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Abstract

Varations of Physical Properties and Strength of

Ferruginous Minerals due to Microorganism

By DAE WAN KANG
Adv. Prof. : Seong-Seung Kang, Ph.D,
Dept. of Energy and Resources Engineering

Graduate School of Chosun University

Weathering is generally classified with physical, chemical and biological
weatherings and one of the important factors depending on the physical
properties of rocks. The physical weathering is related to rock fracturing due to
temperature change, water and crystallization of salts. The chemical weathering
1s related to color change of rock, alteration of rock-forming minerals and
chemical resolution due to chemical composition—air, rain and infiltration water
in rocks. The biological weathering is related to oxidation due to microorganism
and alteration of minerals due to a lichen. In general, weathering occurs in
combination rather than independently. If weathering occurs to rocks, the
strength of weathered rocks will be weakened. After all, the rocks are broken.
Therefore, it is very important to understand the mechanism of weathering in
rocks. Studies of rock weathering are usually focused on the relation between
mechanical and geological properties. In present, many studies have been
performed with physical and chemical weathering mainly, not common in
biological weathering.

The purpose of this study is to examine weathering characteristics of
pyrrhotite, ilmenite, and magnetite by microorganism throughout various
laboratory tests such as slaking durability, absorption, P-wave velocity (V,),
uniaxial compressive strength (UCS). For this purpose, firstly initial values of
ferruginous minerals was measured, and also pH and Eh were measured

according to culture period. Secondly, the laboratory tests were carried out.
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Then, differences obtained from the results were compared and analyzed.
Finally, physical properties of pyrrhotite, ilmenite, and magnetite by
microorganism were quantitatively analyzed.

By the initial values of above three ferruginous minerals, the measured
absorption was distributed the range from 0.125% to 0.238% in pyrrhotie,
0.029% to 0.085% in ilmenite, and 0.099% to 0.153% in magnetite. In addition,
the measured V, was distributed in the range from 3676.5 m/s to 4386.0 m/s in
pyrrhotite, 1515.2 m/s to 2057.6 m/s in ilmenite, and 1400.0 m/s to 1506.0 m/s
In magnetite.

In the case of pyrrhotite, the measured pH of Specimen-U during 90 days
was distributed in the range from 1.43 to 2.07, on the other hand, one of
Specimen-S showed the range from 1.10 to 1.73, respectively. The absorption of
Specimen-U was distributed in the range from 0.157% to 0.238% before culture,
and 0.202% to 0.417% after culture. On the other hand, one of Specimen-S
showed the range from 0.125% to 0.228% before culture, and 0.182% to 0.375%
after culture. The measured V, of Specimen-U was distributed in the range
from 3816.8 to 386.0 m/s before culture, and 1725.3 to 4201.7 m/s after culture,
and one of Specimen-S in the range from 3876.5 to 4032.3 m/s before culture,
and 1372.3 to 3937.0 m/s after culture. The UCS was dominantly decreased with
increasing culture period.

In the case of ilmenite, the measured pH of abiotic oxidation test during 45
days was distributed in the range from 3.82 to 4.26, on the other hand, while
the measured pH of bio-oxidation test showed the range from 2.20 to 2.57. The
absorption of abiotic oxidation test according to microorganism and culture
period was distributed in the range from 0.029 to 0.085% before culture, and
0.033 to 0.090% after culture. The absorption of bio-oxidation test was
distributed in the range from 0.033 to 0.068% before culture, and 0.045 to
0.097% after culture. The measured V, of abiotic oxidation was distributed in
the range from 1515.2 to 2057.6 m/s before culture, and 1503.2 to 2057.6 m/s
after culture, and the measured V, of bio-oxidation in the range from 1515.2 to

3040.8 m/s before culture, and 1563.2 to 2057.6 m/s after culture. The UCS was



decreased with increasing culture period in both specimens for abiotic oxidation
test and for bio-oxidation test, however, their differences are more larger
bio—oxidation test than abiotic oxidation test.

