
1949 0.23 0.23 0.23
1950 0.67 0.67 0.90
1951 0.52 0.52 1.42
1952 0.52 0.02 0.54 1.96
1953 1.19 0.48 0.73[ 2.40 4.36
1954 0.93 0.59 232 3.84 8.19
1955 1.03 0.96 3.500 5.49 13.69
1956 1.09 7.79 3.50[ 12.38 26.07|
1957 2.53 10.22 4.35 17.10 43.17
1958 15.25 8.90 4.24] 28.39 71.56
1959 21.25 6.91 3.05( 31.21 102.78
1960 36.92 10.02 4.52| 51.46 154.23
1961 35.00 10.39 4.29 49.68 203.92
1962 39.24 11.30 4.35 54.90 258.82
1963 40.59 14.78 4.52] 59.89 318.70
1964 41.42 17.78 4.69 63.88 382.59
1965 0.10f 41.57] 0.58 18.42 4.97| 65.64 448.23
1966 44.21] 17.76 19.91 4.29 86.17 534.40
1967| 16.30] 51.19] 20.07 4.73 17.83 5.03] 115.14 649.54
1968 23.44] 55.43] 20.76 8.45 18.38] 25.82| 152.28 801.82
1969 26.16] 52.74] 22.15 23.04 19.03] 34.24] 177.34 979.17
1970| 26.56| 55.53] 22.95 27.46 19.91] 36.33[ 188.74] 1167.91
1971] 26.66] 52.69 23.76 28.27 17.70f 36.38) 185.46) 1353.37
1972 23.14] 51.55 24.68 24.35 16.62] 48.98 189.32] 1542.69
1973| 25.75( 60.29] 23.88 25.95 19.15( 70.85 225.88  1768.57
1974 25.35( 56.36] 25.03 24.95 19.06] 71.30[ 222.05( 1990.62
1975 2455 56.26] 24.91 24.45 19.67| 68.87| 218.70] 2209.32
1976| 24.14] 55.74] 26.41 3.84 24.75 18.47] 69.44] 222.80] 2432.12
1977| 17.00] 24.04] 29.64] 27.54] 1.32] 26.36 9.25( 41.98 177.13  2609.25
1978| 25.25( 38.37| 56.75 69.31| 11.09 51.31 16.82] 73.05 341.94 2951.19
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1979 25.65 45.60] 64.59] 80.07| 12.87] 54.02 12.92] 93.17] 388.90]  3340.09
1980 15.89] 29.37| 66.67| 87.12] 8.10] 29.17 8.42] 79.94| 324.69 3664.78
1981] 22.03] 41.05 67.82] 91.34| 13.73] 34.41 14.04] 69.94| 354.38 4019.15
1982 10.46] 20.48 53.17] 73.02] 10.28 12.98 2.79 18.70[ 201.89] 4221.04
1983 15.69] 10.60] 37.72 53.94| 12.30] 32.90 1.82 43.56| 208.52|  4429.56
1984| 20.02] 24.30] 45.33] 77.89 11.66] 46.07 6.75 49.21| 281.24] 4710.80
1985 9.56] 25.13] 33.91] 64.82] 10.46) 44.57 6.03] 55.99 250.46| 4961.26
1986 21.87| 39.91 62.52] 10.40] 40.44 2.63] 31.75209.52 5170.78
1987 35.00] 40.14] 98.52] 12.18] 43.36 0.00] 43.33| 272.54] 5443.32
1988 40.80] 48.91] 110.82 12.93| 46.38 0.00] 66.95 326.77] 5770.09
1989 38.11| 56.63] 104.92 13.04] 47.79 0.00] 66.95 327.44] 6097.53
1990 40.33] 50.98 104.28 13.04] 48.39 4.37] 71.81] 333.21 6430.74
1991 35.63| 38.87| 102.75( 13.44| 48.79 3.66] 70.45/ 313.59] 6744.33
1992 34.23] 41.18 99.93( 12.12] 50.30 2.56] 69.78/ 310.09] 7054.42
1993 38.26| 35.99 92.75( 13.79| 27.77 6.27| 76.33[ 291.15] 7345.57
1994 38.62| 56.06) 104.92| 14.42| 17.40 6.31 76.10/ 313.84] 7659.41
1995 38.96| 59.84] 108.27| 14.74] 51.10 6.75 72.75 352.41 8011.82
1996 37.43] 56.43] 101.99 14.56) 47.99 7.57| 71.53 337.50 8349.32
1997 38.70] 57.85 96.34] 13.74) 51.37 7.74] 77.701 343.43  8692.75
1998 33.89| 55.57] 97.68] 13.74) 53.12 7.92| 75.63 337.54) 9030.28
1999 35.14| 50.25 86.66 14.90) 52.78 711 69.35 316.19 9346.48
2000 39.16] 67.04| 103.38 14.97] 55.03 7.64) 76.97| 364.18  9710.66
2001 48.65 76.62 14.74] 43.26 4.82| 67.34] 255.43] 9966.08
2002 47.80 96.71| 14.53] 54.70 7.54] 78.04| 299.31] 10265.40
2003 (est) 22.84| 104.25 15.43 53.32 8.74] 77.84]| 282.41] 10547.81
58
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Introduction

The Minnesota Department of Natural Resources (DNR) has been studying wet
scrubbers and process lines at four taconite processing facilities to evaluate potential
mercury control options for stack emissions. Projects are funded by Iron Ore
Cooperative Research (IOCR) and the Environmental Protection Agency-Great Lakes
National Program Office (EPA-GLNPO). In addition, this research is supplemented by
funds from the Department of Natural Resources-Environmental Cooperative Research
(DNR-ECR) fund. The IOCR project is more concerned with evaluating mercury release
and capture mechanisms while the EPA-GLNPO funds were solicited with the objective
of evaluating the ultimate fate of oxidized mercury once it has been captured by the wet
scrubbers. However, because processes of capture and fate have been found to be
inextricably linked, we combine and discuss details from each study in a single document
for distribution to all concerned parties. Results are also combined with data from our
earlier study (Berndt and Engesser, 2003) and essential findings are summarized here. It
is important to recognize that data and discussion in this document have not been through
the review process and should therefore be considered as preliminary.

Mercury Capture by Wet Scrubbers

Four taconite companies have participated in our study: Hibtac, Minntac, United
Taconite (formerly Evtac), and Ispat-Inland. Scrubber water and other samples were
collected from each company to help estimate the fraction of mercury released from
pellets that is captured by the wet scrubber (Table 1, Figure 1). The fraction of mercury
captured varied considerably between processing plants and within individual plants
sampled at different times. Note that in this discussion, we only evaluate the mercury
captured by the wet scrubber without regard to its ultimate fate. As we show in a later
section, much of the mercury can be recycled to the induration furnace and re-released.
Nevertheless, the data have important use as a means to provide information on processes
that lead, respectively, to low and high mercury capture rates.

Variation in capture rates is likely linked to differences in the temperature
distributions in induration furnaces as well as to changes in gas and dust composition.
Thus, we focused on these parameters when comparing data from different taconite
processing lines.

Scrubber efficiency and possible link to heating rate

A key variable affecting scrubber efficiency appears to be the rate of heating of
taconite pellets in induration furnaces. For example, Minntac generates both standard
and fluxed pellets in their “line 4” processing line. Scrubber efficiency (for Hg capture)
was higher when the company was producing standard pellets than when producing
fluxed pellets. Fluxed pellet production involves additional heating, and therefore, higher
furnace temperatures than standard pellet production. This is because the heating of the
flux material (CaCO3/Ca0) is highly endothermic (requiring heat), while oxidation of
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magnetite is exothermic (generates heat). Thus, Minntac activates preheat burners during
induration of fluxed pellets that are not used during standard pellet production. This
additional heating may be the primary mechanism leading to reduced mercury capture,
although differences in scrubber dust and gas composition cannot be ruled out.

In addition, we note great differences in the rate of mercury capture by otherwise
similar wet scrubbers at Minntac for lines 4 and 7 during production of fluxed pellets.
Line 4 employs a standard kiln while line 7 employs a sophisticated ported kiln. Because
the ported kiln makes more effective use of the chemical heat derived from magnetite
oxidation, less heat is added throughout the process, and the heating in the kiln takes
place under smaller thermal gradients. Thus, our observation of significantly greater
mercury capture by the scrubber system in line 7 compared to line 4 during fluxed pellet
production (Table 1) suggests a possible link between heating rate and mercury capture.
Because the product being generated is the same for this particular comparison, the dust
particles and gas chemistry would be expected to be similar among the two lines. Thus,
most of the difference in mercury capture is probably related to differences in
temperature distribution.

Finally, we note the relative efficiencies for mercury capture for Hibtac and
Minntac wet scrubbers (Fig. 1). Owing to differences in system design (straight grate for
Hibtac, grate-kiln for Minntac), significant differences in heat input are required for
induration of standard pellets at these plants. Analysis of furnace temperatures during
production of standard pellets show that heating in Minntac’s line occurs much more
evenly than it does at Hibtac (Fig. 2). The increased heating rate at Hibtac, specifically
above a temperature of S00C may be partially responsible for the less efficient mercury
capture rates at Hibtac compared to Minntac, however, we also notice that the amount of
dust generated at Minntac is also higher than that at Hibbtac. Taken together with the
observed dependence of scrubber efficiency for production of fluxed and non-fluxed
pellets in ported and non-ported kilns at Minntac, the results suggest a possible (but non-
conclusive) link between heating rate and mercury capture by wet scrubbers.

Mercury oxidation state and maghemite

Any link between temperature distribution in the furnace and scrubber efficiency
for Hg implies a link between temperature and mercury oxidation state in the gas phase.
This is because oxidized mercury, Hg(II), is captured in wet scrubber systems while
reduced mercury, Hg(0), is not. Thus, any factor affecting the oxidation state of mercury
in gases passing through the scrubber system affects the scrubber efficiency in terms of
Hg removal.

One model to account for our observations would involve a relationship between
heating rate and the oxidation state of mercury released from pellets during heating. If,
for example, faster heating and higher temperatures result in release of mercury with high
Hg(0)/Hg(II) ratio, then mercury capture rates should decrease with increased heating
rate, as has been observed. Alternatively, a temperature dependence for the oxidation
rate of reduced mercury (in-flight) could account for the observed trends. Thus, current
and future DNR research efforts have been designed to evaluate whether mercury capture
is related to differences in the primary oxidation state of mercury released from pellets in
furnaces or to subsequent oxidation of mercury within the gas phase.
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Of potential significance for taconite processing facilities is the Fe-oxide mineral
maghemite. This mineral has been identified as a powerful oxidant for reduced mercury
when it exists in the flue-gases of coal fired power plants (Zygarlicke, et al. 2003). This
phase is also expected to form during moderate heating of taconite pellets up to
temperatures of approximately 750 F (Papanatassiou, 1970). If this phase is generated
and released (as dust) into process gases, it potentially impacts the oxidation state of
mercury and mercury capture rate in wet scrubbers. Because of the potential importance
of this phase, the DNR conducted a mossbauer spectroscopic study to determine whether
maghemite was present in dust samples and, if so, whether a link could be established
between mercury capture and maghemite abundance. Mossbauer spectroscopy is a
sensitive technique that can distinguish maghemite from other Fe-oxide minerals in
mixed samples of hematite, magnetite, and/or other phases.

In this case, studies were designed to specifically evaluate temperature, mercury
capture, and maghemite in dust produced under normal mineral processing conditions at
Hibtac and Minntac.

At Hibtac, dust samples were collected from wind boxes at various locations
along the straight grate (Fig. 3) as the pellets were heated to high temperatures. Dust
from the pellets becomes trapped beneath the grate in “wind boxes” in the approximate
temperature zones where the dust was generated. The dust samples from these
windboxes were dry-sieved to remove the larger chips, and subsequently analyzed for
mercury concentration and maghemite abundance. Mercury concentration in dust
increased greatly in windboxes 12 through 16 with a large peak for dust from windbox
14. The average temperature (average in gas from above and below the pellet bed) was
approximately 750 F at the peak mercury concentration. Interestingly, magnetite is
oxidized to maghemite in air between 400 and 750 F but to hematite at temperatures
above 750 F (Papanatassiou, 1970). Peak mercury concentration was found in a zone
where maghemite formation is expected to occur.

Mossbauer analysis of selected samples from Hibtac revealed formation of a
small but significant component of maghemite in the sample from windbox 14.
However, maghemite was not detected in the unheated green-ball feed sample (Fig. 4).
Thus, the maghemite must have formed during heating of the pellets. Maghemite was
also found in the dust collected from higher temperature zones in the furnace (windbox
18), but in this case, the hematite fraction had also increased significantly above that for
the greenball feed sample. We hypothesize, therefore, that the maghemite formed at
temperatures below 750 F is overprinted by hematite on the surfaces of dust grains heated
to temperatures above 750 F. This overprinting may “deactivate” the dust grains with
respect to mercury oxidation (Fig. 4) and prevent capture of mercury. If correct, this
could help to account for observed relationships between temperature distribution and
mercury capture in taconite processing plants.

Two samples from Minntac were also analyzed by mossbauer spectroscopy for
maghemite to determine if a link exists between scrubber efficiency and maghemite
abundance in scrubber dust. Dust filtered from scrubber water collected at a time when
mercury capture rate was high contained a small amount of maghemite as well as some
hematite, and was similar in composition to the sample collected from Hibtac in windbox
14. Dust filtered from scrubber water collected at a time when mercury capture rate was
relatively low revealed enhanced hematite formation and was similar in composition to
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the Hibtac sample from windbox 18 (hot). These data suggest a possible link between
maghemite formation and mercury capture in taconite processing facilities. If
substantiated, a promising technique to reduce mercury emissions may involve control
and distribution of maghemite and hematite dust in taconite process gases.

Samples were also recently collected from beneath the grate and preheat zones at
Minntac in July, 2004 (Figure 5). The samples revealed that unlike the case at Hibtac,
mercury is concentrated more generally throughout the pellet bed. Plans are currently
underway to subject these and other scrubber dust solids to Mossbauer spectroscopic
analysis to determine whether the association between maghemite and mercury capture at
taconite processing plants is robust.

While the mossbauer results suggest a possible correlation between maghemite
formation and mercury capture efficiency in taconite processing plants, our results are
not yet conclusive. It is still possible that maghemite formation and mercury capture are
affected by temperature distributions for reasons that are independent from each other.
Indeed, the reaction rates for Hg(0) and maghemite may well be too slow for significant
oxidation to occur in the short residence times applicable to taconite processing gas
streams. To better understand mercury emissions in taconite process streams the DNR
plans to determine relationships between heating rate, release temperatures (of mercury
to air), and the primary oxidation state of the mercury released to the gas phase. While
we are not equipped to perform the needed experiments, we have been making efforts to
secure funds for this research and to identify a laboratory to do the needed additional
work.

On the Fate of Captured Mercury

Once captured by a wet scrubber, mercury needs to be disposed in a manner
where it does not enter the environment through other pathways. Thus, an important
component of the DNR Hg research program has been to evaluate the fate of mercury
captured by the scrubber systems. Samples have been collected “downstream” from the
scrubber systems in taconite processing plants in order to determine the fraction of
captured mercury that is currently routed to the tailings basin. For the purposes of our
study, we consider mercury to be permanently disposed of only after it reaches the
tailings basin.

We note that the mercury captured by scrubber systems occurs in two states (1)
dissolved in water and (2) adsorbed to particulates (Fig. 6). It is important to consider
both forms of mercury, especially in plants where the distribution of mercury is relatively
evenly divided between dissolved and adsorbed components. In addition, experiments
conducted by our group on samples from Minntac and Hibtac indicate that mercury
adsorption to solids in scrubber waters is a dynamic process, occurring with reaction
times measured in minutes to hours (Figs. 7,8). This time frame is important because it
impacts the manner in which mercury removal systems might be studied and
subsequently designed. Furthermore, these results imply that samples collected for
mercury analysis may need to be filtered immediately upon collection to prevent
misleading results on dissolved and particulate loads. Collecting samples at the plant,
and waiting to filter back at the lab will typically result in an over-reporting of the
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particulate fraction and under-representation of the dissolved component for scrubber
waters.

Each of the four taconite companies in our study routes their scrubber waters
differently, but the overall results for at least three of the companies appears to be the
same: most of the captured mercury is recycled back to the induration furnaces and not
currently routed to tailings basins.

