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Evauation of Deterioration of Larix kaempferi Wood
Heat-treated by Superheated Steam through Field Decay
Test for 12 Months'@®
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ABSTRACT

In this study, the decay resistance of larch wood, which was heat treated by superheated steam, was evaluated by
the field decay test. During the field decay test of 12 months, non-treated wood has been severely damaged by termite,
however, no visible damage has occurred in the preservative-treated wood and superheated steam heat-treated wood.
Results of field decay test showed approximately 5% mass loss of the non-treated wood and the preservative-treated
wood, and approximately 1% mass loss of the superheated steam hesat-treated wood. After the field decay test for
12 months, the residual amount of preservatives remaining in the preservative-treated wood was lower than that before
the field decay test. It was considered that the preservative was partially eluted during the field decay test, and the
mass loss of the preservative-treated wood was thought to be similar to that of the non-treated wood. Through this
study and additional long-term monitoring test, superheated steam heat treatment can be considered to be an
environmental-friendly method to enhance the decay resistance of wood against rot fungi and/or insect without chemical
treatment such as preservative injection.
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1. INTRODUCTION chemical changes like therma hydrolysis process, which

results in changing the physical-dynamic as well as

Hested & a high temperature (160~260T), the principd weatherproof performance (Militz, 2002; Park et al.,
components that consist of the cell walls of wood 2016). Various research on wood heat treatment as an
(cellulose, hemicellulose, and lignin, etc.) experience environmental-friendly preservative and insect-proof
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process since the early 2000s has been conducted mainly
in Europe. It has been reported that the color of
heat-treated wood turns darker, its dimensional stability
improves as the hydrophobic property increases, and
its weatherproof performance increases (Repellin and
Guyonnet, 2005; Esteves et al., 2008; Yoon et al., 2008;
2009; Park et al., 2012; 2014; 2015; 2016). Thanks
to such property changes, heat-treated wood is
considered to be widely used for garden furniture,
fences, pillars, wood storage closets, window frames,
doors, furniture, deck materials, outdoor wall materias
and flooring materials where dimensional stability or
weatherproof performance is required (Esteves and
Fereira, 2009; Kim, 2016). The property changes of
wood by heat treatment differ depending on the
temperature and duration of heat trestment, as well as
the types of heat transfer media used for heat trestment
(Kim, 2016). Dimensional stability due to the increase
of the hydrophobic property has been recognized by
many studies on the property changes of heat-treated
wood under various conditions (Mllitz, 2002; Homan
et al., 2004; Sandberg et al., 2013; Kim, 2016). It has
also been reported that the resistance of heat-treated
wood to bio-deteriorating factors increases thanks to
the chemical changes of the cell walls of wood caused
by heat (Homan and Jorrison, 2004; Kim, 2016).
However, the weatherproof performance of heat-treated
wood varies depending on the heat treatment process,
process conditions, and the type of wood, and therefore,
the development of an optimal process for target wood
is urgently required, and furthermore, heat treatment
needs to be carefully considered based on the
environmental conditions and usage as it does not
exhibit the same weatherproof performance as
preservatives against all rot fungi and shows poor
wesatherproof properties in an environment where wood
makes contact with soil or water, and particularly, its
resistance to insects is extremely low (Kim, 2016).

Recently, there has been research on the heat

treatment with superheated steam on wood (Park et
al., 2012; Park et al., 2014; Park et al., 2016; Han
et al., 2017; Park et al., 2017a; 2017b). Superheated
deam is a seam of which temperature is over the boailing
temperature and is used to dry not only wood, but food
or sewage dudge (Kim et al., 2008). The hest trestment
with superheated steam on wood offers low energy loss
and high energy efficiency as the drying and heat
treatment of wood are performed at the same time
through a single process (Park et al., 2017a). The heat
treatment on wood with superheated steam offers
superior heat treatment effects to the existing hot air
treatment process under the same temperature and
duration as the former promotes the thermal hydrolysis
process by steam a high temperature and high pressure
(Park et al., 2014; Park et al., 2016). This means that
the heat treatment with superheated steam causes
considerable property changes to wood, such as the
increase in the dimensional stability and bending and
compressive strengths due to the increase in
hydrophobic properties (Park et al., 2016). Furthermore,
it hes been reported that the decay lab test on heat-trested
wood with superheated steam showed that its resistance
to brown and white rot fungi greatly increased (Park
et al., 2014; Korea Forest Service, 2016).