In the case of magnetite, the measured pH of abiotic oxidation test during
45 days was distributed in the range from 4.02 to 5.16, on the other hand, while
the measured pH of bio-oxidation test showed the range from 1.50 to 1.90. The
measured Eh of abiotic oxidation test and bio—oxidation test were distributed in
the range from 1749 to 111.9 mV, and from 285.2 to 319.3 mV, respectively.
The absorption of abiotic oxidation test according to microorganism and culture
period was distributed in the range from 0.099 to 0.125% before culture, and
0.074 to 0.101% after culture. The absorption of bio-oxidation test was
distributed in the range from 0.124 to 0.153% before culture, and 0.125 to
0.367% after culture. The measured V, of abiotic oxidation was distributed in
the range from 14535 to 14925 m/s before culture, and 1344.1 to 14705 m/s
after culture, and the measured V, of bio-oxidation in the range from 1428.6 to
1497.0 m/s before culture, and 1210.3 to 1451.6 m/s after culture. The UCS was
decreased with increasing culture period in all cases, however, the difference by
bio—oxidation test is more larger than that by abiotic oxidation test.

As a result, the differences by bio-oxidation test showed higher than that
by abiotic oxidation test. It implies that variation of physical properties on
ferruginous minerals such as pyrrhotite, ilmenite, and magnetite is highly

dependent on microorganism.
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(b) Extracellular polymer substance

Iron compounds
Periplasmic space
Sulfur granular
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Figure 2-2. Direct contact oxidation by microorganism, (a) SEM image of

microorganism attached to mineral surface and (b) corrosive oxidation

mechanism by microorganism.
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Figure 3-1. Geological map of South Korea and the locations of the studied

areas.
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Figure 3-2. The geological map and sampling location of pyrrhotite obtained

from the second Yeonwha mine.
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Figure 3-3. Microphotographs in (a) open- and (b) cross—polarized lights of

pyrrhotite.
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Figure 3-4. The geological map and sampling location of ilmenite obtained from

the Kwanin mine.
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(a) Coring (b) Cutting 7 (c) Polishing
Figure 4-1. Specimen preparation for physical tests in laboratory, (a) core

recovery, (b) cutting and (c) polishing.

(a) Pyrrhotite

(b) llmenite

(c) Magnetite

Figure 4-2. Core specimens for physical tests in laboratory, (a) pyrrhotite, (b)

ilmenite and (c) magnetite.
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Figure 4-3. Slake durability test for slake durability index, (a) apparatus and

(b) controller.
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(a) Saturation

(b) Immersion

Electromic scale
|

pa———

“—

(c) Drying

Figure 4-4. Process of absorption measurement, (a) desiccator and vacuum oil
pump for saturation, (b) Measurement of immersed and saturated weights and

(c) drying oven for measurement of dry weight.
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Figure 4-5. Measurement of P-wave velocity, (a) component of CND tester and

(b) measurement method.
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Figure 4-6. A view of the uniaxial compression test for uniaxial compressive

strength (UCS) in laboratory.
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5. 7] S #T BA

AlgAae] mAE AsAE A AREA, HaEEA, AHEAY SAHE 27 S
& 2 EFuEe AxE Ayshd Table 5-13 Zvh 281 o525 E 2z A gHA
of that 7] EA 7Y B EE Figure 5-1, Figure 5-2, Figure 5-3°| z+z} v}ehy

AT a2HAA & F Jd=o AFEMY V] FFE HYE 0125 ~ 0.238%°]H,
d2 0.19% 2 YEs oW (Figure 5-1(a)), T35 %=+ 36765 ~ 4386.0 m/s¢]H,
He oF 3980 m/sE e THFigure 5-1(b)). Bl&-E Aol %7] 44 HIAE
029 ~ 0.085%°]lH, HT 0.05%=2 YEFGSH(Figure 5-2(a), TI3&H%
15152 ~ 20576 m/s°]™, HiS ok 1919 m/sE H G tHFigure 5-2(b)). 18
Aol x7] F4E HAE 0099 ~ 0.153%°]H, HiS 0.12%=2 eSS
(Figure 5-3(a)), 3£ 5=+ 1400.0 ~ 1506.0 m/so|™, HFS oF 1466 m/sE X
Mq'(Flgure 5-3(b)). 3FA T I1Rol A R E=npe} o] ZF gAlef uhel WY AlEA
of o] 7] EA/UE BHFLEFYH & AolE HEHHIL dF5s & T Utk

7h g AgHoRNE SAHE 7] B A2 HAd@e Aol &
A T FTE0] 0113%, F3EE=7F oF 709 m/se] HAE, EEHE A 9
0.056%, &&= 7F oF 543 m/se] WaLE, 28a AFAA o A9 F
&o] 0.054%, ToEHE7F °F 106 m/se HAE YEAT FF& oA AFH
A
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& |