Minntac sends their scrubber solids to a thickener where they are mixed with chip
regrind and other solids. Most of the scrubber water overflows the scrubber thickener.
Sample analyses indicate that most of the mercury that was in the scrubber water adsorbs
to the solids in the scrubber-thickener underflow. These scrubber-thickener underflow
solids eventually mix with the concentrate which is rolled into greenballs. This means
that most of the mercury captured in the scrubbers is recycled back to the greenballs.
Thus, the percentage of captured mercury that is currently sent to the tailings basin at this
plant appears to be small.

Ispat-Inland sends their scrubber solids to the concentrate filter and we find that
little mercury remains dissolved in the water following the process. Thus, most of the
captured mercury at this plant also appears to recycle back to the induration furnace and
probably only a small fraction is directed to the tailings basin.

United Taconite sends their scrubber waters and solids to a chip regrind mill
where it is reground, rolled into greenballs, and sent to the induration furnace. Because
only a very small fraction of the mercury captured at United Taconite is initially
dissolved in the water, most of the captured mercury at this plant is probably recycled
back to the induration furnace.

The case for mercury recycling back to the induration furnace is less clear at
Hibtac because a high fraction of the mercury is dissolved, and because scrubber waters
are introduced into the grinding mills where background mercury in the primary ore
interferes with the analyses. While our present studies have demonstrated that the
dissolved mercury from the added scrubber water adsorbs to phases in the grinding mills,
the percentage adsorbing to magnetic versus nonmagnetic minerals is more difficult to
evaluate. However, experiments recently conducted by us at United Taconite (Table 2)
may have bearing on this issue. The results showed that most mercury in
tailings/scrubber water mixtures at this plant are adsorbed to the nonmagnetic fraction. If
mercury in scrubber waters from Hibtac adsorbs to the nonmagnetic fraction during
grinding, it will eventually be routed to the tailings basin and, thus, not recycled to the
furnace.

The DNR mercury research program will continue to evaluate mercury
partitioning during exposure of scrubber waters and other components of taconite
processing streams (tailings, raw process waters) to typical mineral processing
procedures (e.g., magnetic separation, elutriation, thickeners, grinding).

Summary

Scrubber efficiency for mercury released during taconite processing has been
studied and found to vary widely across the iron range. The capture rate for mercury
appears to be plant- and product-dependent owing to differences in heating
characteristics associated with process line design (straight-grate versus grate-kiln, ported
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versus non-ported kiln) and product heat requirements (fluxed versus standard pellets).
There is preliminary evidence pointing to possible importance of a maghemite-catalyzed
mercury oxidation process to account for some of the variability between mercury
capture rates. One facet of future DNR research will, therefore, study primary processes
that control mercury oxidation in taconite process gas streams.

Although each of the four processing plants in our study routes their scrubber
water blow down differently, it appears that most of the mercury captured by scrubbers at
three of the taconite plants reports back to the induration furnace, where it is likely
revolatilized. The fate of mercury at the fourth plant (Hibtac) is less certain, but initial
results on mercury partitioning between magnetic and non-magnetic minerals suggest
that introducing scrubber water to the grinding mills (as is their practice) may have some
benefit in permanent mercury removal. This is because captured mercury appears to
adsorb preferentially to the non-magnetic fraction which is, ultimately, routed to the
tailings basin.

Optimally, systems will need to be designed to direct higher percentages of the
mercury captured by wet scrubbers to the tailing basin. Thus, future DNR research will
also focus on evaluating partitioning of dissolved and particulate mercury from scrubber
waters during commonly used mineral processing techniques (elutriation, thickening,
magnetic separation). Because mercury adsorption to solids is a dynamic process, taking
place in minutes to hours, these studies will be conducted on time scales reflecting those
of mineral processing at taconite plants.
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Tables

Table 1: Mercury capture data for taconite wet scrubbers.

Plant/Line Date Pellet | TSS Hg Tot % Hg % Hg
Type | (wt %) (ng/L) Dissolved! | Captured?
Minntac L4 2/19/03 Std 0.086 1221 95 18.9
Minntac L4 5/9/03 Flux 0.387 700 11.6 12.0
Minntac L4 9/10/03 Std 0.217 1415 33.4 36.7
Minntac L4 1/28/04 Std 0.145 2422 6.8 46.5
Minntac L7 1/28/04 | Flux 0.041 1251 17.8 25.0
Minntac L7 5/11/04 | Flux 0.052 1707 17.0 39.4
Minntac L7 7/27/04 | Flux 0.095 2744 11.1 34.8
Hibtac 2/20/03 Std 0.007 354 72.2 5.1
Hibtac 5/8/03 Std 0.035 769 44.1 11.1
Hibtac 9/11/03 Std 0.038 690 66.9 10.9
Hibtac 1/27/04 Std 0.018 556 52.5 10.2
Hibtac 5/12/04 Std 0.013 501 47.1 9.0
Hibtac 7/27/04 Std 0.014 684 429 8.3
Evtac 2/18/03 Std 1.340 13183 0.5 4.9
United Tac 1/28/04 Std 0.903 6140 1.6 2.4
United Tac 5/11/04 Std 1.270 7709 2.1 24
United Tac 7/28/04 Std 2.260 10485 1.1 33
Ispat-Inland 2/20/03 Std 0.328 3239 37.5 23.0
Ispat-Inland 5/8/03 Flux 0.142 3060 27.6 15.4
Ispat-Inland 9/11/03 | Flux 0.175 4685 21.6 14.6
Ispat-Inland 1/27/04 | Flux 0.137 3169 32.3 5.3
Ispat-Inland 5/12/04 | Flux 0.095 3730 88.8 11.3

I «04 Hg dissolved” is the percentage of mercury present in scrubber waters that is in the
dissolved state (not bound to particulates) immediately after sampling.
2«04, Hg captured” is the scrubber efficiency and represents the total mercury captured by
the scrubber system (measured) divided by the total mercury available (estimated using

mass balance).
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Table 2: Results from experiments performed on tailings/scrubber solid mixtures from
United Taconite. The solids were mixed together and allowed to react overnight. The
magnetic fraction was then separated from the non-magnetic fraction and both separates
analyzed for total mercury.

Experiment Magnetic % Hg on Nonmagnetic %Hg on
Fraction (wt%) Magnetic Fraction (wt%) | Nonmagnetic
Fraction Fraction
Tails 4.3 6.3 95.7 93.7
Tails + Scrubber 14.4 11.6 85.6 88.4
Solids
Tails + Scrubber 12.7 10.2 87.3 89.8
Solids
Tails + Scrubber 13.4 14.0 86.6 86.0
Solids
Scrubber Solids 67.7 23.6 32.3 76.4
10
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Figures
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Figure 1. Scrubber efficiency estimates for taconite plants. These values are calculated
by dividing the rate of mercury capture by the rate at which mercury is being volatilized
in the induration furnace. The rate of capture is estimated by multiplying the scrubber
blow-down rate by the concentration of mercury (dissolved plus particulate) in the
scrubber water. The volatilization rate is calculated by using an assumed or measured
value for green-ball mercury concentration and feed rate, allowing for greenball moisture
as well as loss of some mercury via other pathways (green ball attrition and mercury in
the final product). These scrubber efficiencies do not necessarily reflect permanent
removal of mercury from taconite processing because much of the captured mercury in
current plant configurations may be recycled back to the induration furnace and re-
released.
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Straight Grate and Grate Kiln Average Pellet Temperatures
Standard Pellet Production
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Figure 2. Representative temperature profiles during production of standard pellets at
Minntac (Grate-Kiln, Line 4) and Hibtac (Straight Grate).
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Mercury in Straight Grate Dust versus Windbox Temperature
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Figure 3. Measured mercury in dust captured from beneath the straight-grate at Hibtac.
The temperature was calculated as the average of measurements made above and beneath
the grate. The maximum in mercury takes place in the portion of the furnace where
average temperature is about 700F. This suggests mercury is released at temperatures of
about 800F and above and captured at temperatures below this.
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Mossbauer results
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Figure 4. Results and interpretation of Mossbauer study of dust samples collected from
Hibtac and Minntac. High mercury capture may result when outer surfaces of dust grains
are converted to maghemite which is known to rapidly oxidize Hg(0) to Hg(II). When
the dust grains are exposed to high temperature, the outer surfaces are converted to
hematite, which does not react with Hg(0).

14

B-1-148



Mercury versus Distance Into Process
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Figure 5. Mercury distribution in dust collected from Minntac’s operation. Unlike the
case at Hibtac where one distinct mercury maximum was found, there appears to be two
mercury maximum zones. Process gas in this case is routed from right to left while
pellets move into the process from left to right. Dust from the preheat zone has no
mercury, but that in the down draft zones (DD1 and DD2) is enriched in mercury relative
to the pellets. These data provide evidence that sufficient oxidized mercury exists in the
process gas to dramatically affect the concentration of mercury in particles (by
adsorption). Experiments will soon be underway to determine whether this mercury is
released in oxidized state or if it is oxidized in-flight.
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Hg (Dissolved Hg/Total Hg)
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Figure 6. Fraction of mercury in scrubber waters that was initially present in dissolved
form. Dissolved and adsorbed forms of mercury must be taken into account when
designing mineral processing schemes to focus mercury into tailings basins. The
dissolved fraction is higher at Hibtac and Ispat-Inland than it is at Minntac and United
Taconite (Formerly Evtac). It is thought that the difference may be chemistry related
(SO2 and HCI).
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Figure 7. Results from adsorption experiments performed previously at Minntac showing
that mercury present in scrubber water adsorbs to scrubber solids over time. These
results indicate that filtration must take place immediately upon sampling for applications
where knowledge of the fraction of dissolved mercury is needed.
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Fig. 8. Results of adsorption experiments performed on scrubber solids at Hibtac. While
approximately half of the mercury captured by plant scrubbers in this plant is dissolved
(the other half is adsorbed to particulates), the fraction of mercury dissolved decreases to
approximately 20% in one hour, even without addition of adsorbing solids.
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Appendix B-1-5

Mercury Transport in Taconite Processing Facilities: (1) Release and
Capture During Induration

August 15, 2005
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1. Abstract

With the recent emergence of atmospheric mercury as an environmental issue, taconite
companies have begun looking for cost effective means to reduce mercury in stack emissions.
The Minnesota Department of Natural Resources (DNR) has studied the distribution and fate
of mercury at four taconite processing facilities across the Iron Range, focusing specifically
on release and transport mechanisms. This document provides a mechanistic interpretation for
mercury transport in induration furnaces based on data from heating experiments and from
field samples collected from grates and scrubber waters at taconite plants.

During taconite processing, wet “greenballs” consisting predominantly of magnetite
and possible other components (limestone flux, organic or bentonite binder, trace non-ore
components) are conveyed into a furnace and heated to approximately 1200-1300°C in the
presence of air. Data from this study suggest that magnetite is first converted to a
magnetite/maghemite solid-solution which attracts and collects mercury released from
greenballs deeper in the furnace. Mercury release occurs when magnetite and/or
magnetite/maghemite solid-solutions are heated past 450 or 500° C and converted to hematite.
Wet scrubbers collect oxidized mercury from flue gases, but not volatile Hgo(g). Wet
scrubbers sometimes capture over 40% of the mercury released during induration, implying
that extensive generation and transport of oxidized mercury can occur. On the other hand,
scrubber efficiency can also be less than 10% for mercury, indicating that conditions needed
for mercury oxidation are not always present. Plants having the highest capture rates for
mercury, also appear to have the highest ClI and particulate fluxes, suggesting a relationship
such as:

Hgo(g) + 3F6203(53) + 2HC1(g) = 2Fe304(§s) + HgClz(g) + HZO(g)
Maghemite Magnetite

controls mercury oxidation rates during induration. Future work is planned to verify and
refine flux estimates and to determine if relatively simple, passive processes such as Cl
injection can increase mercury oxidation.

2. Introduction

Taconite is a very hard, relatively low grade ore that forms the basis of the iron
industry in Minnesota. In 2005, six taconite companies were active, all of which mined on the
Mesabi Iron Range. These include, from west to east: Keewatin Taconite Minnesota Ore
Operations (Keetac), near Keewatin; Hibbing Taconite (Hibtac) near Hibbing, US Steel-
Minntac (Minntac), near Mountain Iron, United Taconite (U-Tac), near Eveleth, Ispat-Inland
Mining Company (IIMC; recently changed name to Mittal Steel, USA), near Virginia, and,
finally, Northshore (NS) Mining, with mines located near Babbitt and ore processing facility
located on the shore of Lake Superior in Silver Bay. All of these taconite plants were built
decades ago to process low-grade iron ore, at a time when Hg was not an issue. Thus,
atmospheric Hg emissions from taconite processing have grown with the industry, exceeding
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100 kg/yr in the late 1960’s, and ranging between approximately 200 and 400 kg/yr ever since
(Engesser and Niles, 1997; Jiang et al., 1999; Berndt, 2003).

The Biwabik Iron Formation strikes east-northeast in a continuous band extending
approximately 120 miles across northeastern Minnesota. Iron rich portions of the formation
were deposited as sediments, probably as a mixture of Fe(OH); and varying proportions of
other common material (silica, carbonates, organic carbon, iron-sulfides, clays) and converted
to present mineralogy during diagenesis or low-grade regional metamorphism (Morey, 1972;
Perry et al., 1983; Thode and Goodwin, 1983; Bauer et al., 1985) except in the eastern
sections of the formation which have been subjected to thermal metamorphism during
intrusion of the Duluth Complex (Morey, 1972; Ojakangas and Matsch, 1982). By
comparison, isotopic data on minerals collected from the western side of the district suggest
peak “metamorphic” temperatures are less than 100 or 150° C (Morey, 1972). Because
mercury volatilizes at high temperatures, this difference in metamorphic history has affected
mercury distributions. Engesser and Niles (1997) and Berndt (2003) found that Hg emission
factors reflected primary distribution of mercury in the concentrate, and generally increased in
a westward direction across the district from 1 kg/LT (kg per million long ton) pellets at
Northshore on the metamorphosed east end of the range, up to approximately 17 kg/LT on the
relatively unmetamorphosed west end of the range.

During processing, magnetite is magnetically separated from other solids in the
composite ore and the resulting concentrate is rolled with other minor components (fluxing
agents, binders) into balls (greenballs). It is the magnetite dominated “greenballs™ that are
introduced into the induration furnaces where mercury emissions are generated. Because
magnetite is, by far and away, the dominant mineral in concentrate and greenballs,
concentrations probably represent mercury that is directly associated with magnetite, although
evidence of an association with sulfur can sometimes be found, especially in the primary ore.

It is important to note that mercury emissions from taconite are generated under
conditions quite distinct from those in the much better studied coal-fired power plants (see
Pavlish et al, 2003, for a review). For example, the primary source of mercury emissions in
coal-fired power plants is the fuel, while the primary source of mercury released during
taconite processing on Minnesota’s Iron Range is typically the ore (Berndt, 2003). This is
partly because relatively few companies use coal to fire their pellets, while most other
companies use natural gas and/or petroleum coke that contains little or no mercury. Even
when coal is used, it takes only about 20 to 30 Ibs of coal to fire one long ton of pellets so the
amount of mercury released from the magnetite concentrate, especially on the west side of the
range, greatly exceeds the amount of mercury available from the coal.

Secondly, taconite processing gases remain more oxidizing than is typical for coal-
fired power plants, which consume much of the oxygen in the combustion process (Zahl et al.,
1995). Oxygen is an important component for reaction with mercury molecules during
transport since oxidized mercury, Hg”", is much more soluble in scrubber waters than the
reduced form, Hg". A more oxidizing flue gas may provide more opportunities in taconite
plants to control mercury using simple oxidation pathways.
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Third, the released mercury is potentially exposed to large masses of heated iron oxide
minerals in taconite companies that may be present, but not nearly as abundant, in power
plants. This is significant, since it has been shown that iron-oxide minerals can, in some
cases, promote oxidation and capture of Hg" (Zygarlicke, 2003; Pavlish, 2003). The more
oxidizing conditions and the presence of potentially catalytic and/or reactive minerals in
taconite plants can impact mercury transport and chemistry in ways not observed at coal-fired
power plants.