In the present study, a field decay test was conducted
for 12 months to evaluate the deterioration of
hest-treated larch with superheated steam. Particularly,
the study aimed to evauate the trested wood's resstance
to brown and white rot fungi as wel as various insects
including termites.

2. MATERIALS and METHODS

2.1. Heat—treated wood with superheated
steam

In this study, we used larch wood purchased from
the Dongbu Wood Distribution Center of the Nationa
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Fig. 1. Wood heat treatment equipment using superheated steam (Park et al., 2016).

A. overall view of the equipment

B. side view of the reactor
(a) pressure sensor
(b) temperature sensors for the steam
(c) temperature sensors for the wood
(d) pressure control valves

C. front view of the reactor

Forestry Cooperatives Federation, which was felled
from an area nearby Donghae, Gangwon. The large
wood used for the heat treatment was 2.0 m (L) x
150 mm (W) x 50 mm (T).

Fig. 1 shows the heat treatment device with
superheated steam used in this study (Park et al., 2016).
It consists of a reactor, a condenser, a feed tank, and
a vacuum pump. The reactor is a cylinder with the
internal diameter at 640 mm, its length at 2.2 m, and
its internal volume is about 0.7 m®. Using the ceramic
heater installed inside the surface of the reactor, the
temperature can be increased by up to 400°C, and there
is one pressure sensor which can measure the interna
steam pressure, three temperature sensors that can
measure the temperature of interna steam, and three
temperature sensors that can measure the temperature
of the inside of the wood during the heat treatment
process. The measured pressure and temperature vaues
can be monitored in real-time by a computer linked
to the reactor. The condenser collects and condenses
the flammable organic compounds from the wood as
well as the moisture vaporized from the wood whereas
the feed tank is used to inject ditilled water to generate
superheated steam when the process starts, and finally

the vacuum pump is used to remove internal air when
the process starts.

The heat treatment process with superheated steam
is as follows. First, larch specimens are piled inside
the reactor, and after the reactor is seded, the ditilled
water is inserted to generate superheated steam. At this
point, the amount of distilled water is determined by
the specific volume of superheated steam and the
volume of the reactor a the target temperature and
pressure conditions. Under the target condition of 0.5
MPa a 2507, the specific volume of superheated steam
is 047 m¥kg, and the volume of the reactor is 0.7
m®, and thus, the amount of the required moisture to
generate superheated steam is about 1.48 kg. However,
twice as much as the required amount of distilled water,
3.0 kg, was injected to have the reactor filled with
steam fast in the initial stage of the process. After
decreasing the interna pressure of the reactor at or
below 0.01 MPa by removing internal air with the
vacuum pump, the heater is operated to evaporate the
didtilled water injected to the reactor and increase the
internal pressure. Once the internal reactor pressure
reaches the target pressure, the target pressure is
maintained by taking out the excessve amount of steam
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with the pressure control vave. The interna temperature
is maintained at the target temperature with the On/Off
system of the heater. The heater is operated for 18
hours.

For the field decay test, we produced 40 specimens
from the heat-treated 2.0 m long larch wood, each of
which was 300 mm in length (fiber direction) and 38
mm in width and thickness (transversal direction).

2.2. Non—treated wood and preservative—
treated wood

As a contral group, we used non-treated (dried) wood
and preservative wood. 40 dried larch stakes and 40
ACQ-Il (Alkaine Copper Quaternary) preservative-
treated larch stakes of H3 grade, both of which were
300 mm in length (fiber direction) and 38 mm in width
and thickness (transversal direction), were purchased
from the Dongbu Wood Distribution Center at the
National Forestry Cooperatives Federation.

2.3. Field decay test

For the field decay test, the estimation testing site
a Nambu Experiment Forest, Seoul Nationd University,
located a Mt. Baekun, Gwangyang, Jeollanam-do, was
selected. The testing site was prepared at a high hill
region far from fields and paddies so that chemicals
like weed Killers or agricultural pesticides cannot be
introduced. Referring to AWPA Standard E7-15
FStandard Field Test for Evaluation of Wood
Preservatives to be Used in Ground Contact (UC4A,
UC4B, UCAC); Stake Tests, the ground was dug up
to 150mm and al specimens were buried in length so
that half of the length of the specimens was put under
the ground and the other half was exposed to the air
(Fig. 2). The 40 specimens buried on the same day
were divided into four groups, each of which was
retrieved after three months, six months, nine months,
and 12 months, respectively. While AWPA Standard

Fig. 2. Field decay test.

stipulates that bare-eyed observation is used to
determine the degree of decay of wood, the result of
such an evduation may vary by the evaluator's opinions,
and therefore, we aimed to evaluate the change of the
weight of specimens after the field decay test by
measuring the weight of the specimens before and after
the test. Equation (1) was used to evaluate the mass
reduction ratio of specimens after the field decay test.
At this point, the effect of the moisture content ratio
was excluded from the evaluation by measuring the
oven-dry weight of the specimens.