N

o

o,

g
w %E%% o gloldE ARAAN BeANe 2 WA wylon ARME 4
[e)

Aoz Aot AW, of ATelA 7+ wr|Ee 24E g A4 1
Az Aderda, A8 72 ARsE £99 A5 B4 AAeen, 7t
AR ww Ha 33 ol SA4 A% ndel B oW, 27 FF =A@ o

] 2 Bae 5otk webd m AR A Aol

A AR AEAE ol Fo] ZAE 7 AFW] BAY wstel i Ane /E2H
ox AiEE Bagel Ak olgdd Pe mste] ¥ AL mAR
MY AT BAZ BASY A% NEAS 27 BERSE do AR 4

A Ao 7t A 24 Wkl Wi A% AolE 27| BAEgoRT
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Table 5-1. The initial values of absorption and P-wave velocity on pyrrhotite,

ilmenite, and magnetite.

Pyrrhotite Ilmenite Magnetite
N TAb C6) | Vo (s | Ab 99 | Vy (e | Ab 98) |V, (i)
1 0.216 4065.0 0.033 2057.6 0.099 1479
2 0.185 4237.3 0.061 1515.2 0.103 1479
3 0.157 4386.0 0.038 2040.8 0.099 1474
4 0.205 4065.0 0.085 1850.2 0.099 1453
5 0.212 3968.3 0.029 20325 0.108 1506
6 0.185 4000.0 0.034 2040.8 0.116 1479
7 0.238 3816.8 0.038 2040.8 0.125 1462
8 0.207 3920.0 0.076 2040.8 0.122 1492
9 0.162 42735 0.031 2016.8 0.099 1483
10 0.192 4098.4 0.054 1533.7 0.118 1462
11 0.228 3937.0 0.045 20325 0.125 1459
12 0.171 3983.7 0.045 1524.5 0.124 1462
13 0.186 3932.2 0.047 20325 0.135 1470
14 0.125 3800.0 0.039 20325 0.152 1400
15 0.208 3832.3 0.033 2032.5 0.141 1436
16 0.189 3846.2 0.051 2040.8 0.149 1483
17 0.203 3676.5 0.035 2024.3 0.125 1497
18 0.143 4032.3 0.033 1984.1 0.153 1445
19 0.184 3965.0 0.067 1984.1 0.141 1428
20 0.194 3759.4 0.037 1524.4 0.134 1479
Avg. 0.190 3,980.0 0.050 1,919.0 0.120 1,466
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Figure 5-1. The initial values of absorption and P-wave velocity in pyrrhotite.
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Figure 5-2. The initial values of absorption and P-wave velocity in ilmenite.
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Figure 5-3. The initial values of absorption and P-wave velocity in magnetite.
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Table 6-1. The results of the measured pH with an interval of 3 days during
culture period on specimen-U for uniaxial compressive strength and specimen-S

for slake duability test of pyrrhotite, O day: controled pH

Measured interval Specimen—-U Specimen-S

day pH pH
0 2.50 2.50
3 1.73 1.68
6 1.70 1.60
9 1.65 1.54
12 1.62 1.48
15 1.67 1.50
18 1.73 1.50
21 1.60 1.48
24 161 1.54
27 1.64 1.63
30 1.76 1.60
33 1.50 1.17
36 1.43 1.10
39 1.44 1.13
42 1.50 1.16
45 1.48 1.14
48 151 1.14
51 1.53 1.21
54 1.56 1.21
57 1.61 1.29
60 1.64 1.31
63 1.69 1.35
66 1.71 1.35
69 1.72 1.34
72 1.75 1.36
75 1.76 1.39
78 1.81 1.42
81 181 1.40
84 1.86 1.47
87 1.98 1.67
90 2.07 1.73
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Figure 6-1. Variation of pH with culture period on (a) Specimen-U, and (b)
Specimen-S of pyrrhotite.
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Table 6-2. The results of the measured weight with culture period and the

number of slaking cycles on slake durability test

Culture period

Cycles of slaking durability test

Weight for Weight for Weight for Weight for
(day) O-cycle (g) 1-cycle (g) 2-cycle (g) 3-cycle
0 110.01 109.99 109.92 109.91
10 98.36 98.05 97.68 97.46
20 107.16 106.18 105.8 105.50
30 104.00 103.00 102.36 101.77
40 97.01 96.21 95.85 95.49
50 99.07 98.35 98.27 97.93
60 102.39 102.01 101.86 101.68
70 93.77 93.38 93.01 92.94
80 87.42 86.79 86.39 85.46
90 97.91 97.49 97.30 97.09