However, one important similarity between taconite processing and coal-fired power
plants is that flue gases in both types of facilities can contain chloride, an important mercury
oxidation agent (Pavlish et al, 2003). In the case of power plants, the fuel is the primary Cl
source, but fluxing agents and pore fluids that accompany solids into induration furnaces are
the primary source of Cl in taconite processing plants.

The present study, was conducted specifically to evaluate how the presence of iron
oxides and Cl in Minnesota’s processing plants affect mercury transport in induration
furnaces. This report represents the first of two documents being prepared on mercury
transport in taconite processing facilities and details specifically mercury release and capture
mechanisms that take place during induration. A second, later report will detail the ultimate
fate of mercury in taconite processing plants once the mercury has been captured by wet
scrubbers.

3. Methods

The present study consists of three distinct but inter-related parts:

(1) A bench-scale experimental study detailing the relationship between mercury
release and mineralogy during the heating of disaggregated greenball samples
from two processing plants,

(2) A field study involving systematic collection and analysis of samples of dust
collected from beneath the grates in four induration furnaces, and

(3) A field study characterizing greenball and scrubber water chemistry to
evaluate Hg and Cl transport and capture in four induration furnaces.

The first and second parts of this study were designed to provide fundamental
information on the release temperatures and characteristics for mercury in induration
furnaces. By analyzing when and where mercury is released in the furnaces, it could help to
provide information on potential control options. Moreover, it was important to evaluate how
the iron-oxides and volatilized mercury interact with each other. Thus, an important
component of these studies was use of Mdssbauer spectroscopy to evaluate oxidation of
magnetite to various phases, including magnetite, magnetite/maghemite solid-solutions,
maghemite, and hematite.
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The third part of this study involved the collection of greenball and scrubber samples
over a period of time to evaluate capture efficiency for mercury, and the factors that might
affect it. Particular attention was also paid to distinguish between particulate and dissolved
mercury in scrubber waters, since the relative proportion of each can affect mercury control
strategies. However, that component of the study will be discussed in much greater detail in
the second document in this series.

3.1. Heating Experiments

Bench-scale heating experiments were contracted with and performed by Blair Benner
of the Coleraine Mineral Research Laboratory (CMRL). A full description of procedures is
provided in the Appendix (section 9.3). Briefly, greenball samples collected from Hibtac
(standard pellets contained about 1% limestone) and Minntac (fluxed pellets containing
approximately 10% limestone flux), were dried, crushed, and then heated in either N, gas or
air for periods of time ranging between 5 and 20 minutes. Temperatures ranged from 300 to
700°C for Minntac samples, and from 300 to 600°C for Hibtac samples. Mercury
concentrations of run products were measured and compared to those in splits from the
original sample. Iron-oxide mineralogy of selected samples was determined using Mdssbauer
spectroscopy at the University of Minnesota, Institute for Rock Magnetism (see section 3.4
below).

3.2. Greenball and Under-grate Dust Sampling

To further evaluate mercury transfer processes, samples were collected from beneath
the grates in active induration furnaces at each of the four facilities in our study. In each case,
sampling sites were chosen in consultation with mining personnel. An important distinction
between plants is that two of the operations use “grate-kiln” furnaces (Minntac and United
Taconite) while the other two operate “straight-grates” (Hibtac and Ispat-Inland). Grate-Kiln
facilities dry and heat pellets on a grate, but final firing is done in a rotating kiln. Drying,
heating, and firing procedures are all performed on the grate in a straight-grate facility,
however, a “hearth layer” consisting of pre-fired pellets is added beneath fresh greenball
samples to protect the grate from the intense heat used in the firing zones. Schematic
diagrams for each of the induration plants are presented in the Appendix (section 9.1). This
fundamental difference in plant design, when superimposed with other less distinct
differences in plant operation procedures makes every plant on the Iron Range unique.
Significant differences can even exist between different lines in different plants. For example,
Minntac employs both ported and non-ported kilns, which affect the manner in which oxygen
is added to the kiln (more exposure to oxygen takes place in a ported kiln). In our case, under-
grate dust samples were collected from Line 7, which is a ported kiln. United Taconite is also
a grate-kiln facility, and its kiln is non-ported.

The method of sample collection varied depending on the dust collection configuration
available at the plant. For the straight-grate plants (Hibtac and Ispat-Inland), windboxes
collect dust and pellet chips as the pellets move on the grate from the drying zone into the
preheat and firing zones. The dust, in these cases was collected using clean aluminum pans,
which were held beneath the windbox ports. The hot dust samples spilled into the pan when
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the windboxes opened. Samples were covered and allowed to cool, and then sieved to remove
pellet chips back at the laboratory. The <100-mesh material was analyzed for mercury at
Cebam, Inc. Selected samples were also analyzed for iron-oxide mineralogy using Mossbauer
spectroscopy (see section 3.4 below).

A similar process was used for collection of samples at the grate-kiln plants (Minntac
and United Taconite), however, the down draft drying zone samples could not be collected
dry at Minntac because the samples were only available after being mixed with process water.
Solids for these samples were collected from the laundered samples on a glass fiber filter
(0.7n) and dried at 100° C overnight prior to being analyzed for mercury and iron oxide
mineralogy.

In each case, information on temperature was collected (where available) for the zones
where dust was sampled.

3.3. Scrubber Water and Greenball Sampling

The same four companies involved in the under-grate sample part of this project were
selected for participation in our scrubber-water and greenball sampling study. Sampling sites
were again chosen in consultation with mining personnel. Schematic diagrams for each of the
scrubber systems are presented in the Appendix (section 9.2).

Hibtac combines scrubber water effluent from three lines into one stream flow that
leads back to the concentrator. A valved sampling site was selected from this stream.
Minntac Line 7 dispenses their scrubber effluent into a thickener along with other streams.
Scrubber water samples were collected as a split stream of the main flow leading into the
thickener. Minntac Line 4 has a valve that can be opened to collect scrubber water samples.
United Taconite and Ispat Inland have recirculating scrubber systems, but continuously
provide make-up water that replenishes the system and allows a continuous blow-down
stream to be maintained, containing dust and dissolved components caught by the scrubber
system. A valved port exists at each plant that was used for sampling of the “blow-down”
water. United taconite has tandom but identical thickeners, but only one was sampled for all
but the final sampling visits when both were sampled.

Berndt et al (2003) showed that scrubber waters contain a significant dissolved
component in addition to mercury bound to particulates. They showed further that the ratio of
particulate to dissolved mercury increases with time following collection of the sample. The
dissolved mercury adsorbs to the solids. Thus, different results are obtained if a sample is
filtered at the plant or if the sample is filtered later, just prior to analysis. Subsequent studies
showed that the time scale for increased adsorption to particulate is on the order of minutes
and hours. For the most accurate results on the relative dissolved and particulate mercury
loads, it is necessary, therefore, to filter scrubber water samples within the first few minutes
of sampling.

At each plant, water samples were collected in a clean two-liter plastic bottle from
which sub-samples were decanted. Filtration was performed immediately using acid washed
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filtration units and pre-weighed membrane filters (0.45um, Pall Corporation). The filtered
water was place in an acid washed glass jar with Teflon-lined lid. The filters containing the
filtrate were placed into separate 10 ml acid washed jars and the filter weight was recorded.

All samples for mercury analyses were collected using ‘“clean-hands, dirty-hands”
procedures, whereby the clean bottles were placed into sealed plastic bags prior to leaving the
laboratory and not opened except during sampling, and then again later when the analysis was
being conducted. Only the designated clean-hands person, wearing clean plastic gloves,
handled the sample bottles when they were outside of the plastic bag. All other sample
processing was conducted quickly and efficiently by the so-called “dirty-hands” person.
These procedures were implemented to minimize the risk of contamination from plant dust
and of cross-contamination between samples.

In addition to these special precautions, procedures were consistently evaluated using
blanks to assess the degree of mercury contamination associated with filtration and sampling.
Procedural blanks were collected at each site during each visit. One bottle was filled at the
sampling site with deionized water brought from the laboratory. In addition, deionized water
was filtered at the sampling location and both the water and the filter were saved for analysis.
The level of contamination introduced by our procedures was insignificant relative to the
concentration of mercury found in samples analyzed in this study. Samples were analyzed by
Cebam Analytical, Inc., located in Seattle, Washington. Filtered water samples were digested
with BrCl over night, and then analyzed by SnCl, reduction, gold trap collection, and CVAFS
detection (modified EPA1631). This laboratory participates in many round-robin blind
sampling programs and routinely ran duplicates and standards to ensure accuracy.

Temperature, pH, and conductivity were measured on site. Temperature and pH were
measured using a Beckman Model 11 meter with a Ross Model 8165BN combination pH
electrode and a Beckman Model 5981150 temperature probe, while specific conductance was
measured with a Myron L EP series conductivity meter.

For cation (Ca™", Mg"™, K', Na", etc..) analyses, samples were filtered and acidified
with nitric acid in the field and then analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) at the University of Minnesota, Department of Geology and
Geophysics. For anions (CI', Br’, SOy4, etc..), samples were stored in clean plastic bottles and
analyzed using ion-chromatography (IC, Dionex Ion Chromatograph fitted with a GP40
gradient pump, CD20 conductivity detector, and two AS4 anion exchange columns) at the
University of Minnesota, Department of Geology and Geophysics.

Suspended Solids (scrubber dust)

Filters containing scrubber solids from the above procedures were dried at 104°C for
analysis, weighed, and digested in hot acid (HCI/HNOs, 3/1). Particulate mercury was
analyzed using SnCl, reduction and gold trap collection, followed by CVAFS detection
(modified EPA1631). Certified reference materials WS-68, NIST2709, and GSR-2 were used
to assess recovery and analytical accuracy. As was the case for water samples, solids were
digested and analyzed by Cebam Analytical, Inc., located in Seattle, Washington.
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Total suspended solids (TSS) were analyzed by filtering a two-liter sample of scrubber
water collected specifically for this purpose. Solids from this sample were collected on a
glass fiber filter (0.7p), dried at 104°C overnight, and weighed.

Greenball Samples

Greenball samples were commonly collected as a means to assess mass balance with
respect to components entering and leaving the furnace (Cl and Hg, in particular). The
sample collection point, in all cases, was at the front end of the induration furnace, just prior
to the point where the greenball is fed onto the grate. The samples were placed into clean,
acid-washed 250 ml bottles with Teflon-lined lids. The damp greenball samples, which
contain approximately 9 to 10% moisture by weight, were dried in the Hibbing laboratory and
gently disaggregated prior to sending to Cebam, Inc., for total mercury analysis. Several
samples were sent, as well, to the University of Minnesota, IRM, for Mdssbauer spectroscopy.

To assess Cl transport and addition of other salts (Na, Ca, K, Br, SO4) to induration
furnaces, 100 grams of dry greenball material from each of the four plants was leached for
approximately one week in 100 grams of deionized water. The water was then filtered and
analyzed for major cations and anions using ICP-MS and ion-chromatography, respectively,
at the University of Minnesota, Department of Geology and Geophysics. The resulting
concentrations were reported as water-leachable salts.

3.4. Mdossbauer Spectroscopy

Mossbauer spectroscopy is a sensitive technique for measuring the atomic
environments of iron atoms in a compound. The technique works by measuring absorption of
gamma radiation of very specific wavelengths, generated by an oscillating radioactive source
material (°’Co). The oscillation causes a Doppler shift of the emitted gamma radiation, while
a detector records absorption as a function of gamma wave frequency. Thus, results are
typically presented in terms of absorption versus velocity of the radioactive source. The
details of the technique are not important for this discussion, but it is important to realize that
the method permits clear distinction and quantification of the relative amounts of iron that are
found in the crystal lattices of magnetite and various oxidation products. Mdssbauer
spectroscopic measurements were made by Dr. Thelma S. Berqué at the Institute for Rock
Magnetism, University of Minnesota, Minneapolis, MN. A detailed discussion of the
technique and results are provided in the Appendix (Section 9.4).

Considerable importance in this study was placed on the relative distribution of iron
on A and B sites of magnetite grains. As magnetite oxidizes it forms a solid solution between
magnetite and maghemite. The oxygen is added by increasing the proportion of oxidized iron
in A versus B sites and accommodating this change with the introduction of site vacancies in
the B site. Maossbauer spectroscopy not only evaluates mineralogy of iron oxides (e.g.,
magnetite, maghemite, and hematite), but determines the relative distribution of iron atoms in
magnetite that are located on A or B sites. Relationship between relative absorption of
gamma rays by iron on magnetite A and B sites has been related to magnetite composition by
Coey (1971) and Papamarinopoulus et al. (1982), and is displayed in Figure 3.4.1.
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Figure 3.4.1: Ideal relationship between A/B from Maossbauer spectroscopic
measurement, and magnetite/maghemite solid solution composition.

4. Results
4.1. Heating Experiments

Results from the heating experiments are provided in Tables 4.1.1 and 4.2.1, displayed
in figures 4.1.1 and 4.1.2, and presented in greater detail in the Appendix (Section 9.3).

The mercury in the starting greenball sample from Hibtac was close to 21 ng/g, and
the mercury remaining decreased with temperature following heating at 300 to 600°C (Fig
4.1.1), regardless of whether heating occurred in air or in N, gas. However, the loss of
mercury to N, gas was greater than the loss to air at 300 and 400°C. The loss in mercury to
N, and air was nearly the same, however, once the samples were heated to 500°C. Thus,
mercury is apparently less mobile in the presence of magnetite under oxidizing conditions
than under a N, atmosphere at intermediate temperatures.

Experiments on Hibtac samples heated in air or N, at 450°C for different time periods
(Fig. 4.1.2) demonstrated that most of the mercury removal is rapid at this temperature, with
75% of the mercury loss occurring within the first five minutes. There was little difference in
mercury loss at 450°C for experiments conducted with N, or air.

Experiments conducted on Minntac greenball samples (Fig. 4.1.1) showed somewhat
similar trends to those shown for Hibtac samples, however, the difference between mercury
volatilization in air or N, was present at all temperatures, 300 to 700°C. More mercury was
released in N, such that volatilization was nearly complete by 600°C. However, 27% of the
mercury remained during heating of the Minntac greenball for 20 minutes at 700°C.

Four samples from experiments on Minntac greenballs were analyzed by Mdssbauer
spectroscopy to gauge mineralogic changes occurring to iron oxides in the two types of

10
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experiments (N, or air). The starting sample was found to contain magnetite that was slightly
oxidized to begin with as indicated by A/B = 0.72 (as opposed to 0.50 for stoichiometric
magnetite). Heating this material in N, for 20 minutes at 500°C resulted in a decrease in the
amount of magnetite and a dramatic shift in magnetite composition (to A/B = 0.59). Some of
the magnetite was replaced by a mineral that appeared to be a mix of maghemite and
hematite. One possibility is that the initial magnetite simply unmixed into near-stoichiometric
magnetite and Fe,O3 It appears that much mineralogic change can occur to magnetite while
heating to 500°C for only 20 minutes, even in the absence of O,.

Mossbauer results for samples heated in air at 400 and 500°C revealed systematic
mineralogic changes. 11% of the magnetite was replaced by hematite at 400°C while 23%
was replaced by hematite during heating at 500°C. Moreover, the magnetite that remained
became systematically more oxidized, with A/B increasing from 0.72 in the starting material,
to 0.98 at 400 and 1.26 at 500°C (approximately 27 and 36 percent maghemite component,
respectively).

Table 4.1.1 Mercury concentrations for samples from
heating experiments involving Greenball from Hibtac.

Temperature | Gas  Time (min) Hg
K (ng/g)
Start 20.69

20.34
21.39
21.01
300 (572°F) | Air 20 17.68
N, 20 9.21
400 (752°F) | Air 20 12.72
Air 20 11.43
N, 20 4.17
450 (842°F) | Air 5 5.09
10 3.06
15 1.86
N, 5 5.87
10 4.63
15 2.46
500 (932°F) | Air 20 2.61
N, 20 2.39
600 (1112°F) | Air 20 1.50

11
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Table 4.1.2 Mercury concentration and mineralogy of samples from Minntac

Greenball heating experiments.