Mass loss by field decay test (%)

VV;)efm‘e - szter

where W, ;... is the oven-dry weight (g) before the
field decay test, and W, is the oven-dry weight
(g) after the field decay test.

2.4. Measurement of the remaining
preservatives inside the
preservative—treated wood

To evauate the amount of the remaining presarvatives
insde the preservative-treated wood, the copper content
in the preservative specimens after the field decay test
was measured. The preservative wood without the field
decay tedt, the preservative-treated wood after the field
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decay test for three, six, nine and 12 months, and
non-treated larch wood without preservatives were
pulverized a or below 0.5 mm, and the copper content
included in the wood flour by sending the specimens
to the Center for the Analysis of Soil Contamination,
the National Instrumentation Center for Environmental
Management a Seoul Nationa University. The
measurement used the ICP (Inductively Coupled
Plasma) Mass Spectrometer (Varian 820-MS, Varian,
Australia).

Using the copper ion content (&) and the density
of the preservative-trested wood (p) measured by KS
F 2155 (Method of Determination for Preservatives
Absorption of Treated Wood), the mass of the copper
compound (CuO, G,) was calculated, and with the

copper compound mass and the volume ( V) of the
preservative-treated wood, the amount of the remaining

preservatives (/) was determined . (Eq. (2), Eq. (3))

3. RESULTS and DISCUSSION

3.1. Heat treatment with superheated
Steam

Fig. 3 shows the temperature change in wood and
the temperature and pressure changes of steam during
the hest trestment with superheated steam. Initidly, the
wood temperature and the steam pressure and
temperature soared rapidly. When the steam temperature
and pressure reached the target values (250C and 0.5
MPa), the internal temperature of wood reached the
steam saturation temperature (151.84C) at 0.5 MPa,
which was maintained for about three hours. Park et
al. (2014) reported that during the heat treatment with
superheated steam, the wood dried up at the point in
which the wood temperature increased after it
maintained for some time. In other words, while the
wood temperature maintained for some time, the interna
moisture was completely removed, and the therma

G =1.252X (G ++errvrrererssnenesninnnn 2 ) ]
° @ energy that had been used for removing moisture started
1786 — G to be used to raise the wood temperature, resulting in
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Fig. 3. Changes in steam temperature, wood temperature and steam pressure during

the superheated steam heat treatment.
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the process completed was about 220C. Considering
that it was between 160 and 260°C when the chemica
changes of the main components of wood occurred due
to the heat treatment, it is determined that the wood
has been hest-treated for about ten hours.

3.2. Results of the field decay test

Fig. 4 shows the mass reduction ratios after the
12-month field decay test. The mass reduction ratio
of the non-treated wood changed from 3.70% — 4.05%
— 4.62% — 5.19%, showing a 3.7% mass decrease
in the initid three months, and a gradud mass increase

(%]
i

S
|

N
1

Mass loss by field decay test (%)
[ w

Non-treated wood

Fig. 4. Mass loss by field decay test.

Preservative-treated wood

as the test continued whereas that of the preservative-
treated wood changed from 3.60% — 5.09% — 4.80%
— 4.36%, and smilar to that of the non-treated wood,
it was around 4%, regardless of the duration of the
test. On the other hand, the mass reduction ratio of
the heat-treated wood with superheated steam changed
from 1.10% — 1.06% — 0.60% — 1.06%, which was
around 1% regardless of the duration of the test.
As shown in Fig. 5A, the damage by termite was
identified on the non-treated wood &fter the three-month
field decay test while the preservative-trested wood and
heat-treated wood with superheated steam did not show
any damage by termite (Fig. 5B, C). The result was

3 6 9 12 3 6 9 12 3 6 9 12
Months Months Months Months|Months Months Months Months|Months Months Months Months