Table 6-3. The results of the calculated slake durability index with culture

period and the number of slaking cycles, I,,: Slake durability index

Slake durability index for 1-cycle

Culture period | Weight after | Weight after Weight of L, (%)
(day) O-cycle (g) 1-cycle (g) drum (g)
0 110.007 109.992 2010.6 99.9
10 98.602 98.055 2010.6 99.4
20 107.472 106.183 2010.6 98.8
30 104.716 102.999 2010.6 98.3
40 97.667 96.219 2010.6 98.5
50 99.330 98.352 2010.6 99.0
60 102.54 102.009 2010.6 99.4
70 95.086 93.338 2010.6 98.1
80 87.708 86.797 2010.6 98.9
90 98.186 97.492 2010.6 99.2
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Table 6-3. Continued

Slake durability test index for 2-cycle

Culture period | Weight after | Weight after Weight of 1, (%)
(day) 0-cycle (g) 1-cycle (g) drum (g)
0 110.007 109.920 2010.6 99.9
10 98.602 97.687 2010.6 99.0
20 107.472 105.850 2010.6 98.4
30 104.716 102.363 2010.6 971.7
40 97.667 95.857 2010.6 98.1
50 99.330 98.179 2010.6 98.8
60 102.54 101.855 2010.6 99.3
70 95.086 93.005 2010.6 97.8
80 87.708 86.390 2010.6 98.4
90 98.186 97.300 2010.6 99.0
Slake durability test index for 3-cycle
Culture period | Weight after | Weight after Weight of L, (%)

(day) 2—-cycle (g) 3-cycle (g) drum (g) ‘
0 110.007 109911 2010.6 99.9
10 98.602 97.468 2010.6 98.8
20 107.472 105.502 2010.6 98.1
30 104.716 101.767 2010.6 97.1
40 97.667 95.394 2010.6 97.6
50 99.330 97.405 2010.6 98.0
60 102.54 101.581 2010.6 99.0
70 95.086 92.742 2010.6 97.5
80 87.708 85.462 2010.6 97.4
90 98.186 97.088 2010.6 98.8
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Figure 6-3. Slake durability index with culture period

slaking cycles.

Slake durability index (%)

100 i i

: . Pyrrhotite
1-cycle

99 | NN\ T R\ Al

98 | NN\ A A —
:\
- ‘

97 e O —}\— ———————————— --- 3-cycle---—

2-cycle
96 | |
0 30 60 90

Culture period (day)

_42_

and the number of



6.1.3 AFEH9 F5&

nAE AEAY A AR EA Al dig 24 G 27 FeEe] A9
FH mAE s ol f 4 @A R SAHE Faee Z3E Aestd Table
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Table 6-4. The results of the measured absorption before and after culture with
culture period on Specimen-U and Specimen-S of pyrrhotite, M,,,: dry weight,

M,,: saturated weight, Ab: absorption

Specimen—-U

Culture period Before culture After culture
(day) M,,, M, Ab M,,, M, s Ab
(g) (g) (%) (g) (g) (%)

0 109.225 | 109.462 0.216 109.225 | 109.462 0.216
10 108.661 | 108.832 0.157 107.139 | 106.923 0.202
20 111.262 | 111.491 0.205 107688 | 107.380 0.286
30 104.98 105.198 0.207 99.846 99.527 0.320
40 107.218 | 107.392 0.162 102.200 | 101.830 0.363
50 106.556 | 106.761 0.192 99.715 99.317 0.400
60 110.994 | 111.230 0.212 104918 | 104.482 0.417
70 109.855 | 110.117 0.238 103.461 | 103.052 0.396
80 107.282 | 107.481 0.185 87.728 87.391 0.385
90 105.363 | 105.558 0.185 93.926 93.564 0.386