Temperature | Gas Time  Hg Minemlogy* Magnetite
(°C) (min)  (ng/g) A/B
Start 7.62 100 % mt 0.72
7.59
300 (572°F) Air 20 6.42
Na 20 2.69
400 (752°F) Air 20 2.89 89% mt, 11 %9 hm  0.98
Na 20 0.75
500 (932°F) Air 20 3.70 77% mt, 23% hm 1.26
N» 20 0.92 89% mt, 11% hm?  0.59
600 (1112°F) | Air 20 2.17
N» 20 0.48
700 (1292°F) | Air 20 2.07

" mt = magnetite solid solution, hm=hematite, hm? = sample with ambiguous

pattern

12
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4.2. Under-grate Samples

Numerous dust samples were collected from beneath taconite grates during the course
of the study and analyzed for mercury and iron oxide mineralogy (%hematite, % magnetite, %
maghemite and relative A/B values (see section 3.4). Locations and dates are provided in
Table 4.2.1 along with the pertinent data on location, temperatures, mercury concentration,
and iron-oxide mineralogy.

Mercury concentrations were surprisingly elevated in some samples (Fig. 4.2.1). For
example, concentrations of mercury reached as high as 464 ng/g in the preheat zone
(Windbox 14) at Hibbing Taconite; 91 ng/g at Minntac Line 7 in the down draft drying zone
(DD1), and 60 ng/g in the preheat zone at Ispat Inland (Windbox 13). These high mercury
concentrations indicate that mercury released from greenball in some parts of the furnace
(high temperature) can adsorb to taconite dust at lower, but still elevated, temperatures. The
concentration of mercury on dust from United Taconite grates does not reach high levels,
owing likely to a large dilution effect with dust that has been heated to high temperatures.
Dust generation and collection at United Taconite appeared to be a much more extensive
process than at the other plants.

The temperature of this adsorption process is not easy to determine due to the intense
thermal gradients that exist in induration furnaces. For example, the pellet bed in taconite
furnaces is only 5 to 6 inches thick in grate/kiln furnaces and about 16 inches thick in straight-
grate furnaces, including a greenball layer stacked on top of a 3-inch hearth layer of pre-fired
pellets. In some parts of the furnaces, depending on the plant, the temperature across the bed
can differ by well over 1000°F (or well over 500°C) see Table 4.2.1.

Another difficulty is that although the sampling location for the dust is known, the
source of the dust is not well known. Some light can be shed on this from the mineralogy of
the iron oxides (Figure 4.2.2). Most of the dust in the United Taconite samples were highly
elevated in hematite, suggesting much of this dust had been exposed to very high
temperatures, perhaps derived from the kiln. One of the drying zone samples collected at
Hibtac also had high hematite, but the source of this hematite may be the hearth layer. A dust
sample collected at Minntac from the preheat zone also contained elevated hematite levels,
indicating it was derived from a relatively hot zone, most likely the kiln.

Interestingly, all of the samples still contained a significant magnetite component with
A/B ratios only slightly modified compared to the starting greenball samples. At Hibtac, A/B
for the magnetite component increased gradually from 0.57 in the starting sample only to 0.69
for the sample in the firing zone. The change in A/B at other plants was less systematic. The
A/B trend, along with decreased thermal gradients at Hibtac, and the more pronounced Hg
peak suggest that the overall heating rate is low at this plant compared to others. Slower
heating may lead to more time for magnetite to oxidize without converting to hematite. The
oxidation of magnetite to magnetite/maghemite solid-solutions (as indicated by increasing
A/B), however, is much less than that observed from the experimental run products discussed
in section 4.1 where A/B increased to 0.98 after 20 minutes of heating at 400C.

14
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Table 4.2.1 Locations, temperatures, mercury concentrations, mineralogy and magnetite
composition (A/B) of samples collected from taconite plants during this study.

Plant Location” Overbed  Underbed  Hg Mineralogy* Magnetite
T (°F) T(F) ng/g  %omt/ %hm / Y%omh A/B
Hibtac Greenball 11 96/0/4 0.57
1/27/04 | UDD WB2.5 342 490 18
UDD WB6.5 342 490 32 50/50/0 0.61
DDD WBS 573 340 19 94/6/0 0.62
PH WB12 897 195 94 90/10/0 0.64
PH WB14 1248 202 464 94/6/0 0.65
PH WB16 1402 253 127
FZ WBI18 2300 350 22 88/12/0 0.69
Minntac Greenball 12 100/0/0 0.61
Line 7 DD1 654 199 91 91/9/0 0.65
7/27/04 DD2 1049 246 57
DD2 1443 493 66 91/9/0 0.63
PH WBI 2076 544 15
PH WB3 2076 890 2.7 36/64/0 0.56
PH WBS5 2076 1215 0.7
United Greenball 14 100/0/0 0.59
11/29/04 DDD 525 384 24
24
21
24 37/63/0 0.48
PH 1852 1291 1.7
1.6 35/65/0 0.59
1.6
2.2
Ispat Greenball 10
2/15/05 | DDD WB9 720 250 7 92/8/0 0.64
DDD WB 11 720 250 10 87/13/0 0.61
PH WB 13 1854 250 60 91/9/0 0.60
PH WB17 2257 700 58 92/8/0 0.61
FZ WB 19 2332 725 26 74/26/0 0.61
FZ WB 21 2313 730 10 63/37/0 0.75

“mt=magnetite, hm=hematite, mg=Y%maghemite
" UDD=Updraft drying, WB=windbox, DDD=Downdraft drying, PH=preheat, FZ=Firing

Zone.
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Figure 4.2.1. Mercury concentrations of dust samples collected from grates at taconite plants. Left to right on
this graph for each plant represents samples collected from progressively deeper locations in the furnaces: drying
zones, preheat, and firing. Hibtac and Ispat samples are from straight grates where highest mercury
concentrations appear to be found in dust from preheat zones. Minntac and United, both grate-kiln plants, have
their highest mercury levels in dust samples collected from the drying zones. The relative amount of mercury
likely depends on the amount of dust generated, the amount of mercury available, and the specific temperatures

to which the dust was exposed.
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Figure 4.2.2. % Hematite for dust samples collected at taconite plants. None of the greenball samples
had significant hematite and so those samples are plotted as zero % hematite on this graph. Samples
from the other locations with apparent zero values were not analyzed. Temperatures representative of
each zone at the time of collection are shown in Table 4.2.1.
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4.3. Scrubber Water and Greenball Composition

The purpose of this portion of the study was to collect data that could be used to
calculate mercury, CI, and particulate flux values for taconite induration furnaces. By
collecting information on the composition and mass of solids entering the furnace, the flux of
elements and particulates can be estimated. Similarly, by collecting information on the
scrubber water composition and flow rate, the flux of mercury being collected by the scrubber
system can be estimated.

Greenball feed, pellet production, and scrubber water flow rates for the plants at the
time of each visit are provided in Table 4.3.1. Data previous to September 2003 are included
in the tables and these data were taken from Berndt et al. (2003). It is important to note that
greenball feed rates are measured for wet samples, while most analyses are performed on a
dry weight basis. Also, many of the greenball samples that are placed on a grate can break up
in the furnace and are responsible for creating the dust and chips sampled in section 4.2.
Another estimate of overall feed rate, subtracting moisture and loss from pellet degradation
can be made using the weight of the pellet product, although in this case, oxygen is added to
the Fe-oxide, increasing the weight of the overall solids, while CO; liberation from the
limestone flux results in approximately 4-5% weight loss for the fluxed pellets produced at
Minntac and Ispat-Inland.

Scrubber water flow rates are also subject to some uncertainty, depending on the plant.
Hibtac and Minntac both monitor flow rates continuously and so a new reading was made
during each visit. However, the flow rates at United Taconite were not measured until
recently (Brad Anderson, personal communication). The value obtained (810 gpm total for
two scrubbers) was used for the entire study. Plant personnel were relied on to provide flow
rate estimates at Ispat-Inland which, like United Taconite, does not provide continuous
measurement of flow for its scrubber. The flow rate was assumed equal to the estimated
pumping rate of 350 gpm throughout the study period.

Greenball sampling began in January, 2004, and the measured mercury concentrations
varied considerably: 18.6 + 5.7 for Hibtac; 11.3 + 3.2 for Minntac; 16.6 = 5.1 at United
Taconite; and 8.4 + 1.3 at Ispat Inland all on a dry weight basis and in units of ng/g. At this
point, sampling frequency and absence of procedural blanks was insufficient to determine if
the variation was due to handling and analytical error, or if it is caused by real monthly
variation in the mercury concentration of greenballs. Multiple greenball samples will be
collected and sampling and drying methods will be studied further in future visits.

A similar amount of variation was observed for scrubber water samples. However, in
this case, sampling frequency was greater each visit and procedural blanks were collected. At
least some of the observed variation in composition is “real”, although several samples with
unusual values were encountered and rejected. Full data sets of data for mercury samples are
provided in the Appendix (Section 9.5).
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Three different mercury concentration numbers are reported in Table 4.3.2. Hg(D) is
the dissolved concentration for mercury that was determined on samples that were filtered
immediately upon collection in the field, and represents the best value for dissolved mercury
in water as the water leaves the scrubber system. Hg(P) is the concentration of mercury in
dried filtrate solids (ng/g), but only for those solids filtered from the water immediately upon
sampling. Hg(T) is the total mercury in the scrubber water, and this was measured in two
different ways. The first method is to add dissolved mercury to particulate mercury (as
calculated from separate measurements of Total Suspended Solids, TSS, and the
concentration of mercury on the suspended solids on a dry solid basis, Hg(P). The second
method is to collect an unfiltered sample and send it to the laboratory for analysis of total Hg.
Both methods were used here, and the average of all values for each sampling round is
reported as Hg(T) in Table 4.3.2.

Other parameters of potential use for scrubber waters are reported in Table 4.3.3,
including pH, indicative of capture of acidic gases, and Cl, Ca, and SO4, elements that can
change rapidly during scrubbing of process gases owing to capture of HCI and H,SO4. The
source of Ca is unclear, but it was shown to increase significantly in scrubber waters from
recirculating systems, possibly in response to reaction between solids and acid. This is
demonstrated by the results of a one day test that was conducted on 2/14/05 to 2/16/05 (Table
4.3.4). In this test, scrubber water leaving the system was compared to scrubber water feed,
and the change in composition was measured. HF, HCI, and H,SO, (partly from oxidized
SO,) increase the most during scrubbing. Ca increases most rapidly at United Taconite which
operates at pH between 3.5 and 4.5. Almost no change in Ca is observed at Hibtac and
Minntac, which operated at less acidic pH values around 7.2 and 5.7, respectively.

Also reported in Table 4.3.4 are the results of greenball leach studies. The values
represent leachable salts on a dry-greenball weight basis. Most of the Cl and Br in dried
greenballs comes from salts that remain following evaporation of pore fluids. This
concentration is used later to estimate Cl flux in furnaces.
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Table 4.3.1 Plant parameters at time mercury samples were collected.

Greenball Scrubber Pellet
Feed Flow Production
Plant Date LT/hr Pellet Type (gpm) Prod. Factor. LT/hr

Hibtac 02/20/03 450 Standard 3300 0.75 338
Hibtac 05/08/03 450 Standard 3315 0.75 338
Hibtac F1-2 | 09/11/03 354 Standard 3000 0.75 265
Hibtac F1-3 | 01/27/04 397 Standard 3206 0.75 298
Hibtac F1-3 | 05/12/04 401 Standard 3453 0.75 301
Hibtac F1-2 | 07/27/04 417 1% Flux 3372 0.75 312
Hibtac F1-3 | 02/15/05 415 4% Flux 3406 0.75 311
Hibtac F1-3 | 05/19/05 456 4% Flux 3923 0.75 342
Average 417 3372 0.75 313

Minntac L4 | 02/19/03 600 Standard 2650 0.84 504
Minntac L4 | 05/09/03 540 Fluxed 2645 0.84 454
Minntac L4 | 09/10/03 403 Standard 2980 0.84 339
Minntac L4 | 01/28/04 530 Standard 2900 0.84 445
Average 518 2794 0.84 435

Minntac L7 | 01/28/04 530 Fluxed 2800 0.78 413
Minntac L7 | 05/11/04 505 Fluxed 3050 0.78 394
Minntac L7 | 07/27/04 605 Fluxed 2820 0.75 454
Minntac L7 12/01/04 497 Fluxed 3000 0.85 422
Minntac L7 | 02/16/05 490 8% Flux 3018 0.84 412
Minntac L7 | 05/20/05 600 8% Flux 3000 0.84 504
Average 538 2948 0.81 433

EVTAC 02/18/03 600 Standard 810 0.87 522
United Tac | 01/28/04 560 Standard 810 0.87 487
United Tac | 05/11/04 604 Standard 810 0.87 525
United Tac | 07/28/04 630 Standard 810 0.87 548
United Tac 11/29/04 549 Standard 810 0.87 478
United Tac | 02/14/05 435 Standard 810 0.87 378
United Tac | 05/19/05 598 Standard 810 0.87 520
Average 563 810 0.87 490

Ispat Inland | 02/20/03 240 Standard 350 0.62 149
Ispat Inland | 05/08/03 340 Fluxed 350 0.62 211
Ispat Inland | 09/11/03 510 Fluxed 350 0.62 316
Ispat Inland | 01/27/04 420 Fluxed 350 0.62 260
Ispat Inland | 05/12/04 501 Fluxed 350 0.62 311
Ispat Inland | 11/30/04 554 Fluxed 350 0.62 343
Ispat Inland | 02/15/05 428 10% Flux 350 0.62 265
Ispat Inland | 05/19/05 530 10% Flux 350 0.62 329
Average 440 350 0.62 273
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Table 4.3.2 Mercury concentrations and TSS for greenball and scrubber water
samples. Hg(D) = Dissolved mercury, Hg(P) = concentration of mercury in dried
filtrate, Hg(T) = total mercury concentration including dissolved and particulate

fractions.
Plant Date Greenball Hg(D) Hg(P) 7SS Hg(T)
Hg (ng/lg)  (ng/)  (nglg) (wt%)  (ng/l)
Hibtac 2/20/2003 256 1406 0.010 492
5/8/2003 339 606 0.033 532
9/11/2003 231 604 0.038 460
1/27/2004 10.9 292 1484 0.018 556
5/12/2004 16.5 237 2039 0.013 502
7/27/2004 20.6 294 2813 0.014 688
2/15/2005 18.6 721 2874 0.024 1410
5/19/2005 26.4 234 8396 0.006 731
Average 18.6 325 2528 0.019 671
St. Dev. 5.7 164 2525 0.011 314
Minntac 2/19/2003 116 1285 0.058 1167
Line 4 5/9/2003 81 160 0.315 578
9/10/2003 474 434 0.217 1993
1/28/2004 164 1557 0.145 2422
Average 209 859 0.184 1540
St. Dev. 180 668 0.109 826
Minntac 1/28/2004 223 2489 0.041 1251
Line 7 5/11/2004 8.1 291 2723 0.052 1706
7/27/2004 11.6 305 2564 0.095 2746
12/1/2004 8.5 234 2830 0.075 2357
2/16/2005 12.0 331 2855 0.058 1987
5/20/2005 16.1 256 1360 0.100 1613
Average 11.3 273 2470 0.070 1943
St. Dev. 32 42 563 0.024 541
Evtac 2/18/2003 64 979 0916 6612
United 1/27/2004 273 697 0.903 6571
5/11/2004 13.2 164 594 1.270 7714
7/28/2004 12.4 112 459 2.260 10491
11/29/2004 13.8 32 322 2.410 7791
2/14/2005 24.3 1440 848 2.180 19923
5/19/2005 19.5 962 856 1.210 11829
Average 16.6 542 616 1.866 11550
St. Dev. 5.1 626 236 0.578 5004
Ispat 2/20/2003 1216 617 0.328 3418
5/8/2003 852 2970 0.142 5274
9/11/2003 1032 2094 0.175 4697
1/27/2004 1025 1563 0.137 3166
5/12/2004 8.9 3312 440 0.095 3730
11/30/2004 7.2 388 1975 0.118 2719
2/15/2005 9.9 304 4032 0.170 7157
5/19/2005 7.5 465 2774 0.123 3865
Average 8.4 1117 2305 0.126 4368
St. Dev. 1.3 1465 1504 0.031 1929
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Table 4.3.3 pH, CI, Ca, and SO4 concentrations for scrubber waters.