SHS Heat-treated wood

C

Fig. 5. Non-treated wood (A), preservative-treated wood (B) and hest-treated wood

(C) after field decay test during 3 months.
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contrary to previous studies which reported that
heet-treated Korean pine (Pinus koraiensis S et Z) and
lodge-pole pine (Pinus contorta Dougl.) were extremely
prone to termite (Ra et al., 2012). The property change
of heat-treated wood is believed to be much varied
by the type of wood, the treatment temperature and
duration, and the therma media used in the treatment.
Ra et al. (2012) performed the hest trestment of Korean
pine and lodge-pole pine at 170, 180, 200, 220, and
2307 for 90, 120, 180, 240, and 270 minutes, whereas
this study performed the heat treatment on larch with
steam at 250°C for 18 hours. Since the wood was
exposed to steam over 1607C for about ten hours, and
therefore, the specimens were exposed to the
high-temperature longer than in the previous studies.
Furthermore, the heat treatment with superheated steam
promotes the thermal hydrolysis process by the
superheated steam, which is reported to have more heat
trestment effects than the existing, hot air-based, process
(Park et al., 2016). A considerable amount of
hemicellulose, one of the key components of wood,
is decomposed, and the decomposed products from
hemicellulose are crosdinked with lignin to creste high
lignin molecules (Esteves et al., 2008; Park et al.,
2017b). Such chemical changes lead to the reduction
of the number of -OH groups, the increase in the
hydrophobicity of wood, and the reduction of the
equilibrium moisture content based on the relative
humidity. That is, it is determined that the extremely
high heat treatment causes the chemical changes and
consequently property changes of the wood, and the
growth condition of organisms like rot fungi or termite
change, and thus, the wesatherproof performance of the
heat-treated wood with superheated steam improves.
However, to determine whether the field decay test on
the heat-treated wood with superheated steam was
effective, a long-term observation for more than 12
months would be required.

3.3. Determination for preservatives
absorption of treated wood

The mass reduction ratio of preservetive-trested wood
in the field decay test was shown to be similar to that
of the non-trested wood despite the fact that there was
little damage by termite or rot fungi. To evaluate the
potential elution of preservatives injected into the wood
during the field decay test, the amount of the remaining
copper ion, one of the key components of the
preservatives, was measured. As shown in Fig. 6, the
copper ion content in the preservative-treated wood that
was not used in the field decay test was about 4.2
o/kg wheresas the one used in the field decay test was
between 1.5 and 2.5 g/kg. The unit (g/kg) used in this
measurement means the copper ion content included
in 1kg of preservative-treated wood. Also shown in
Fig. 6 is the remaining preservative content determined
by the measured copper ion content (&), the density
of the preservative-trested wood (p), and the volume
of the preservative-treated wood ( ). While H4-graded
preservetive-trested wood should be used for the field
decay test that makes contact with the ground, the
present test used H3-graded preservetive wood. But the
preservative content of the preservative-treated wood
used in the study was about 4.9 kg/m?’, which was similar
to the minimum preservative content of H4-graded
wood, and thus, it was determined that the H3-graded
preservative-treated wood would be suitable for the test.
Although there was no tendency in the amount of the
eluted preservative in relation to the duration of the
test during the field decay test, the remaining
preservative content decreased dragtically compared to
the preservative-treated wood not used in the test so
that it was believed that the preservative was eluted.
In other words, the mass reduction of the preservative-
treated wood was not only due to the deterioration by
rot fungi or weathering, but also by the eution of the
preservative injected to the wood.
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4. CONCLUSION

In this study, we evaduated the resstance performance
of heat-treated larch wood with superheated steam
against rot fungi and insects through the field decay
test. The heat treatment process with superheated steam
was conducted under the superheated steam conditions
of 05 MPa & 250 for 18 hours of the heater operation,
a which the maximum interna temperature of the wood
was 220, and under the temperature a or over 160C
when the heat treatment of wood is performed, wood
was exposed to the steam for about ten hours. As a
control group for the field decay test, the study used
the non-trested wood and H3-graded preservative wood
injected with ACQ-Il preservative (preservative content:
49 kg/im?).