Avg. - 0.196 - - -

Specimen-S

0 110.007 | 110.258 0.228 110.007 | 110.258 0.228
10 100.164 | 100.308 0.143 98.362 98.542 0.182
20 110.541 | 110.745 0.184 107.160 | 107.432 0.253
30 108.806 | 108.943 0.125 104.000 | 104.216 0.207
40 104.688 | 104.901 0.203 97.019 97.380 0.361
50 106.924 | 107.132 0.194 99.077 99.430 0.356
60 110.861 | 111.071 0.189 102.390 102.74 0.341
70 104.100 | 104.279 0.171 93.770 94.086 0.336
80 109.854 | 110.083 0.208 87.420 87.748 0.375
90 109.070 | 109.273 0.186 97.919 98.256 0.344

Avg. - 0.184 - - -
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Table 6-5. The results of normalized absorption with culture period on

Specimen-U and Specimen-S of pyrrhotite, O day: initial average values

Culture period Normalized absorption (%)
(day) Specimen-U Specimen—S
0 0.195 0.183
10 0.241 0.222
20 0.277 0.252
30 0.309 0.265
40 0.397 0.341
50 0.404 0.345
60 0.401 0.335
70 0.394 0.348
80 0.396 0.350
90 0.397 0.341
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Figure 6-4. Variation of measured absorption before and after culture with

culture period on (a) Specimen-U and (b) Specimen-S of pyrrhotite.
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Figure 6-5. Variation of normalized absorption with culture period on (a)
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6.1.4 A7 24 ToHHE

A= ASAIE A AFEA AJd e e 4 dAE 7] FaEEe] Ay
25 MAE AFAE olF 7 gAdEE SAHE TuEEe ARE AYsid
Table 6-63 Zv. 22jal wAd= wF7|Hat 72 dAdRE SHE T o
AZS Figure 6-6°1 YEFWTE Specimen-U9 mAE A3IAIE A %x7] & w=
38168 ~ 43860 m/s, PIAE AFSAIE o] Fo] FAHHE FTuEHes 172563 ~
4201.7 m/s9] MY E B H(Figure 6-6(a)). Specimen-S2 749 ©
Z7] TI9HEE 36765 ~ 40323 m/s, HAE AFSAIE o] Fd= 13723 ~
3937.0 m/s Atole] X E YeErWlth(Figure 6-6(b). MAE A A Fu&=
o] W3} Z& Specimen-USt Specimen-S EFolA & zo]E Ho|x] &ge&s &
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Specimen-U2] Hj7| 7t wE A t3te FuEHm W3S Ay
~ 209 TRl A= hwbEk Y1E7] ZHA 20 ~ 409 ARPel A=
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o] §12S YErH U (Figure 6-7(a)). Specimen-S¢| A f3td Fu&EE 14374 ~
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Table 6-6. The results of the measured P-wave velocity (V,) before and after

culture with culture period on Specimen-U and Specimen-S of pyrrhotite

Specimen—-U

Culture period Before culture After culture
(day) V, (m/s) V, (m/s)
0 4065.0 4065.0
10 4386.0 4201.7
20 4065.0 3649.6
30 3920.0 2648.6
40 42735 2427.2
50 4098.4 2102.7
60 3968.3 2074.3
70 3816.8 1725.3
80 4000.0 1937.1
90 4237.3 2149.5

Avg. 4083.0 -

Specimen—9S5

0 3937.0 3937.0
10 4032.3 3906.2
20 3965.0 3649.6
30 3800.0 3246.8
40 3676.5 2524.0
50 3759.4 2500.0
60 3846.2 2475.2
70 3983.7 1639.0
80 3832.3 1372.3
90 3932.2 1493.1

Avg. 3,876.5 -
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Table 6-7. The results of normalized P-wave velocity (V,) with culture period

on Specimen-U and Specimen-S of pyrrhotite, 0 day: initial average value

Culture period Normalized V, (m/s)

(day) Specimen-U Specimen—-5
0 4083.0 38765
10 3898.7 3750.4
20 3667.6 3561 1
30 2811.6 3323.3
40 2236.7 2794.0)
50 2087.3 26171
60 2189.0 25055
70 1991.5 1531.8
80 2020.1 14165
90 1995.2 1437 4
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Figure 6-6. Variation of measured V, before and after culture with culture

period on (a) Specimen-U and (b) Specimen-S of pyrrhotite.
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Figure 6-7. Variation of normalized V, with culture period on (a) Specimen-U,

and (b) Specimen-S and (c) of pyrrhotite.
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Table 6-8. The results of the measured uniaxial compressive strength (UCS)

with culture period on Specimen-U and Specimen—S of pyrrhotite, 0 day: initial

value
Culture period Specimen-U
(day) UCS(MPa)
0 117.49
10 1137
20 75.55
30 71.63
40 25.87
50 25.38
60 21.07
70 14.79
80 1872
90 17.93

120

Pyrrhotite

90 [\ (N .