Cl Ca SOy
Plant Date pH ppm ppm  ppm
Hibtac 2/20/03 6.7 86 58 325
5/8/03 7.4 65 43 243
9/11/03 7.5 59 44
1/27/04 7.3 91 335
5/12/04 7.0 40
7/27/04 7.2 68 37 261
7/27/04 7.2
2/15/05 7.2 98 60 368
5/19/05 7.2 60 41 239
Minntac 2/19/03 5.6 196 138 994
Line 4 5/9/03 64 176 129 859
9/10/03 6.1 162 116
1/28/04 43 194 90 870
Minntac 1/28/04 5.6 200 901
Line 7 5/11/04 5.8 106
7/27/04 4.0 231 115 860
12/1/04 5.5 187 122 924
2/16/05 5.6 208 131 964
5/20/05 5.6 180 134 879
Evtac 2/18/03 4.2 59 180 711
United Tac 1/28/04 4.0 60 52 640
5/11/04 3.7 106
7/28/04 3.5 89 140 779
11/29/04 3.8 95 135 780
2/14/05 4.5 82 202 780
5/19/05 3.6 87 105 674
Ispat-Inland | 2/20/03 6.7 109 45 159
5/8/03 6.4 209 66 193
9/11/03 7.3 160 67
1/27/04 6.9 195 233
5/12/04 6.5 59
11/30/04 7.5 206 56 173
2/15/05 7.2 226 54 216
5/19/05 6.8 223 50 140
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Table 4.3.4 Comparison of Greenball leach analysis and change to chemistry of scrubber water.

F Cl Br SO, Na Mg K Ca
(mg/kg) (mglkg) (mg/kg) (mglkg) (mg/kg) (mg/kg) (mglkg) (mg/kg)
Hibtac

Greenball Leach 2.6 14.8 0.04 98 105 5.6 8.4 9.0
Scrubber Feed 13.9 92 0.41 298 85 110 18.3 61.1
Scrubber Water 22.0 98 0.43 368 85 110 18.3 59.5

Scrubber Change 8.1 6 0.02 70 0 0 0.0 -1.6

Minntac

Greenball Leach 3.0 31.8 0.22 136 158 2.3 5.3 2.1
Scrubber Feed 3.7 180 1.30 819 105 183 27.4 128
Scrubber Water 7.0 208 1.45 964 106 182 27.6 131

Scrubber Change 33 28 0.15 145 1 -1 0.2 3

United Taconite

Greenball Leach 32 6.8 0.05 47 69 7.6 4.4 8.6
Scrubber Feed 11.7 53 0.33 328 56 51 22.8 79
Scrubber Water 30.3 82 0.31 780 57 56 23.7 202

Scrubber Change | 18.6 31 -0.02 452 1 5 0.9 123

Ispat Inland

Greenball Leach 2.1 16.8 0.11 40 82 4.2 6.6 4.6
Scrubber Feed 5.6 109 0.87 86 68 71 8.1 31.5
Scrubber Water 28.1 226 1.95 216 83 83 11.9 53.5

Scrubber Change | 22.5 117 1.08 130 15 12 3.8 22.0
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5. Discussion

Results from this study have shown that mercury transport during taconite processing
involves a relatively complex series of reactions, whereby some of the mercury released at
high temperatures in the furnace is recaptured by magnetite and/or magnetite solid-solutions
with maghemite (magnetite/maghemite solid-solutions). In all plants, however, there is also
mercury captured by scrubber systems that is dissolved in solution, indicating potential
importance of a molecular reaction between mercury and gaseous species, most likely Cl. To
simplify the release process, we write four reactions that are shown in Table 5.1 as those most
likely to impact mercury release from taconite ore. Reactions 1 and 2 represent the relative
formation of magnetite/maghemite solid-solutions and hematite, while Reactions 3 and 4
represent release of mercury in reduced and oxidized form, respectively. Each of the
reactions in Table 5.1 proceeds from left to right upon heating of magnetite in taconite
induration furnaces, and the challenge is to determine specific processes affecting the relative
rates of each process.

Magnetite oxidation to maghemite and/or magnetite/maghemite solid-solutions is
important because it controls the composition of dust that may or may not react with, and
ultimately help trap, reduced mercury (Hgo(g)) in process gases. Zygarlicke (2003) and
Galbreath et al. (2005), for example, demonstrated that maghemite participates in reactions
with gaseous mercury, while magnetite and hematite do not. Maghemite forms when oxygen
is added to magnetite without modification of the spinel-type crystal lattice. Formation of this
mineral has long been considered to take place at intermediate temperatures in induration
furnaces (Papanatassiou, 1970), however, its abundance as a mineral phase, and its
importance with respect to mercury transport during taconite processing, was previously
unknown.

Data in the present study provide an indication of time needed for solid-solutions
between magnetite and maghemite to form, but perhaps more importantly, demonstrate that
mercury reacts not just with maghemite, but also with magnetite/maghemite solid-solutions
that may be close in composition to magnetite. A comparison of A/B site occupancy ratios
for Fe™ in magnetite from experiments and grates indicate far greater formation of oxidized
solid-solutions in the experiments. A/B values after 20 minutes reaction between greenball
and air at temperatures of 400 and 500°C produced magnetite having A/B = 0.98 and 1.26
(Table 4.1.2) consistent with magnetite solid-solutions composed approximately of 27 and
36% maghemite component (see Figure 3.4.1). This compares to the starting material which
was composed of magnetite having A/B of 0.72, or approximately a 12% maghemite
component. The magnetite in under-grate samples all had A/B between 0.48 and 0.75 (see
Table 4.2.1 and compare to Figure 3.4.1) indicating that this dust had not reacted with air at
elevated temperatures for sufficiently long time periods to oxidize magnetite to more
maghemitic compositions. Indeed, the experiments where maghemite enriched magnetite was
generated were conducted for 20 minute time intervals, while solids probably spend less than
half that time reaching the firing zone in taconite induration furnaces (T = 1200 to 1300 C).
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Reaction 1 in Table 5.1, therefore, does not appear to take place on a large scale, to the
point where it is easily observable in dust samples from grates. We note, however, that the
process may take place on a small scale during pellet induration. This is suggested by the
A/B values for samples from Hibtac’s grate which increased gradually from 0.57 in the
starting solid to 0.69 in the firing zone. It is possible, therefore, if not likely that
magnetite/maghemite solid-solutions interact with mercury, even for slight levels of
maghemitization. This behavior can be understood, perhaps, by considering in more detail
the steps needed for magnetite oxidation to maghemite to take place (Columbo et al., 1965;
O’Reilly, 1984; Zhou et al., 2004). First, oxygen must be adsorbed to the surface of the grain.
This takes place by reaction of oxygen with electrons from the Fe™ component in magnetite
to form Fe™ and O™ ions, which has the effect of extending the mineral lattice. Fe"/Fe*?
ratio at the mineral surface increases as a result of this interaction, and a cation site vacancy
develops in the vicinity of the added oxygen. Ionic and electronic diffusion then occur to
reduce the chemical gradients, and given time, the grain may become homogeneous.

Oxidation of a magnetite grain occurs from the outside in, such that full oxidation of
the interior portions is diffusion limited and can only take place only as fast as Fe diffusion
permits. The outer surface mineralogy and rate of mineral growth is complex, depending on
temperature, humidity, oxygen availability, and nucleation effects, as well as crystal
orientation (Zhou et al., 2004). Based on results from experiments and under-grate samples,
conversion of magnetite to magnetite/maghemite solid-solutions can take place on relatively
short time scales at 400 and 500°C, but time scales for induration furnaces are short, so only
the outer-most surfaces of magnetite grains have time to convert to magnetite/maghemite
solid-solutions.

Ultimately, nearly all of the magnetite in greenballs is converted to hematite by
exposure to air at temperatures of 1200 to 1300C later in the induration process. Hematite is
not known as a significant oxidant for Hg” in flue gases at power plants (Zygarlicke, 2003).
Thus, Reaction 2 in Table 1, conversion of magnetite to hematite may limit mercury oxidation
and capture during induration, and the mineralogic conversion process likely signals the final
release of mercury to process gases. To understand mercury transport in taconite induration
furnaces, therefore, it is important to determine where magnetite and magnetite/maghemite
solid-solutions convert to hematite.

For the Minntac greenball samples heated in air, it took 20 minutes of exposure at 400
and 500°C (752 and 932°F) to convert 11 and 23% of the solids, respectively, to hematite.
Under-grate samples, obviously, require much higher reaction temperatures for this amount of
hematite to form, since reaction times are much less than 20 minutes. Based on results from
under-grate samples, significant hematite is observed in dust from preheat zones at both
Minntac (Line 7) and United Taconite. At Hibtac and Ispat, hematite did not become a large
component of the dust samples until the firing zone. In all four cases, mercury decreases
become evident when hematite increases in under-grate samples, consistent with the idea that
heating to the temperatures needed to generate hematite is needed to effectively release all of
the mercury from magnetite/hematite solid-solutions.
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This brings us to consideration of reaction 3: the conversion of mercury from its
oxidized immobile form, HgOy, to its reduced and volatile form, Hgo(g). The subscript
“(ss)” in HgOgy 1is used to indicate Hg existing in a solid solution within
magnetite/maghemite solid-solutions , however, the nature and form of this component is not
well known. In primary greenball samples it likely exists initially as an element dispersed
throughout the grain or, even perhaps, combined with other trace components such as sulfur.
However, the high concentration of mercury observed on dust samples composed exclusively
of magnetite/maghemite solid-solutions at Hibtac, leave little doubt that the element exists as
a surface adsorbate on magnetite/maghemite solid-solutions in the cooler regions of the
furnace where hematite has not yet begun to form. Release temperatures from experiments
indicate this process is important in air at temperatures to approximately 400 or 450° (842°F).
At temperatures above this, mercury appears to have little affinity to react with magnetite
solid-solutions or magnetite, perhaps signifying final conversion of the surfaces of the mineral
grains to non-reactive hematite rather than to magnetite/maghemite solid-solutions.

The precise manner in which mercury evolves from the surface of
magnetite/maghemite solid-solutions may provide an important constraint on the form of
mercury in the resulting process gas, which can impact the behavior of mercury in wet
scrubber systems. Reaction 3 in Table 5.1 is a hypothetical mechanism for producing Hgo(g),
the form of mercury to be avoided, if possible, because it is not captured by wet scrubbers
unless subsequent chemical reactions promote oxidation in the process gas phase. One such
reaction to oxidize mercury is Reaction 4, a hypothetical mechanism for generating HgClzo(g),
a molecule containing mercury in oxidized form which is easily captured by wet scrubber
system and which can adsorb to solids. The relative overall rates of reactions like 3 and 4
will dictate the relative amounts of mercury released in taconite induration furnaces that can
be captured either as particulate or dissolved mercury or which will be released to the
atmosphere (Hg" ).

The experiments conducted for the present study (Figures 4.1.1 and 4.1.2) were
conducted in the absence of HCI and, thus, provide some information on mercury systematics,
although reaction times are, as discussed previously, probably too long to provide an exact
analogy to processes taking place during taconite induration. For Hibtac and Minntac
greenball samples over half of the mercury was released in 20 minutes of reaction at 300°C,
but only a small fraction of the mercury was driven off at this temperature during reaction in
air. This suggests that at 300°C, mercury that might have been volatilized in N is instead
captured and held by magnetite/maghemite solid-solutions that formed as the solid was
heated. However, at 400°C nearly half of the total mercury is released within 20 minutes,
even in air. If these results were to be extrapolated to the short time scales of heating in
taconite induration furnaces, it is likely that the majority of the mercury release would take
place at somewhat higher temperatures than this. At 450 and especially 500°, where mercury
release during N»- and air-based experiments became similar for Hibtac samples, reactions
between mercury and the surfaces of oxidation products for magnetite must no longer be as
important as they were at the lower temperature. Thus, Reaction 3 in Table 5.1 appears to
dominate transport at temperatures between about 300 and 400°C, but then loses significance
when temperatures approach 450°C, perhaps commensurate with more rapid conversion of
mineral surfaces from magnetite/maghemite solid-solutions to unreactive hematite.
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While it is unlikely that the iron-oxide mineralogy would be strongly affected by the
presence or absence of small amounts of HCly) in process gases, there is good reason to
expect that the chemistry of mercury reactions taking place at the surfaces of minerals might
change to favor Reaction 4 over Reaction 3 in Table 5.1. Galbreath and Zygarlicke (2000), for
example, showed that the dominant transformation pathways for mercury in flue gases in coal
fired power plants was by chlorination reactions at mineral surfaces on fly-ash. The reaction
products were a combination of particle-bound mercury and HgCly ). Results from mercury
oxidation experiments involving gas reactions with fly ash have suggested a direct role for Fe-
oxides, in particular (Ghiorshi, 1999; Lee et al., 2001).

The high mercury concentrations in many of the under-grate samples support this
contention, as does the relatively high concentration of mercury in scrubber waters, which are
present in both dissolved and particulate form. Before a role for HCl can be assessed,
however, it is important to compare the relative source and abundance of HCl in taconite
processing gases, as compared to flue gases from power plants. Table 5.2 presents an
estimate of HCI abundance in taconite processing gases, based on feed-rate and scrubber
water flow data from Table 4.3.1, greenball Cl data from Table 4.3.4, and gas flow data from
Zahl et al. (1995) and personal communication (Ray Potts for Minntac, Brad Anderson for
United Taconite). The predominant source of Cl is thought to be the pore fluid from
processing waters and limestone flux material (Minntac and Ispat-Inland), which upon heating
to 1200 to 1300°C in the firing zone, is expected to be volatilized as HCI’y). Air containing
the HCIO(g) travels into the preheat and drying zones where it may react with the mercury
bearing iron oxides. Since HCI is likely only released from fired pellets, the mass flux of ClI
in our calculations was related to pellet production rate to account for Cl that would likely
have fallen along with other material from the grates before it volatilized.

Mass balance results indicate considerable uncertainty in the amount of CI that is
volatilized from pellets, compared to the mass captured in wet scrubbers. Assuming the lower
value based on flux from the firing of pellets, however, it is estimated that the taconite
processing gases contain from 1 to 10 ppmv Cl. These concentrations are relatively low
compared to experimental conditions where Cl generation has been shown to take place in
homogenous gas phase reactions (e.g., Widmer ef al.,1998) so it is unlikely that homogenous
gas reactions with HCI will promote oxidation during taconite induration. However, Edwards
et al. (2001) showed that the predominant CI species for mercury oxidation in homogenous
reactions were trace molecular species such as Clo(g) and Clzo(g) which oxidize Hgo(g) orders of
magnitude more rapidly than HCI. It is unknown whether such metastable species exist in
taconite processing gases. Another possibility is that the heterogeneous reactions between
HCI and iron oxides that come into contact with the processing gas (Ghiorshi, 1999; Lee et
al., 2001; Zygarlicke, 2003, Galbreath et al., 2005). Certainly, there is abundant opportunity
for processing gases containing Hgo(g) and HCI to come into contact with iron oxides and
some of the process gases obviously contain large amounts of oxidized mercury, both
adsorbed to particulates and as a molecular form easily caught in wet scrubbers.

Table 5.3 was constructed as an attempt to compare estimated “capture efficiencies”

for processing facilities in order to evaluate the relative effects of Cl and availability of dust
particles on mercury capture. It should be noted, before comparing these values that the
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estimates are highly uncertain. For example, the capture efficiency for Cl was unexpectedly
poor in Table 5.2. Cl collected in the scrubber waters for three of the plants was twice as high
as that calculated from greenball input values for Cl. Because no other significant source for
Cl is known at these plants, it is possible that the scrubber water flow rates or the production
rates may not be entirely accurate. Secondly, there is uncertainty associated with the estimate
of mercury inputs into the furnace based on processes occurring in the taconite dust itself. It
is unknown at this point if the mercury-bearing magnetite spilling from grates is a significant
fraction of the total mercury balance, but if it is, then it would cause an underestimate of
mercury capture efficiency. Finally, there was no attempt made to provide “closure” to the
calculations (e.g., measuring gas chemistry) to ensure accuracy. Mercury capture efficiencies
were computed in Table 5.3 for comparison purposes only. It is expected that these issues
will be resolved in planned future studies.