The results of the 12-month field decay test showed
that the mass reduction of the heat-treated wood with
superheated steam was about 1%, and the visua
ingpection showed no damage by rot fungi or termite.
On the other hand, the mass reduction of the non-trested
wood was about 5%, and there was marked damage
by termite. The mass reduction of the preservative-

trested wood was dso about 5%, but there was no termite
damage. The measurement of the remaining preservative
content injected in the preservative-treated wood
showed that some of the preservatives were eluted. In
other words, the mass reduction of the preservative-
treated wood during the field decay test was not only
by the rot fungi or weathering, but also by the elution
of the preservative.

While the existing studies have reported that the
resistance of heat-treated wood to termite was
extremely low, the results of the present study after
the 12-month field decay test showed that the resstance
performance of the heat-treated larch wood with
superheated steam againgt termites was extremely high.
It is believed that this is because of the huge heat
treatment effect as the wood was exposed at the high
temperature for a long time. However, due to the
characteristics of the field decay test that requires
long-term observation, the results from a long-term
test over 12 months would be required to determine
the resistance performance of heat-treated wood against
rot fungi and insects.
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APPENDIX

(Korean Version)

1270 o] WEA ARl o3 257 AE A 43} 7t

20F: ¥ ATOIAL HAEI|E ol gate] AHT TASAY ofe] WA ABS Bo) BT Sl et AR
shact. 127021k A okel a4 A A, FAAE o] gt Tzt FEEAA et e W B e
4857 G PO R BREL sk TAR Stk TAAL YREALE oF 560 AF FAE BGO,
na%7) GA AL oF 199] Az 44T Bk ool A AFol AW F B Holgl WHekA|Yl el
obe] U4 AIE AHuTE PAd A0 Hol of] Uiy Aol AWEEL Bk Mo/ A 38 A0 Holw,
olo] ute} W EAY] A P4t B el G SO Lehd RO AZEUT BAFIIS ol 3 DXL ok
A 4k 22 Bakal A2 glo] WAAHOE BAfe] Fdat shgol the AL AL 4= 9l TRs o] Belslgle
o, o2 Slate] A7|2el Wil F/bHo R BAF Aolet Azt

LME

EAo] 11-2(160~260C)] HE& 7lotH BEA|S] NEZHE PSR FARLER LS, FndEReA 9 2O §)of
G7helet 22 BakA|Ql Skt W AskAl Ew, ofof uhet HAe] Ee]-oehd ATt 5ol Mk c(Militz, 2002
Pak et al., 2016). =4 dA2]= ZgHE A0 W - s A o 20009 2HHEE F9E SHC R T At
e §ick. A YE S EH AMo] ofFA WskaL, agde] SRl weh A4 s Aol A Em, o] Frtst
= Aoz &4 QlckRepdlin and Guyonnet, 2005; Esteves et al., 2008; Yoon et al., 2008; 2009; Park et al., 2012;
2014; 2015; 2016). o|2igt B4 M3tz 2lsf) FAe] HAs AU 7L EEH, 7lE B, RS, Tol, 7 wl=A,
oA A nhRR F APy /dolu YFAo] At ot S0 AE vt A2 27)E 3 glrEdeves and
Fereira, 2009; Kim, 2016). @A 2jof &3t HA19] &4 Wale gAe] 2=k A7k, 2] FA o) AR S wiziA 9
5ol uet kA LkehdthKim, 2016). cheFet 27004 G elE Bajel B4 wste] gat B ATEC|A s54ol
Z7}o W2 X491 &1k} Q1A= T Qlrk(MIlitz, 2002; Homan e al., 2004; Sandberg et al., 2013; Kim, 2016). 3,
A2 S G2 AT 5A Al AR 35y HIE Qs BAE Thelisls eI el Wi Aol S7tEE
FI7F At A7) E a1 Qlek(Homan and Jorrison, 2004; Kim, 2016). thel, EA ] EA19 WA d4e 34, Ag=7
% 5% ol wah Aolaly] uhizol i 4ol oigt 24 28 o) Weo] vhe 2 A0 UBA glom, RE BH
dal B4 BEAS AT A ST WAL el Fon, Eolut & HEo] Bt B4 FAo] welE|
o}o), Ea| sl oiet Aol vhs W) vie] ALgeAT $ES Tejse] o) 27 ARgEolof gtk BRI} et
(Kim, 2016).