6O | e -

w
o
\

i i
30 60 90
Culture period (day)

Uniaxial compressive strength (MPa)

o
o

Figure 6-8. Variation of measured uniaxial compressive strength with culture

period on Specimen-U of pyrrhotite.
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Table 6-9. The results of the measured pH with

bio-oxidation tests and culture period on ilmenite

abiotic oxidation and

Measurement period

Potential of hydrogen (pH)

(day) Abiotic oxidation test Bio-oxidation test
0 4.26 2.20
5 4.22 2.35
10 4.04 2.33
15 4.00 2.32
20 3.87 2.30
25 3.82 2.43
30 3.83 2.92
35 3.84 2.54
40 3.85 2.56
45 3.87 2.57

_56_



5.0 |
(a) 1 lImenite
_ Abiotic oxidaiton |
3 \S\—’ N —~ c
L B0 |
20 e e -
1.0 | |
0 15 30 45
Culture period (day)
5.0 |
(b) 3 ~ limenite
a0 USSR N |
L B0 |

M j
i : Bio-oxidaiton

200 T e .

1.0 | |
0 15 30 45

Culture period (day)

Figure 6-9. Variation of pH with culture period on (a) abiotic oxidation test,

and (b) bio—oxidation test of ilmenite.
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Table 6-10. The results of the measured absorption before and after abiotic
oxidation and bio-oxidation tests with culture period on ilmnenite, M, . dry

weight, M,,,' saturation weight, Ab: absorption

sat*

Abiotic oxidation test

Before After
Culture period
(day) M,,, M, Ab M,,, M, s Ab
(g) (g) (%) (g) (g) (%)
99.930 99.963 0.033 99.930 99.963 0.033
5 96.672 96.731 0.061 96.665 96.727 0.064
10 106.117 | 106.158 0.038 106.109 | 106.154 0.042
15 102.947 | 103.035 0.085 102.937 | 103.030 0.090
20 100.383 | 100.413 0.029 100.363 | 100.397 0.033
25 98.498 98.532 0.034 98.491 98.527 0.036
30 98.337 98.375 0.038 98.321 98.361 0.040
35 91.111 91.181 0.076 91.098 91.172 0.081
40 98.332 98.363 0.031 98.326 98.361 0.035
45 96.567 96.620 0.054 96.550 96.607 0.059
Avg. - - 0.048 - - -
Bio-oxidation test
0 100.574 | 100.620 0.045 100.574 | 100.620 0.045
97.615 97.659 0.045 97.592 97.650 0.059
10 102.090 | 102.139 0.047 102.060 | 102.123 0.061
15 106.206 | 106.248 0.039 106.165 | 106.220 0.051
20 104.693 | 104.728 0.033 104664 | 104.725 0.058
25 102.659 | 102.712 0.051 102,624 | 102.691 0.065
30 109.946 | 109.985 0.035 109.910 | 109.967 0.051
35 100.744 | 100.778 0.033 100.700 | 100.760 0.059
40 99.776 99.843 0.067 99.698 99.795 0.097
45 105.064 | 105.103 0.037 104978 | 105.042 0.060
Avg. - - 0.043 - - -
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Table 6-11. The results of normalized absorption on abiotic oxidation and

bio-oxidation tests of ilmenite with culture period, O day: initial average values

Culture period Normalized absorption (%)
(day) Abiotic oxidation test Bio—oxidation test
0 0.048 0.043
5 0.050 0.058
10 0.050 0.057
15 0.052 0.055
20 0.052 0.057
25 0.053 0.060
30 0.052 0.067
35 0.052 0.069
40 0.051 0.068
45 0.052 0.073
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Figure 6-10. Variation of measured absorption before and after (a) abiotic

oxidation and (b) bio—oxidation tests with culture period on ilmenite.
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Figure 6-11. Variation of normalized absorption with culture period on (a)

abiotic oxidation test, and (b) bio—oxidation test of ilmenite.
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Table 6-12. The results of the measured P-wave velocity (V,) before and after

abiotic oxidation and bio—-oxidation tests with culture period on ilmenite

Abiotic oxidation test

Culture period Before After
(day) Vo (m/s) Vp (m/s)
0 2057.6 2057.6
5 1515.2 1512.2
10 2040.8 2032.5
15 1850.2 1818.5
20 2032.5 1992.0
25 2040.8 2008.0
30 2040.8 2004.3
35 2040.8 2016.1
40 2016.8 1976.3
45 1533.7 1503.2