Capture efficiencies estimated during the study (Table 5.3) varied from less than 10%
to greater than 40%, with the highest recovery values being found at Minntac and United
Taconite which use grate-kilns and lower values found at Hibtac and Ispat-Inland, which use
straight-grates. While a simple difference in the grate type might be partially responsible for
differences in capture efficiency, it is also possible that the trend is tied to differences in the
concentrations of reactive components (e.g., HCI and/or iron-oxides). Combining Reactions
1, 3, and 4 in Table 5.1, for example, leads to an overall reaction describing heterogeneous
oxidation of mercury by magnetite/maghemite solid-solutions and HCI, as follows:

HgO(g) + 3F6203(55) + 2HC1(g) = 2Fe304(ss) + HgClz(g) + HZO(g)_
Maghemite Magnetite

This reaction shows that if components on the left hand side of the reaction are elevated
(maghemite and HCI), it will favor generation of HgCl,, relative to Hgo(g) and, thus, greater
capture efficiency. The company with the highest average mercury recover rate, Minntac,
also has the highest Cl concentration and flux (Table 5.3). United Taconite, on the other
hand, has low Cl, but has the highest Fparticulate load (also Table 5.3). These data suggest
several pathways may be available to limit mercury emissions, including addition of HCI and
increasing exposure of gases to maghemite or other solids.

Future studies are planned to measure gas chemistry directly in taconite induration
furnaces as well as to test whether Cl injection has a direct impact on mercury oxidation and
capture rates in taconite induration furnaces. Additional samples are also being collected to
lessen the errors associated in estimating fluxes for Cl, Hg, and particulates. Confirmation of
these trends could potentially lead to an increase in capture of mercury across the Iron Range
involving manipulation of components already available in all taconite processing plants.

It should be mentioned, however, that just increasing the capture rate for mercury in
induration furnaces will be insufficient to reduce mercury in taconite stack emissions. Part II
of this series of papers will detail the behavior of mercury in taconite scrubber waters once the
mercury is captured. Currently, three out of four plants simply recycle the captured mercury
back to the induration plants. Several potential means to ensure the majority of captured
mercury is routed to tailings basins, rather than back to the induration plant, are potentially
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available, however, the most cost effective means to do this will likely vary at each plant,

owing to differences in ore processing techniques.

Table 5.1 Primary chemical reactions that constrain mercury release, transport, and capture in taconite

induration furnaces.

Number | Chemical reaction

Importance for Hg transport

(1) 2Fe304m) +1 Oz(g) = 3F6203(gs)

Magnetite Maghemite

Maghemite interacts with mercury in
flue gases, while magnetite does. The
minerals have the same structure and
form a solid solution but little is
known about how mercury reacts with
magnetite solid-solutions.

(2) 2FC304 +1% Oz(g) = 3F6203

Magnetite Hematite

Mercury is released when magnetite is
converted to hematite in induration
furnaces. Hematite does not interact
with mercury in flue gases.

(3) HgOy = Hg' g + 1/202

Hg' ) is insoluble in water and cannot
be caught by wet scrubbers. HgOy
represents mercury associated with
magnetite and magnetite/maghemite
solid-solutions.

4) HgOys) + 2HCl ) = HgClyg) + HaO

HgCly g is soluble in water and the
Hg’" base atom can adsorb to solids.
This species is more easily captured
by wet scrubbers than is Hg' ).

Table 5.2 Cl-flux calculations for taconite processing facilities.

Plant Pellet Scrubber  Cl flux  ClI flux out Process  Estimated
Production ~ Water into through Gas Flow Total Clin
Rate flow rate  furnace  scrubber Rate” Gas
(dry,LT/hr) _ (gpm) (g/5) g5) (mscfh) (ppmv)
Hibtac 311 3406 1.3 1.3 20 52
Minntac L7 412 3018 3.7 53 28 10.6
United 378 810 0.7 1.4 46 1.2
Ispat Inland 265 350 1.3 2.6 18 5.8
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Table 5.3 Flux calculations for taconite facilities in this study.

Plant Particle flux Cl flux Estimated

to scrubber  to furnace Mercury

(g/sec) (g/sec) Capture

Efficiency
Hibtac 40 1.3 0.11+0.06
Minntac 7 130 3.7 0.33+0.13
United Taconite 953 0.7 0.27 £0.08
Isp. Inland. 25 1.3 0.14 £ 0.06

6. Conclusions

Experiments were performed and samples were collected from beneath grates and wet
scrubbers in four induration furnaces to identify the primary processes affecting mercury
release and capture for the taconite industry. Magnetite/maghemite solid-solutions formed
during heating of the fresh magnetite-dominated greenballs in air and correspondingly,
mercury release rates were greatly reduced compared to when the greenballs were heated in
N». These results agreed with observations from under-grate samples from taconite induration
furnaces which revealed considerable uptake of mercury at moderate temperatures. In
general, therefore, it appears that mercury release during induration begins at approximately
450°C and continues to unspecified higher temperatures, as the magnetite converts to
hematite, which appears to exclude and not react with mercury.

Subsequent to release, mercury can resorb to magnetite/hematite solid-solutions but
the overall rate of capture by wet scrubbers appears to depend both on the availability of
HClo(g) and particulate phases, most likely magnetite/maghemite solid-solutions, consistent
with a reaction such as:

Hgo(g) + F6203(Ss) + 2HC1(g) = 2Fe304(ss) + HgClz(g) + HZO(g)
Maghemite Magnetite

Despite the considerable uncertainty that exists in computation of mass fluxes for mercury,
chloride, and particulates in taconite induration furnaces, the relationships observed in this
study provide evidence that relatively simple procedures involving injection of Cl and/or
maghemite/magnetite may provide a relatively cheap and simple means to control mercury
emissions during induration at taconite processing facilities.
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9. Appendices
9.1. Taconite Induration Furnaces

A
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Figure 1. Diagram of a grate-kiln taconite pellet induration process (used at Minntac and United Taconite).
Fresh, wet pellets (termed green balls) fed into the system (on the left side) are systematically dried, heated, and
hardened into pellets as they pass from the drying zone to the rotating kiln. Drying and heating is accomplished
using gases, that are generated by cooling of the hot pellets and burning of fresh fuels in the kiln. The gases
interact with pellets in the kiln, and are passed through pellet beds in the drying and pre-heat zones. The gases
carry mercury and dust to the wet scrubber systems that were sampled in our study. The preheat burner near the
center of the diagram is used only for fluxed pellet production.
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Figure 2. Diagram of a straight-grate taconite pellet induration process (used at Hibtac and
Ispat Inland). Fresh pellets are carried on a grate through a furnace and cooled by fresh air
passed through the pellet bed. The air used for cooling the hot pellets and gases generated in
the firing zone are used for drying and heating the pellets.
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9.2. Taconite Scrubber Systems

Hibbing Taconite Company Scrubber Flow Diagram
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United Taconite Scrubber Flow Diagram
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9.3. Heating Experiments (B. Benner, CRML)

(Scanned text from hard copy original)
Mercury Release from Taconite During Heating

Blair Benner (CMRL report TR-05-06/NRRI/TR-2005-17) June 15, 2005
Introduction:

The taconite industry is under pressure to reduce the emissions of mercury from
their induration process. Previous studies have indicated that greater than 90 percent of the
mercury in the green balls being fed to the induration process is vaporized during the
induration. The Minnesota DNR is in the process of conducting a bench-scale study to
determine the rate of mercury release as a function of temperature during the heating of
taconite. This program is a supplement to that work. The objectives of this program were to
determine the role of oxidation in the release of mercury at various temperatures and to
provide samples of heated material for Mossbauer spectroscopic analysis.

Test Procedure and Results:

In consultation with the DNR, samples of green balls were obtained from Minntac
(Line 6) and Hibtac. The green balls were dried at 100 C, crushed, and blended to provide
two feedstocks for the testing. Head samples were taken for mercury and Mossbauer
analyses. An electrically heated tube furnace with a built-in temperature controller was
used for all of the tests. A 7/8-inch ID combustion tube was placed inside the tube furnace.
Temperature measurements were taken inside the combustion tube at the center and 3/4
and 1.5 inches from each side of the center. The temperatures in the 3 inch zone ranged
from 500 to 505 C.

The test procedure was as follows: The furnace was heated to the desired
temperature. If the test was to be conducted in a nitrogen atmosphere, the combustion tube
was purged for 20 minutes with nitrogen being added at the rate of 0.67 I/min. An empty 3-
inch long combustion boat was weighed. The boat was filled with the desired sample of
dried green balls and re-weighed. The loaded boat was placed in the center of the heating
zone and either air or nitrogen was added to the tube at the rate of 0.67 I/min. After 20
minutes, the boat was removed from the hot zone. In the case of tests in nitrogen, the boat
was kept in the cool end of the combustion tube for 10 minutes under nitrogen to prevent
oxidation. In the case of tests in air the boat was removed from the combustion tube to
cool. A portion of the cooled sample was submitted for mercury analyses and a portion was
sent out for Mossbauer analysis. With each set of mercury analyses, a taconite concentrate
standard1 containing 14 +/- 1.2 nglg Hg was also run. The results for the Minntac Line 6
green balls are given in Table I. At all temperatures there was a greater release of mercury
in nitrogen than in air. With the exception of the test run at 500 C, there is a steady
increase in the amount of mercury released with increasing temperature. The fact that the
500 C tests were the first tests run may have contributed to the slight anomaly. It is
apparent that heating in air retards the release of mercury. Even heating to 700 C in air
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resulted in more than twice the concentration of mercury remaining in the solids compared
with heating to 400 C in nitrogen (2.07 ng/g vs. 0.75 ng/g).

The results for the tests with Hibtac green balls are given on Table Il. The results
were similar to the ones from the Minntac green balls at lower temperatures. Namely, that
more mercury was released in nitrogen than in air. The main difference between the two
green balls was seen above 400°C. Above 400°C with the Hibtac green balls there was
essentially no difference between air and nitrogen, while with the Minntac green balls there
was always a significant difference between air and nitrogen.

To investigate the effect time may have on the mercury release, Hibtac green balls
were tested at 450°C. The samples were placed in the furnace for 5, 10 and 15 minutes in
air and in nitrogen. The times refer to the time from insertion of the boat until removal. In
these tests all of the boats including those from the nitrogen tests were removed from the
tube to cool. The test results, Table I, indicate that a significant amount of the mercury was
released in 5 minutes with the release increasing with time.

Conclusion:

This test work has shown that the release of mercury during induration is related to
temperature, time and atmosphere. Since Minntac green balls contain flux and caustic
soda, the differences in chemistry may have had an effect on the mercury release. The
rapid release of mercury with the Hibtac green balls suggests that in plant practice the
mercury is released early in the process. Although time tests were not run on the Minntac
green balls, it is probable that the release from Minntac green balls would also be rapid.
This would suggest that the mercury is released on the grate in plant practice and,
therefore, there should be little difference between straight-grate and grate-kiln plants.
Since atmosphere appears to have an effect on mercury release, tests should be run in an
atmosphere similar to that found in the plant machines.

Reference:

1. B. R. Benner, "Preparation of Mercury Standard from Taconite," CMRL technical report TR-01-
16, September 25,2001.
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Table 1- Summary of Tests with Minntac Green Balls Air and Nitrogen Flow Rates =

0.67 I/min

Sample HQ, ng/g Sample Wt., g ng Hg removed
Minntac Line 6 Green Balls 7.62
Minntac Line 6 Green Balls 7.59

AVG 7.61
300°C in Air 6.42 4.6588 5.55
300°C in Nitrogen 2.69 4.7760 23.51
400°C in Air 2.89 4.0025 18.89
400°C in Nitrogen 0.75 4.1379 28.36
Standard (14 +/-1.2 ng/g) 14.20
500°C in Air 3.70 3.8806 15.17
500°C in Nitrogen 0.92 3.9669 26.53
600°C in Air 2.17 4.7994 26.12
600°C in Nitrogen 0.48 4.7716 34.02
700°C in Air 2.07 5.0308 27.84
Standard (14 +/-1.2 ng/g) 13.57

Table II - Summary of Tests with Hibtac Green Balls Air and Nitrogen Flow Rates =

0.067 1/min
Sample HQ, ng/g Sample Wt, g ng Hg removed
HTC Green Balls, Head 20.69
20.34
21.39
21.01
AVG, Head 20.86
300°C in air 17.68 5.3661 17.05
300°C in nitrogen 9.21 5.2255 60.86
400°C in air 12.72 5.3464 43.50
400°C in air (repeat) 11.43 5.3845 50.77
400°C in nitrogen 4.17 5.3847 89.86
500°C in air 2.61 5.4278 99.02
500°C in nitrogen 2.39 5.5266 102.04
600°C in air 1.50 5.1340 99.40
Standard (14 +/-1.2 ng/g) 13.57
Standard (14 +/-1.2 ng/g) 14.96
450°C in air for 5 min 5.09 5.2466 82.69
450°C in air for 10 min 3.06 5.5479 98.71
450°C in air for 15 min 1.86 5.4438 103.39
450°C in N2 for 5 min 5.87 5.2495 78.69
450°C in N2 for 10 min 4.63 5.4550 88.52
450°C in N2 for 15 min 2.46 5.3369 98.19
Standard (14 +/-1.2 ng/g) 15.12
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9.4. Mdssbauer Report (T. Berquo, IRM)

Mossbauer spectroscopy analyses of taconite dust samples

Thelma S. Berqué, Institute for Rock magnetism, Department of Geology and
Geophysics, University of Minnesota, Minneapolis, MN 55455

1. Introduction

Maossbauer spectroscopy is used routinely as an analytical tool in many different areas of
science, for example physics, biology and geology. In geology, materials like soils,
sediments and rocks are frequently studied. Murad and Cashion (2004) introduced some
useful information related to Mossbauer spectroscopy and mineral processing. This is a
powerful technique to study iron ores, since the Fe is extremely abundant and mineral
transformations are common during the processing of iron-containing ores. By using
Mossbauer spectroscopy it is possible to observe the presence of different iron phases
(magnetite, maghemite and hematite) or a mixture of these iron oxides during the
processing.

Magnetite is a stable mineral found in iron deposits of northern Minnesota. This mineral
oxidizes to Fe’"-oxides like maghemite or hematite. The specific mechanism of oxidation
is complex and some information can be found at the literature, p. ex., Colombo et al.
(1965), O’Reilly (1984) and Zhou et al. (2004).

The iron ore in northern Minnesota contains trace mercury which may be released during
mineral processing. This mercury could be released during transformation of magnetite
to another phase. The goal of this project is to determine and quantify relationships
between iron oxide transformation and mercury release during mineral processing.

Maossbauer spectroscopy is a nuclear techinique and has a rich literature where many
books (Greenwood and Gibb, 1971, Cornell and Schwertmann, 1996, Murad and
Cashion, 2004, among other) discuss the methods in details. Below we present a short
introduction to Mdssbauer spectroscopy adapted from Dickson and Berry (1983), some
information about the hyperfine parameters obtained by the technique and finally the
experimental data obtained during this study on taconite processing samples.

2. Mdssbauer spectroscopy

The energy of a nucleus situated in an atom and in a solid is modified very slightly by the
environment of the nucleus. Mdssbauer spectroscopy is a technique which enables these
energy levels to be investigated by measuring the energy dependence of the resonant
absorption of Mossbauer gamma rays by nuclei. Hence, the hyperfine interaction between
the nucleus and its surrounding electrons are investigated by this technique using the
nucleus itself to probe its chemical environment.
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The most usual experimental arrangement for Mdssbauer spectroscopy, and the one used
in this study, involves a radioactive source containing the Mdssbauer isotope source
material in an excited state and material to be investigated containing this same isotope in
its ground state. The source used in this work was the normally radioactive >’Co which
undergoes a spontaneous electron capture transition to give a metastable state of *'Fe
which in turn decays to the ground state via a gamma ray cascade which includes 14.4
keV gamma rays useful for Mdssbauer studies of material containing iron atoms. Gamma
rays emitted by the source are partially absorbed by the iron atoms before passing
through a suitable detector.

A critical aspect of Mdssbauer spectroscopy is the systematic varying of gamma ray
energy through movement of the source and its resulting Doppler shift. Resonant
absorption occurs when the energy of the gamma ray exactly matches the nuclear
transition energy for iron nuclei in the absorber and the Doppler shifting of the energy
provides the means to precisely match those energies at very specific source velocities.
Thus, the resulting Mdssbauer spectrum consists of a plot of gamma ray counts against
the velocity of the source. The spectrum is accumulated for a period typically of the order
of hours or days and is a function of the concentration of Fe atoms in various chemical
states within the absorbing material. Relative concentration of different chemical forms
for iron atoms in a solid source provides quantitative information on the mineralogy of
the samples. Further information, useful for mineralogic identification and provided by
the spectrums, include hyperfine parameters: isomer shift (IS), quadrupole splitting (QS)
and magnetic hyperfine field (Bys).