T AAE dder & Bad57] A 7ol diet A57F S E Al Qick(Park e al., 2012; Park et al., 2014; Park
et al., 2016; Han et al., 2017; Park e al., 2017a; 2017h). }HZ7|= B4 oA &5 721= 27|24 SRt ofy gt
AEolu sk S84 5& AEshe Hl o18HaL JIthKim et al., 2008). A5V o &3 A BAE 3L Y 3HES
ol BAe] Azet @A 7L FAlo o]Fox|7] wfie] oA LAgko] H, oA Afo| wrPak et al., 20178). }EF
71E ol &3 B4 dAY Ve 129 F71E ol&sto]l FA s WY 7] GAT FAl Hlg] L2/ YE] 5710
ofgt Atz £X1E7] dhize] FUT =0} AR B F7] GA 2R AR FA e gt Ack(Pak et al.,
2014; Pak et a., 2016). ol 244 F7toll A3 At SRt FUASAE 7 9 BAE At T2 GAF
ofgt HA19 &4 Hat 24 Uehdths 2e Suigiti(Pak et al., 2016). 31, #d57] EA2E Ao thet A
T MY B Ay Anp 2RSS g el RS54 tfdt AgHo] A SRt Aoz Halg uf Qlti(Pak e al., 2014;
Korea Forest Service, 2016)

& Atoflie BEF7] AE SYSAE AR oflol A AR wf o] H3t HreE BHkel] flste] oFY) A W$Ad
A& 12707 AFsiGint £3, okl A AIE S Safl AN s 2Ry Y AR sgu} 710 H o
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2 dollMe A Sl AT ARIOA AR S AAE A2 TT S ST EAGSAIE ZRE sl AN
Stk GxElo] ARgE HaE AAe] A7l= do] 20

Figure 12 & @At Al ARG BHEF7] HA) AA] FA|o|chPark et al., 2016). A= Wh57], §57], JEBA
AFHEZZ FAE] k. #5771 W A5 640 mm, o] 22 me] eFgoH, UF- Fuj= oF 07 7
A E o] gl Aty lEE olg-sto] wh7] WHE 400C7H] 7hae 4 QI=s AA L, G4 34 5 w7 W
3719 e SAT = e Y AN DR k7] iR 3719 258 ST 5 Qe 2% AlM Il 223 E4

e 25 AN I7F ARl S = 2= o2 w7]ek dAE Y AirE A A

o=7|e SARRE S wAUE 23 dA 2o o SA=RE A I
238k S5317] ffste] A= AL, MER s FA] A2 W FAF571E A 8l SRTE FUs] s AAH
on, AgHzE= 40l AR o Wi 3718 AASH] Al A=A

HdF7] A2 349 A8 eAe vadt 2ok WA BT Wiite] YaE AlEs AR o 1€ 2HAIA
Yol BE7 e A SRS TS ofd, FHE SR 2 51 &= 3 4 24 4E571¢
HA A 2710 FuE g AAE ek & Ae] B3t 27190 05 MPa, 250CoA #H57]9) w4 4&
WH3719] H3)7k 07 mio)7] wjite] AZ71E A i8] Bag 59| o oF 148 kgolth. ST FH 27| whe7]
YFE mear S712 715 A st dawke) 2019l 30 kgl SRS Tkt AFHEZE of8st] Yt 71E
A7ste] §EE7] Wi Fe& 0.01 MPa osl7h H=% 3t o 3|EE 7heshd, a7
HES7] U fFelo] S7ieteh Hhe7] Wit ool H3t qfelof =gehd oY 24 MHE F3f 2
F2 HiEE o] HHe7] Ui S e AR H7] YR 2 8]E 9] On/Off A|28lo] 2fs]
3|E= 1817 &3t 7l stttk
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Alzrste] okl WA Aol Ag-sHAT.
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2.2, FAUA R PRA

Td%7] ARl daonA FAYAAZA)} AT AGE AT AUETFUE FREASEAE oA
Aguaros o] 300 mm, Pesron Fak 7] 38 mmel deid A H35 ] ACQ- Il (Alkaline Copper
Quaternary) Ui4 HHEAE 27 4044 Feldte] AT,