Avg. 1916.9 -
Bio-oxidation test
2032.5 2032.5
5 1524.5 1524.4
10 2032.5 1954.1
15 2032.5 1922.5
20 2032.5 1557.6
25 2040.8 1530.2
30 2024.3 1493.6
35 1984.1 1452.3
40 1984.1 1480.9
45 1524.4 1013.8
Avg. 1921.2 -
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Table 6-13. The results of normalized P-wave velocity (V,) before and after

abiotic oxidation and bio-oxidation tests with culture period, 0 day:

average values

initial

Culture period

Normalized V, (m/s)

(day) Abiotic oxidation test Bio-oxidation test
0 1916.9 1921.2
5 1916.9 1921.1
10 1908.6 1842.8
15 1885.2 1811.2
20 1876.4 1446.3
25 1884.1 1391.0
30 1880.4 1390.5
35 1886.2 1389.4
40 1876.4 1418.0
45 1886.4 1410.6

_65_



3000

(a) ‘ lImenite

2500 1 —
Q
£ 2000
(o}
>

1500

1000 | |

0 15 30 45
Culture period (day)
3000 |
(b) ~llmenite

2500 oo A —
@ iBefore bio-oxidation
£ 2000®
o |
>

1500 | -W____ e — 1

After bio-oxidation
1000 | |
0 15 30 45

Culture period (day)

Figure 6-12. Variation of measured V, before and after (a) abiotic oxidation

and (b) bio-oxidation tests with culture period on ilmenite.
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Table 6-14. The results of the measured uniaxial compressive strength (UCS)
before and after abiotic oxidation and bio-oxidation tests with culture period of

ilmenite, 0 day: initial average values

Before After

Culture period Abiotic oxidation Bio-oxidation
(day) UCS (MPa) test test

UCS (MPa) UCS (MPa)
0 389.7 432.3 432.3
5 475.0 174.9 180.8
10 - 385.3 265.0
15 - 2212 162.7
20 - 285.8 156.1
25 - 2251 130.0
30 - 163.7 170.7
35 - 192.2 123.6
40 - 2785 148.4
45 - 2414 135.0

Avg. 432.3 - -
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Figure 6-14. Variation of measured uniaxial compressive strength (UCS) with
culture period on (a) abiotic oxidation test, and (b) bio-oxidation test of

ilmenite.
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Table 6-15. The results of the measured pH with

bio-oxidation tests and culture period on magnetite

abiotic oxidation and

Measurement period

Potential of hydrogen (pH)

(day) Abiotic oxidation test Bio-oxidation test
0 4.02 1.62
5 4.55 1.50
10 4.69 1.50
15 494 1.71
20 497 1.75
25 512 1.85
30 5.02 1.90
35 512 1.87
40 5.15 1.85
45 5.16 1.88
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Figure 6-15. Variation of pH with culture period on (a) abiotic oxidation test,

and (b) bio-oxidation test of magnetite.
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Table 6-16. The results of the measured Eh with abiotic oxidation and

bio-oxidation tests and culture period on magnetite

Measurement period Eh(mV)

(day) Abiotic oxidation test Bio-oxidation test
0 174.9 9859
5 145.5 3147
10 138.1 3159
15 124.1 319.3
20 1226 307.0
25 114.4 9295 1
30 1196 2906
35 114.2 2943
40 1125 9959
45 111.9 9957
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Figure 6-16. Variation of Eh with culture period on (a) abiotic oxidation test,

and (b) bio-oxidation test of magnetite.
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Table 6-17. The results of the measured absorption before and after abiotic
oxidation and bio-oxidation tests with culture period on magnetite, M, . dry
weight, M, . saturation weight, Ab: absorption

sat”