The isomer shift of the Mdssbauer spectrum is a result of the electric monopole
interaction between the nuclear charge distribution over the finite nuclear volume and the
electronic charge density over this volume. The quadrupole splitting obtained from the
Maossbauer measurement involves both nuclear quantity, the quadrupole moment, and an
electronic quantity, the electric field gradient. This parameter reflects the symmetry of the
bonding environment and the local structure in the vicinity of the Mossbauer atom.
Finally, the magnetic hyperfine field is the interaction between the nuclear magnetic
moment and the net effective magnetic field that is felt by the nucleus.

3. The Iron Oxides

Iron occurs in minerals both as a major constituent and also as an impurity. Magnetite,
maghemite, and hematite, the three primary minerals of interest here, were characterized
with Mossbauer spectroscopy. Detailed Mdssbauer information for these minerals,
briefly reviewed below, can be found in the following sources: Long and Grandjean,
1993; Vandenberghe et al., 1990; Cornell and Schwertmann, 1996; Vandenberghe et al.,
2000; Murad and Cashion, 2004.

Magnetite is a ferrimagnetic mineral and differ from the other iron oxides because
contain both divalent an trivalent iron, with structural formula (Fe*")A[Fe**"1504 in
which the B site, with ferrous and ferric ions, merge into Fe>>" due to a fast electron
hopping above the Verwey transition (~120 K). Mdssbauer spectrum at room temperature
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can be fitted with two well-known distinct sextets with typical hyperfine parameter for
the sextet corresponding to high spin Fe’* on the tetrahedral site (By=49.2 T; QS=0.02
mm/s; IS= 0.26 mm/s) and the other one to Fe?>" on the octahedral site (Bn=46.1 T;
QS=-0.02 mm/s; IS= 0.67 mm/s).

Magnetite forms a complete solid solution series with maghemite, a mineral similar to
magnetite in structure, but where all or most Fe is in the trivalent state and cation
vacancies, which are necessary to compensate for the oxidation of Fe*”, are all located on
the B-site; resulting in the formula (Fe3+)A[D1/3Fe3+5/3]BO4 (O represents vacancies). The
room temperature Mossbauer spectrum of maghemite consists of a slightly asymmetric
sextet with hyperfine parameter By=50.0 T, QS~0 mm/s and IS=0.35 mm/s.

For ideal magnetite the sextet area ratio A/B is 1:2 or 0.5. However, deviations from the
ideal ratio are often observed due to oxidizing effects as magnetite becomes more
maghemite-like. In such cases, there is a decrease in the Fe**" component and increase
in Fe’* component on the B-site. The B-site Fe’" hyperfine parameters are similar from
those of the A-site and together with introduction of vacancies this will result in a
decrease of the B-site sextet area and an apparent increase of that of the A-site. Thus, the
area ratio A/B can be used to determine the degree of oxidation of the magnetite, prior to
formation of end-member maghemite or other phases.

Hematite is the most stable iron oxide phase in air and it is represented by the formula
Fe,0;. The material has red color and it is an important constituent in iron ores. At room
temperature the Mossbauer spectrum of a stoichiometric hematite consists of a sextet
with the following hyperfine parameters By=51.8 T, QS=-0.20 mm/s and IS=0.37 mm/s.
Hematite has the same chemical composition as maghemite, but it is a distinct mineral
with different, generally less reactive, chemical behavior.

4. Taconite study

Taconite production involves the fine grinding and magnetic separation of magnetite
from the iron ore and the conversion of the magnetic concentrate into pellets. The
magnetic concentrate is composed mostly of magnetite which is rolled with other minor
components (fluxing agents, binders, water) into balls (greenballs). The magnetite (or
greenballs) is introduced into the indurating furnaces where mercury emissions are
generated upon heating to high temperatures (Berndt, 2003).

The samples studied here are from four taconite processing facilities: Hibtac, Minntac,
United Taconite and Ispat Inland. All Mdossbauer spectra were measured at room
temperature. A conventional constant-acceleration spectrometer was used in transmission
geometry with a >’Co/Rh source, using a o~ Fe at room temperature to calibrate isomer
shifts and velocity scale.

The hyperfine parameters obtained after fitting are presented from Table 1 to 6, as well as

the fitted spectra are showed from Figure 1 to 6. Magnetite was noticed in all samples but
with slightly changing ratio A/B, which is related to oxidation degree, with the increase
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of the heating temperature. The main feature observed in these samples were variations in
hematite amount and sometimes magnetite becoming well crystallized (ratio A/B~0.5)
upon heating. Thermal treatment is a useful and very common method to provide well
crystallized synthetic samples, where crystal defects like vacancies can be eliminated.
The hematite is resultant from transformation of magnetite into hematite, the
transformation of magnetite grains bigger than 300 nm in air atmosphere will produce
hematite, even at low temperatures, and maghemite formation is by-passed (Cornell and
Schwertmann, 1996). Maghemite was observed in the starting material from HIBTAC
plant, but upon heating only oxidized magnetite (A/B > 0.5) and hematite were observed.

Several greenball samples that had been heated to temperatures up to 500° C in either air
or N, gas for 20 minutes each at another laboratory were analyzed for mineralogy. These
data are presented in Table 6 and Figure 6. With increase of the temperature it is possible
to observe the increase of hematite amount, for samples heated in air. There is also a
temperature dependent increase in A/B for the residual magnetite that does not convert to
hematite. This magnetite is being progressively oxidized to magnetite/maghemite solid-
solutions. For the sample heated at 500 °C at N, atmosphere we could identify the
presence of 89% of magnetite which was became more stoichiometric (A/B=0.59) and
11% of another phase which could be represented by a combination of maghemite and
hematite. The starting mineral appears to have unmixed. Therefore, a mineralogic
change was observed in both cases, but each atmosphere produced different final
products.
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Table 1 — Hyperfine parameters for Hibtac under-grate samples.

Sample Bt (T) QS (mm/s) IS (mm/s) % Site Ratio Iron phase
51.6(1) 20.19(1) 037(1) 12 Hematite
H2P1 49.02) 20.01(1) 0.26(1) 36 A :
459(1)  0.01(1) 0.66(1) 52 B 0.69  Magnetite
51.7(1) 20.17(3) 0.37(1) 6 Hematite
H2P3 48.9(1) 20.02(1) 0.27(1) 37 A )
459(1)  0.01(1) 0.66(1) 57 B 0.65  Magnetite
51.8(1) 20.20(1) 033(2) 10 Hematite
H2P4 49.12) 20.01(1) 0.27(1) 35 A .
46.0(1) 0.01(1) 0.65(1) 55 B 0.64  Magnetite
51.93) 20.1703) 0.39(1) 6 Hematite
H2P5 492(2) 20.012) 0.28(1) 36 A .
45.9(1) 0.01(1) 0.65(1) 58 B 0.6 Magnetite
51.6(1) 20.18(1) 037(1) 50 Hematite
H2P6 49.0Q2) 20.02(1) 0.23(1) 9 A .
46.0(1) 0.01(1) 0.67(1) 31 B 0.61  Magnetite
50.5(1) 20.03(1) 0.43(1) 4 Maghemite
H2P8 49.0(1) 20.01(1) 0.26(1) 35 A :
45.9(1) 0.02(1) 0.66(1) 61 B 0.57 Magnetite
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Table 2 — Hyperfine parameters from Ispat-Inland under-grate samples.

Sample Bt (T) QS (mm/s) IS (mm/s) % Site Ratio Iron phase
49.0(1)  -0.02(1) 0.28(1) 0 A .
1551 459(1)  0.01(1) 0.67(1) 60 B 0.67  Magnetite
5191)  -021(6) 038(3) g Hematite
1652 490(1)  -0.04(1) 027(1) 36 A .
460(1)  0.01(1) 0.68(1) 56 B 0.64  Magnetite
5171)  -0.17(1) 03902) 13 Hematite
1653 4902)  -0.01(1) 0.27(1) 3 A .
460(1)  0.01(1) 0.65(1) 54 B 0.64  Magnetite
5163)  -0.12(6) 03703) 9 Hematite
1654 489(1)  -0.02Q2) 0.23(1) 3% A .
460(1)  0.03(1) 0.67(1) 57 B 0.60  Magnetite
514(4)  -0.15(8) 035(5) g Hematite
1655 91(1) 0011 0.26(1) 33 A .
46.0(1) 0.01(1) 0.65(1) 57 B 0.61  Magnetite
5163)  -0.182) 036(1) 26 Hematite
1656 290(1)  -0.03Q2) 0.25(1) 28 A .
46.0(1) 0.02(1) 0.66(1) 46 B 0.60  Magnetite
5171)  -0.13(1) 037(1) 37 Hematite
1657 489(1)  -0.04(1) 0.27(1) 27 A .
461(1)  0.02(1) 0.69(1) 36 B 0.75  Magnetite
Table 3 — Hyperfine parameters from Minntac Line 7 under grate samples.
Sample By (T) QS (mm/s) IS (mm/s) % Site Ratio Iron phase
51.603) 20.18(3) 037(1) 64 Hematite
M4S6  48.9(2) 20.03(2) 0.28(1) 3 A .
46.1(1)  0.03(1) 0.67(1) 3 B 0.57 Magnetite
51.7(1) 20.18(1) 038(2) 9 Hematite
M4S4  49.0Q2) 20.00(1) 0.27(1) 35 A .
46.0(1) 0.01(1) 0.65(1) 56 B 0.63  Magnetite
51.902) 20.15(4) 0390) 9 Hematite
M4S2  49.0(1) 20.01(1) 0.26(1) 36 A .
46.0(1) 0.01(1) 0.66(1) 55 B 0.65  Magnetite
49.002) 20.04(1) 0.27(1) 38 A .
M5S1 0.61 Magnetite
46.0(1) 0.02(1) 0.67(1) 62 B
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Table 4 — Hyperfine parameters from United Taconite under-grate samples.

Sample Byt (T) QS (mm/s) IS (mm/s) % Site Ratio Iron phase
49.0(1) -0.03(1) 0.26(1) 39 A .
USSL 40y  0.01(1) 0.66(1) 66 B 0.5 Magnetite
51.6(1) -0.17(3) 0.37(1) 63 Hematite
USS5  48.9(1) -0.02(1) 0.26(1) 12 A .
458(1)  0.01(1) 0.70(1) 5 B 048 Magnetite
51.6(1) -0.18(1) 0.37(2) 65 Hematite
UsS7  48.9(1) -0.01(2) 0.28(1) 13 A .
459(1)  0.01(1) 0.66(1) » B 0.59° Magnetite
Table 5 — Hyperfine parameters from scrubber solids.
Sample Bue (T) QS (mm/s) IS (mm/s) % Site Ratio Iron phase
517 -0.18 0.38 72 Hematite
Hibtac 48.9 -0.05 0.30 10 A .
46.1 -0.05 0.71 18 B 0.56 Magpetite
51.6 -0.19 0.37 73 Hematite
Hibtac2  49.0 -0.07 0.26 10 A .
45.9 -0.02 0.69 17 B 0.59 Magpetite
517 -0.18 0.37 79 Hematite
Ispat 435 0.09 0.31 9 A .
45.8 0.03 0.68 12 B 0.75 Magpetite
517 -0.18 0.36 16 Hematite
Minntac 492 -0.05 0.26 35 A .
46.0 -0.03 0.66 49 B 0.7 Magnetite
51.7 -0.18 0.36 48 Hematite
United 492 0.07 0.27 22 A .
45.9 0.02 0.67 30 B 0.73  Magnetite

Table 6 — Hyperfine parameters for products from heated greenball experiments.

Sample By (T) QS (mm/s) IS (mm/s) % Site Ratio Iron phase
49.5 -0.02 0.29 42 A .

GB 459 0.00 0.64 58 B 072 Magnetite
52.0 -0.14 0.39 11 Hematite

GB400A 49.5 -0.04 0.28 44 A .
459 0.00 0.65 45 B 0.98  Magnetite
51.8 -0.14 0.37 23 Hematite

GB500A 49.1 -0.06 0.26 43 A .
463 005 0.71 34 B 126 Magnetite
50.5 0.16 0.43 11 Hematite (?)

GB500N 49.2 -0.07 0.25 33 A .

0.59 Magnetite

45.9 0.04 0.65 56 B
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Figure 1 - Mdssbauer spectra from Hibtac under-grate samples.
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Figure 3 - Mdssbauer spectra from Minntac Grate samples.

48

B-1-201



IOCR Final Report

1.00 | g

0.98 -

0.96 -

0.94 -

1.00 | o

0.98 -

0.96 -

Transmission (a.u.)

0.94 B

100 | oy

0.98 -

0.96 -

0.94 -

0.92 T T T T T

Velocity (mm/s)

Figure 4 - Mdssbauer spectra from United Taconite Grate samples.
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9.5. Raw Mercury Data

Hibtac
DNR 2003 Study
2/20/2003
Hg6 Scrubber Water, filtered after 5 days
Hg8 Scrubber Water, filtered immediately
Hg1 Multiclone Dust in proc. water, filtered 5 days
Hg3 Multiclone Dust in proc. water, filtered 5 days
Average
5/8/2003
2-1 Scrubber Water, filtered immediately
2-3 Scrubber Water, filtered immediately
2-5 Scrubber Water, filtered after 6 days
2-6 Scrubber Water, filtered after 6 days
Average
Round 1
9/11/2003
H1W1 Scrubber Water, filtered immediately

H1W2 Scrubber Water, filtered immediately
Average

1/27/2004 Round 2

H2W1 Scrubber Water, filtered immediately
H2W2 Scrubber Water, filtered immediately
Average

H2Blank1 Filtered DI Water
H2Blank2 Unfiltered DI Water

H2P1 Grate Dust (Windbox 18)

H2P2 Grate Dust (Windbox 16)

H2P3 Grate Dust (Windbox 14)

H2P4 Grate Dust (Windbox 12)

H2P5 Grate Dust (Windbox 8)

H2P6 Grate Dust (Scraped between WB 6 and 7)
H2P7 Grate Dust (Scraped between WB 2 and 3)
H2P8 Greenball (dried)

5/12/2004 Round 3
H3W1 Scrubber Water, filtered immediately
H3W2 Scrubber Water, filtered immediately
Average
H3W3 Rougher feed, Decanted, Filtered
H3W4 Rougher feed, Decanted, Filtered

Hg(D)
ng/l
13.5

255.5
5.2
11.7

255.5

337.3
340.8
13.6
13
339.05

257.2
204.5
230.85

301.5
281.6
291.55

63
410.4
236.7

4.7

4.3

Hg(P)
ng/g
5027 .4
1405.5
175.2
129.9
1405.5

420.2
791
1519
1539.3
605.6

5971
610.2
603.65

1549
1419
1484

21.8
127.2
463.6

93.5

19.3

31.8

17.9

10.9

2363
1715
2039

TSS
wit%
0.01226
0.007

0.00963

0.035
0.035
0.0328
0.0325
0.033433

0.038
0.038
0.038

0.0178
0.0178
0.0178

0.013
0.013
0.013

Hg(T)
ng/l
629.9
353.9

492

484.4
617.7
511.8
513.3
532

484.1
436.4
460

577.2
534.2
556

370.2
633.4
502
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H3Blank1 Filtered DI Water 1.7
H3Blank2 Unfiltered DI Water 1.1
H3S1 Greenball 16.5

7/27/2004 Round 4

H4W1 Scrubber Water, filtered immediately 282.5 2710.9 0.0139 659.3
H4W2 Scrubber Water, filtered immediately 305.4 2914.6 0.0136 701.8
H4W3 Scrubber Water, Filtered at 5 Min 269.5 3096.4 0.0136 690.6
H4W4 Scrubber Water, Filtered at 10 Min 422.3 2712.3 0.0136 791.2
H4W5 Scrubber Water, Filtered at 15 Min 2151 3300.1 0.0136 663.9
H4W6 Scrubber Water, Filtered at 30 Min 169.8 3581.1 0.0136 656.8
H4W7 Scrubber Water, Filtered at 60 Min 129.9 3859.5 0.0136 654.8
Average 293.95 2812.75 0.013643 688
H4Blank1 Filtered DI Water 3.2
H4Blank2 Unfiltered DI Water 3.4
H4S1 Greenball 20.6

Round 5

Lines shut down when we arrived.