2.3, of9] 54 Al

ofe] WA AL 13 ABAE Hebde FopA] Wedt] 93 Aetel drsked S dgoR A4k
AR ol ol A ALSEl A2A Soka 22 SEHEA0] $98 4 QES =3 oA Woldl £&
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Zo] ko2 FZ 02N APA L ARk ol E11, U 2] Aukd tj7]o] k2= A st¢iti(Fgure 2). T2 Yo
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= 5o SAE Ste g wasto] A% A g Hristes sk gloy ol B Aol wet thEA 7
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(ICP(Inductively Coupled Plasma) Mass Spectrometer, Varian 820-MS, Varian, Austrdia)”} A% %ich
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ARH(R)S AL (4 (2, 4 (3)

o
2

12 fr
1%

N

3. Zm Y ¥

3.1 W57 AA

Figure 3& 3a57] 942 § 5419 &= wsl 9@ 5719 £x=ot ore] wishs yehd ae)tolrh. 3427]0] £Al]
R0 F7)0) L 9 QrEle W] Ak 3719 229 ¢Eo] B 2E(2500)9 B 9105 MPYo] EEHS
o, B4 W3o] L= 05 MPacl A 4:57]9] EhEE(15184C)) ELHIL, oF 3AFE ART LEE FA1Ht Pak
5(2014) T%57) A2 FHoNN BRG] L7t AAA FA T ThA] F7heH A BRI AAEE Aow
B ek gtk %, BA|9] LE7t QA FAEE F BA Uit SRl BE AAEIL, S5 A7) ol4Ed dofui7}
549 LSS I3 UAR AEEEA w7} ] A5ttt 3] FREE AR BAIY 2t o 20T,
Ao ofa) BA) el Sata s WAlsh: % W9l 160-260C <) AL Tefshel Bl oF 104K et AlelEl
Ao werHr.

)

3.2, oF] YA A8 A

Figure 4= 12714 oFe] W4 Aol oJgh A HHag &4 Axto|r). FA A9 d=ftag2 3.70% — 4.05% —
4.62% — 519%= x7| 37§¥ qto]l 3.7%9] AsF 7ha7F HAE o], AJE 7|7ko] Ao wet XA 8| FUkeke A
B, HREA ] AFAEL 3.60% — 5.09% — 4.80% — 4.36%F A|H 7|7tk FsHA SR E oV FA A
AR g S oF 4% W99 #hS Btk vl 1437] dAAe] dutage 1.10% — 1.06% — 0.60%
— L06%= Alg 7|Ztahs FshA Ay os oF 1% Welo] 3 7Hth

A2 2)¢] 7-oll= Figure 5AS}E o] 3704 7t oFe] W4 A& Aet EXoA % S7nof o3t gsfE 2held
F 9lolon, YRER e} MEZ 7] AR H-oll= Bfule] gt gs)7} EA=A] ekotrh(Figure 5B, C). At (Pinus
koraienss S et Z)¢} £ &4 (Pinus contorta Dougl.) A 2|4 <] 7fmle] thgt AgH/do] mf¢- Wrpar Hag 7]&
Aol Rk 2t EEE9riRaet a., 2012). FA A B4 Wshe 5 A 2% 9 A AZE TL2jal dA o)
AREE FujAof what 1 EAdo] wi- chokelAl el A2 dEA itk Ra 5(2012)2] AToAl= Aol A&
TE 170, 180, 200, 220, 230C 9] 2= 7oA 90, 120, 180, 240, 27027+ AA gt Hhge], & AFore Yad4S
%7] 2 250C oAl 18A17HESE AA et o, EAlE 160TC o|4fe] o)Al of 10A7Hs ¢t & F 7| el 712
ATFECE Do FAt =EEHASS & 4 ok ESL EE] EAE T4 129 HEF o) B kRt
ZX157] o] 129 A7]E olgdst= Y F7] EAE FAEG G4 AW w2 2R YA QcHPak et al.,
2016). Aol 3 ZAS LA FAR Z JudER 27} o BajEy, JudER e ARRE EijEo] L}
wolika gadal A Agstel Ad) 2lad EXSHETHESeves et al., 2008, Pak et al., 20170). o] 23k 3}ak4 $i3}o]
9J5fl -OH7|9] 427} Fradte] B2l Aol F7telal, Aol w2 HEggol fhast Het F, 129 Ao
ofaf| FA9] 3fshA W3t} ofof w2 EA BIEL WA H 1L, A Fetolut Shw|e T2 AEO A% 70| ¥l
2ol BEF7|E o8t EAg EA e Wedeo] MAEE Aolel AZEct. ot E37] EA e EA9 ofejui$A
Aol gt a7t 948 Ao R fsly] e 12709 o)4ke] A7|AQl Hao] WAT Ao R YZHErT.
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