Abiotic oxidation test

Before After
Culture period
(day) Ab Ab
(%) (%)
0.099 0.099
5 0.103 0.090
10 0.099 0.090
15 0.099 0.101
20 0.108 0.087
25 0.116 0.081
30 0.125 0.074
35 0.122 0.077
40 0.099 0.084
45 0.118 0.099
Avg. 0.099
Bio-oxidation test
0 0.125 0.125
0.124 0.132
10 0.135 0.270
15 0.152 0.287
20 0.141 0.279
25 0.149 0.281
30 0.125 0.317
35 0.153 0.342
40 0.141 0.367
45 0.134 0.285
Avg. 0.138
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Table 6-18. The results of normalized absorption on abiotic oxidation and

bio-oxidation tests of magnetite with culture period, 0 day: initial average

values

Culture period

Normalized absorption (%)

(day) Abiotic oxidation test Bio—oxidation test
0 0.099 0.125
5) 0.090 0.132
10 0.090 0.270
15 0.101 0.287
20 0.087 0.279
25 0.081 0.281
30 0.074 0.317
35 0.077 0.342
40 0.084 0.367
45 0.107 0.318
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Figure 6-17. Variation of measured absorption before and after (a) abiotic

oxidation test and (b) bio-oxidation test with culture period on magnetite.
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Figure 6-18. Variation of normalized absorption with culture period on (a)

abiotic oxidation test, and (b) bio—oxidation test of magnetite.
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(Figure 6-20(b)).
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Table 6-19. The results of the measured P-wave velocity (V,) on abiotic
oxidation and bio-oxidation tests of magnetite with culture period, 0 day: initial

average values

Abiotic oxidation test

Culture period Before After
(day) V, (m/s) V, (m/s)
0 1479.5 1479.5
5 1479.3 1466.3
10 1474.9 1457.7
15 1453.5 1440.9
20 1506.0 1474.9
25 1479.3 1453.7
30 1462.0 14235
35 1492.5 1440.9
40 1483.7 1433.3
45 1462.5 1344.1
Avg. 1477.3 14415

Bio-oxidation test
0 1459.6 1459.6
5 1462 1436.8
10 1470.6 1381.2
15 1400.6 1210.3
20 1436.8 1282.1
25 1483.7 1305.5
30 1497.0 1319.3
35 1445.1 1262.6
40 1428.6 1231.5
45 1479.3 1250.0
Avg. 1456.3 1313.9
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Table 6-20. The results of normalized P-wave velocity (V,) on abiotic oxidation

and bio-oxidation tests of magnetite with culture period, 0 day: initial average

values
Culture period Normalized V, (m/s)
(day) Abiotic oxidation test Bio-oxidation test
0 1479.5 1459.6
S 1466.5 1434.4
10 1462.3 1370.2
15 1466.9 1269.3
20 1448.4 1304.9
25 1453.9 1281.4
30 1441.0 1281.9
35 14279 12771
40 1429.1 12625
45 1361.1 1230.3
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Figure 6-19. Variation of measured V, before and after (a) abiotic oxidation test

and (b) bio-oxidation tests with culture period on magnetite.
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Table 6-21. The results of the measured uniaxial compressive strength (UCS)
before and after abiotic oxidation and bio-oxidation tests with culture period of

magnetite, 0 day: initial average values

Before After

Culture period Abiotic oxidation Biooxidation
(day) UCS (MPa) test test

UCS (MPa) UCS (MPa)
0 248.1 168.3 168.3
5 130.3 167.5 157.9
10 229.4 158.8 1175
15 158.2 147.0 115.3
20 133.0 159.2 102.1
25 124.6 1739 94.4
30 154.4 1579 96.2
35 - 155.9 76.0
40 - 144.7 76.4
45 - 168.8 94.0

Avg. 168.3 - -
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Figure 6-21. Variation of measured uniaxial compressive strength (UCS) with
culture period on (a) abiotic oxidation test, and (b) bio-oxidation test of

magnetite.
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Figure 7-1. Variation of (a) pH, (b) abosorption, (c) velocity, and (d) uniaxial

compressive strength with culture period on pyrrhotite.
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Figure 7-2. Variation of (a) pH, (b) abosorption, (c) velocity, and (d) uniaxial

compressive strength with culture period on ilmenite.
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Figure 7-3. Variation of (a) pH, (b) abosorption, (c) velocity, and (d) uniaxial

compressive strength with culture period on magnetite.
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