2/15/2005 Round 6

H6W1 Scrubber Water, filtered immediately 607.5 3147 1 0.024 1362.8

HEW?2 Scrubber Water, filtered immediately 833.7 2601.3 0.024 1458.0

Average 720.6 2874.2 0.024 1410
Non Magnetic Fraction, 5 mls tails, 245 mls scrubber

H6N1 water 1912.4
Non Magnetic Fraction, 10 mls tails, 240 mls scrubber

HB6N3 water 1012.1

HEN4 Non Magnetic Fraction, 10 mls tails, 240 mls di-water 57.7

HEN5 Non Magnetic Fraction Scrubber Water 7387.1

H6M1 Magnetic Fraction, 5 mis tails, 245 mls sw 784.8

H6M3 Magnetic Fraction, 10 mls tails, 240 mls sw 539.8

H6M4 Magnetic Fraction, 10 mis tails, 240 mls di-water 99.8

H6M5 Magnetic Fraction Scrubber Water Solids 2521.714

H6Blank1 Filtered DI Water 29

H6Blank2 Unfiltered DI Water 23

H6S1 Greenball 18.6

5/19/2005 Round 7

H7W1 Scrubber Water, filtered immediately 258.9 6407 0.0073 726.6

H7W2 Scrubber Water, filtered immediately 249.3 9178 0.0057 772.4

H7W3 Scrubber Water, filtered immediately 194.2 9603 0.0052 693.6

Average 234.1333 8396 0.006067 731
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H7B1 Filtered DI Water 25 4.9
H7B2 Unfiltered DI Water 1.8
H7S1 Greenball Feed Sample 26.4
Minntac
Minntac Hg(D) Hg(P) TSS Hg(T)
ng/| ng/g wit% ng/l
DNR 2003 Study
2/19/2003
Hg1 Scrubber Water Line 4 (filtered after 6 days) 26.9 2306.5 0.05179 1221.4
Hg2 Scrubber Water Line 4 (filtered after 6 days) 22.9 1864.2 0.06318 1200.7
Hg3 Scrubber Water Line 4 (filtered immediately) 115.8 1284.8 0.086 1220.7
Scr. Water Line 4 (acidified to pH 3, filtered 6
Hg5 days) 68.3 1970.3 0.05789 1208.9
Scr. Water Line 4 (acidified to pH 4.5, filtered 6
Hg6 days) 223 2093.7 0.05201 1111.2
Scr. Water Line 4 (NaOH add to pH 9, filtered 6
Hg8 days) 16.9 2607.7 0.0391 1036.5
Average 115.8 1284.8 0.058328 1166.6
5/9/2003
2-1 scrubber water line 4 filtered immediately 89.8 153 0.387 681.9
2-3 scrubber water line 4 filtered immediately 72.6 167.6 0.387 721.2
2-5 scrubber water (filtered after 6 days) 25.7 179.9 0.2423 461.6
2-6 scrubber water (filtered after 6 days) 26.7 173.8 0.2423 447.8
Average 81.2 160.3 0.31465 578.1
Round 1
9/10/2003
M1WA1 scrubber water line 4 filtered immediately 264 484.3 0.217 1314.9
M1W2 scrubber water line 4 filtered immediately 684.5 383.2 0.217 1516.0
20t-1 filtered upon return to lab (approx 3 hr, 20C) 92.8 1620 0.217 3608.2
20t-2 filtered after 22 hours (20 C) 51.7 876.5 0.217 1953.7
40t-1 filtered after 30 min. (40 C) 193.8 758.4 0.217 1839.5
40t-2 filtered after 60 min. (40 C) 305.2 634 0.217 1681.0
60t-1 filtered after 30 min.(60 C) 364.3 659.9 0.217 1796.3
60t-2 filtered after 60 min. (60 C) 164.2 953.1 0.217 2232.4
Average 474.25 433.75 0.217 1992.8
1/28/2004 Round 2
M2W1 scrubber water line 4 filtered immediately 159 1264.4 0.145 1992.4
M2W2 scrubber water line 4 filtered immediately 168 1850.3 0.145 2850.9
Average 163.5 1557.35 0.145 2421.658
M2W7 scrubber water line 7, filtered immediately 210.6 2647 .1 0.0413 1303.9
M2W8 scrubber water line 7, filtered immediately 235.6 2331.3 0.0413 1198.4
Average 223.1 2489.2 0.0413 1251.14
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scrubber thickener underflow,
M2W 3 immediately
M2W 5 overflow from scrubber thickener
M2W6 overflow from thickener (not filtered)

5/11/2004 Round 3
M3WH1 scrubber water line 7, filtered immediately

M3W2 scrubber water line 7, filtered immediately
Average

Lines 6 & 7 agglomerator to concentrator,
M3W3 filtered immediately

Lines 6 & 7 agglomerator to concentrator,
M3w4 filtered immediately

M3B1 filtered DI water
M3B2 unfiltered DI water

M3S1 greenball feed sample

7/27/2004 Round 4
M4W1 scrubber water line 7, filtered immediately
M4WwW2 scrubber water line 7, filtered immediately
Average

M4B1 filtered DI water

M4B2 unfiltered DI water

M4S1 greenball feed sample

M4S2 DD1 dust in water, filtered, dried
M4S3 DD2 dust in water, filtered, dried
M4S4 DD2 dust in water, filtered, dried
M4S5 windbox 1 in preheat zone (dry dust)
M4S6 windbox 2 in preheat zone (dry dust)
M4S7 windbox 3 in preheat zone, (dry dust)

12/1/2004 Round 5
M5WA1 scrubber water line 7, filtered immediately

MSW2 scrubber water line 7, filtered immediately
Average

M5B1 filtered DI water

M5B2 unfiltered DI water

M5S1 greenball feed sample

M5M1 Magnetic fraction, tails plus scrubber water (20 hrs)
M5M2 Magnetic fraction, tails plus scrubber water

M5M3 Magnetic fraction, tails plus scrubber water

M5M4 Magnetic fraction, tails plus DI water

M5M5 Magnetic fraction, scrubber water

filtered

16.3
109.3

291.3
290
290.65

3.7

5.0
23
1.2

269.7
340
304.85

3.7
24

204.8
263.8
234.3

29
3.2

37.2
325.5

2182.2
3262.8
27225

55.6

35.1
1.2

8.1

3144.9
1982.7
2563.8

0.1

11.6
91.3
56.6
66.1
14.9
2.8
0.7

2942
2717.5
2829.75

26

8.5
22
24.8
26.3
242
304.7

35.73
0.0076

0.052
0.052
0.052

0.12

0.12

0.0952
0.0952
0.0952

0.075
0.075
0.075
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13307.9
134.0
139.6

1426.0
1986.7
1706.35

70.4

471

3263.6
2227.5
2745.588

24113
2301.9
2356.613
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M5N1 Non-Magnetic fraction, tails plus scrubber water 44.3
M5N2 Non-Magnetic fraction, tails plus scrubber water 36.1
M5N3 Non-Magnetic fraction, tails plus scrubber water 28
M5N4 Non-Magnetic fraction, tails plus DI water 29.5
M5N5 Non-Magnetic fraction, scrubber water 26072.8
2/16/2005 Round 6
M6W1 line 7 filtered scrubber water 198.7 3171.2 0.058 2038.0
MeW2 line 7 filtered scrubber water 463.7 2538.1 0.058 1935.8
Average 331.2 2854.65 0.058 1986.897
M6B1 filtered DI water 6.5 23
M6B2 unfiltered DI water 6.6
M6S1 greenball feed sample 12
M6N1 non-magnetic fraction of scrubber water (after 1 day) 9190.8
M6M1 magnetic fraction of scrubber water (after 1 day) 221.6
5/20/2005 Round 7
M7W1 scrubber water line 7, filtered immediately 194.5 1424.5 0.097 1576.3
M7W2 scrubber water line 7, filtered immediately 272.9 1426.6 0.098 1671.0
M7W3 scrubber water line 7, filtered immediately 301.5 1228.3 0.105 1591.2
Average 256.3 1359.8 0.1 1612.816
M7B1 Filtered DI water 3.9 9.9
M7B2 Unfiltered DI water 2.3
M7S1 Greenball Feed Sample 16.1
U-Tac
United Taconite Hg(D)  Hg(P) TSS Hg(T)
ng/| ng/g wit% ng/l
DNR 2003 Study
2/18/2003 (EVTAC)
Hg1 Scrubber thickener underflow (filtered after 7 days) 108.2 496.6 0.5405 2792.3
Hg2 Scrubber thickener underflow (filtered after 7 days) 76.4 436.6 0.8676  3864.3
Hg3 Scrubber thickener underflow (filtered immediately) 64.2 978.7 1.34 13178.8
Average 64.2 978.7 0.916033 6611.8
5/8/2003
Mine shutdown
Round 1
9/11/2003
Mine shutdown
1/27/2004 Round 2
u2wz2 Scrubber thickener underflow (filtered immediately) 79.3 644.7 0.903 5900.9
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U2W3# Scrubber thickener underflow (filtered immediately) 815.8# 692.9
u2w4 Scrubber thickener underflow (filtered immediately)  79.3 656.1
U2ws Scrubber thickener underflow (filtered immediately) 119.2 796.1
Average 92.6  698.9667

5/11/2004 Round 3
U3w1 Scrubber thickener underflow (filtered immediately) 242.9 541.4
u3wz Scrubber thickener underflow (filtered immediately) 85.8 647.5

Average 164.35 594.45
U3wa3 agglomerator to concentrator 11.1 115.1
u3w4 agglomerator to concentrator 12.9 117
U3B1 filtered DI water 1.5

U3B2 unfiltered DI water 1.3

U3s1 Greenball feed 13.2

7/28/2004 Round 4
U4W1 Scrubber thickener underflow (filtered immediately) 135.9 357.5

U4w2 Scrubber thickener underflow (filtered immediately)  88.5 561
Average 112.2 459.25
U4B1 filtered DI water 2.3

U4B2 unfiltered DI water 1.1

U4M1 Magnetic fraction, tails and s.w. mixture, approx 20 hrs 69
U4m2 Magnetic fraction, tails and s.w. mixture, approx 20 hrs 58.3
U4M3 Magnetic fraction, tails and s.w. mixture, approx 20 hrs 64.2
u4M4 Magnetic fraction, tails(20%) plus DI water, approx 20 hrs 25
U4M5 Magnetic fraction, scrubber solids, 20 hrs 182.4
U4N1 Non-Magnetic fraction, tails and sw mixture, 20 hrs 88.3
U4N2 Non-Magnetic fraction, tails and sw mixture, 20 hrs 74.8
U4N3 Non-Magnetic fraction, tails and sw mixture, 20 hrs 61.2
U4N4 Non-Magnetic fraction, tails(20%) plus DI water, 20 hrs 16.7
U4N5 Non-Magnetic fraction, scrubber solids, 20 hrs 1237.4
U481 Greenball Feed Sample 124

11/29/2004 Round 5
Uswi1 Scrubber thickener underflow (filtered immediately)  38.1 264.9

usw2 Scrubber thickener underflow (filtered immediately) 26.6 379
Average 32.35 321.95
uUsB2 unfiltered DI water 4.6

U581 Greenball Feed Sample 13.8
usS2 Launderers in down draft zone, east side line 2 23.9
U5S3 Launderers in down draft zone, east side line 2 24.2
UsS4 Launderers in down draft zone, east side line 2 20.5
U5S5 Launderers in down draft zone, east side line 2 235

0.903
0.903
0.903
0.903

1.27
1.27
1.27

0.497
0.497

2.26
2.26
2.26

2.41
2.41
241

6003.9
7308.0
6404.269

7118.7
8309.1
7713.865

583.1
594 .4

8215.4
12767 .1
10491.25

6422.2
9160.5
7791.345
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uU5S6
usS7
uU5S8
U589

2/14/2005 Round 6

Uew1
uew?2
Average
u6B1
u6B2
uU6S1
UG6N1
uUeM1

5/19/2005 Round 7

U7w1
U7wW2#
U7w3
u7w4
Average
U7B1
u7B2
u7s1

Ispat

2/20/2003

Hg1
Hg2
Hg3
Average

5/8/2003

2-1
2-3
2-5
2-6
Average

9/11/2003

11TW2
1MTW2-A
11TW2-B

multi-tube samples, preheat zone 1.7
multi-tube samples, preheat zone 1.6
multi-tube samples, preheat zone 1.6
multi-tube samples, preheat zone 24
Scrubber thickener underflow (filtered immediately) 1423.8 861.6
Scrubber thickener underflow (filtered immediately) 1456.4 834.1
1440.1 847.85
filtered DI water 29
unfiltered DI water 1.2
Greenball Feed Sample 24.3
Non-Magnetic Fraction (Scrubber Water, 3 days) 13124
Magnetic Fraction (Scrubber Water, 3 days) 311.4
Scrubber thickener underflow (filtered immediately) 237 944 .4
Scrubber thickener underflow (filtered immediately) 3474#  422.7#
Scrubber thickener underflow (filtered immediately) 82 1038.3
Scrubber thickener underflow (filtered immediately)  54.1 1019.4
124.3667 1000.7
Filtered DI water 3.1 7.3
Unfiltered DI water 3
Greenball Feed Sample 19.5
ISPAT Hg(D) Hg(P) TSS
ng/l ng/g wit%
DNR 2003 Study
Scrubber water, filtered at lab 359 1105.3 0.328
Scrubber water, filtered at lab 33.7 1012.6 0.328
Scrubber water, filtered immediately 1215.5 616.8 0.328
1215.5 616.8 0.328
Scrubber water, filtered immediately 849.8 4378.8 0.142
Scrubber water, filtered immediately 853.2 1560.2 0.142
Scrubber water, filtered at lab 585.2 3382.9 0.142
Scrubber water, filtered at lab 529.1 3550.1 0.142
851.5 2969.5 0.142
Round 1
Scrubber water, filtered immediately 1174.3 2224.35 0.175
Half of filter for 11W2 2169.5
Other half of filter for 11W2 2279.2

2.18 20206.7
2.18 19639.8
2.18  19923.23

1.26
0.86
1.09
1.63
1.21

12136.4

11399.5
16670.3
13402.08

Hg(T)
ng/l

3661.3
3355.0
3238.6
3418.3

7067.7
3068.7
5388.9
5570.2
5273.9

5066.9
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1MTW3
TW3-A
11W3-B
11W4
[1TW4-A
11W4-B
Average

Scrubber water, filtered immediately
Half of filter for 11W3

Other half of filter for 11W3
Scrubber water, filtered immediately
Half of filter for [1W4

Other half of filter for 11W4

1/27/2004 Round 2

12W3
12w4
Average

Scrubber water, filtered immediately
Scrubber water, filtered immediately

5/12/2004 Round 3

13WH1
13W2
Average

I3W3
13W4
13B1
13B2

1351

Scrubber water, filtered immediately
Scrubber water, filtered immediately

concentrate filtrate water (I3F3)
concentrate filtrate water (I13F4)
filtered DI water (I3F5)
unfiltered DI water

Greenball

7/27/2004 Round 4

No sample

11/30/2004 Round 5

15W1
I5W2
Average

15B1

15B2
1551

15M1
I5M2
I5M3
I5M4
I5M5
I5N1

I5N2
I5N3
I5N4
ISNS

Scrubber water, filtered immediately
Scrubber water, filtered immediately

filtered DI water

unfiltered DI water

greenball feed sample

Magnetic fraction, 137 mis tails to 942 mls sw
Magnetic fraction, 106 mls tails to 919 mls sw
Magnetic fraction, 173 mls tails to 970 mls sw
Magnetic fraction, 202 mls tails to 914 mls sw
Magnetic fraction, scrubber water only

1019.7

902.6

1032.2

367.3
1681.9
1024.6

3536.2
3087.5
3311.85

7.0
4.8
2.0
1.4

375
400.4
387.7

11.5
2.8

Non-Magnetic fraction, 137 mls tails to 942 mls sw
Non-Magnetic fraction, 106 mls tai