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Thermal properties of sands at variably-saturated condition:

Effects of particle size and shape, and quartz content

Takahisa KAMOSHIDA!, Shoichiro HAMAMOTO!2, Ken KAWAMOTO! 2, Toshihiro SAKAKI3, and Toshiko KOMATSU!:2

Abstract: Thermal properties of sands with different par-
ticle size and shape were measured. All sands showed
the similar trend for the change in heat capacity, increas-
ing with increasing in water content (0).The gradient of
the thermal conductivity (A) to 6 under the dry region
(6 < 0.05 ~ 0.10) increased with increasing particle size
for sands with rough shape, indicating an increase in con-
tact points per soil particle highly enhanced thermal con-
duction. Oppositely, for the wet region (6 > 0.05 ~ 0.10),
the gradient of A to 6 were similar for sands with different
particle size. Equations of A at completely dry condition
and water saturation were derived from obtained relation-
ships between quartz content and A in this study. By in-
serting these equations, existing models for thermal con-
ductivity were modified, which markedly improved model
performances.

Key Words : thermal properties, sand, particle size, parti-
cle shape, quartz content
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S+ % (van Rooyen and Winterkorn, 1959; Abu-Hamdeh
and Reeder, 2000). —J7, #REEEIZBWVTE, EH
TR L 0 BB/ NS W, HIREREE ([EFESR) O
ANZEMREE KR CTHRBEEVEZEDOK T %28 < (de Vries,
1963). TMEOEWHEARERICRE EEL, RERHE
ERBREMT, BN ORENT EBMRERITE <, K
TR E M E A RN E I EEVRER DR Z & ANV
5 CW2% (van Duin, 1963).
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Table 1 WEUE OB
Physical properties for sands.
Particle size Porosity Particle Dry bulk Quartz  Roundness  Sphericity
Sample 3 3 density density content
dso (mm) @M m™)  p Mgm3) p,(Mgm3)  Q(%) R §

0.22 0.40 2.55 1.53

Glass beads 053 0.40 262 157 - 1.00 1.00
0.36 0.33 2.66 1.77
0.53 0.33 2.65 1.79

Accusand 071 032 265 1.80 99.8 0.80 0.80
1.11 0.32 2.65 1.81
0.18 0.40 2.70 1.62

Narita 0.34 0.40 2.63 1.58 337 0.30 0.73
0.64 0.40 2.60 1.56
0.20 0.40 2.65 1.60
. 0.31 0.39 2.66 1.61

Granusil 0.50 0.39 266 161 71.4 0.20 0.70
0.72 0.39 2.65 1.62

Toyoura 0.19 0.40 2.64 1.58 75.0 0.25 0.74

TRV, IO ORELIEMICIEET 5 2 L3, 2.2 EBAE

DOWERHYEIE N 2 TR TF- OB S~ ZE L, LV
FEEE D E W AE T IRIE T L ORES A BHS T L CIERIC
EETHD. Mo TRIFETIE, Rk, IR, AREH
KORZHWEEE AV TR OBEEAIE L, BhiT
DA -CHL IR DIE\N 72 DR & 70 TR DS EVRRM:
DKRGEIFEICE 2 D EEHD 2 HIE Lz,
Fio, FUT X B0 THET AV EEATLOE D
2, ZOET KR ZMZZE O RGT LT,

2. ik

2.1 5#

AW TIL, TR L ORIRO R/ w3kt e LT, A
T AE—X (CE#PRIA 0.22, 0.53 mm), Accusand (F#J
Ki£t 0.36,0.53,0.71, 1.11 mm), pHEF> CE¥RIEL 0.18,
0.34, 0.64 mm), Granusil CE¥JRifR 0.20,0.31, 0.50, 0.72
mm), 38X OB CEXRIR 0.19 mm) % V72 (Table
1))

Table 1 {Z Accusand, i H#>, Granusil, B> DA
GAHE Q %7 L=, Accusand, s MK, Granusil O3
EARIT, WICTEMEEZ W CREM T O R sok 4k % 8
28452 L THEE. BERoAREESARIE, Oda (1972)
WL DCHMETH 2. Table 1 O R, SixEhEnthi+
@ Roundness (F9EE), Sphericity (BEEKE) %/~9. R
% Youd (1973) %€V, &HUEO R F 7= 13 5)s
B EL &R AT DEIEARE D O RISk 7. £ D
AEE, BEKHEN, Granusil, BRI R MESMEL, VKL
FRREZALTERY, I A —X, Accusand 1% R &
DELSEONRRFIBREAT 2B L. ST
ThFERBHEEE AL, TR E Eihok 2K,
SIFAFEHIR L TT v & Az Lz Rt (100 18
FEEE) 1Zxf L C, Scion Image (Scion corporation) % i
W S S B b T-. SEITEEHE CREE ZE N
A NOY WA Il

ARz R e DEEL 2 Table 1 | R T, W S5.6
cm, EX 4.1 cm, & 100 cm® O 27 L 2 BEE
FHIRE U, S, MEAR RS2 Atk
A, Zy B 7K EEDEFEL 8 BT 3T T
To7=. Rkt EKkclafiSE-%, fieoV s v a
(em) TRl O BHEIK Z BEREAICHEK 872 (70 cm
FT). HFRBHZ O EBRIT 3 ]EfT-7. £V 27 v =
VERMETT, BRI OBVRRE A IE Lz, BVRREOBIELZIE,
KD2-Pro (Decagon tt#) o 2 ##AX 7w —7 (SH-1) %
AWz, 28T v =713 707 v —7 0 b 8E 54
Et, b HOTa—T7 TRRE (FAORGERER, &
FEZL) ZRHAIT 2 2 L CTEPHEAZIET 2L O TH D.
HE I EERIR 20 °C DIERENTIT - 7-.

3. BRBFIUBE

31 THFOHRRE MRREVEBEEHEEOEE
ETOWRENIB T 2 BYmER A L ARG KE O O
BIfRE K OMATEEVE & C & IR S /KR OBfR % Fig. 11
RUT. —fREg7ZEE) & LT, BRI R IR AED &
XTI/ NS OBEREE KR OBINC & b 72 > TR
45, £, EEEAKR0.05 ~ 0.10 25 ARE K
BOEFICE bR O BREROBEMENMET L. 20D
BREROBINEN AT D R & BB RO T 6*
LEF L. H T AE— X IO A~ BYRE R
PE -T2, —FH T, AREHFERDE Accusand 1E, %
RB KRG THORE LV bW RERZ TR L.
Fig. 1b (R X 9 ITIRREBAVAE S, 3UBHT X o 9
BRBOENMNT & b RN —FRITHIN L7z, —fRICIRFEEL
KETAM (EME, WA, SHH) OFFIESIE & B R
MBERDBILD. BEEO SR O EAE, WRAH, SFHO
FREARELZNEN2.1,42,0MIm 3 K &L (&
%5, 2005), EAHHRZ 0.6 & LI2EA OFEE KR
T ORFEARBEOFREAER L TR CTR LIz, HEIREE,
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Fig. 1 2B (a) BYRER L (b) FHEA .

(a) Thermal conductivity and (b) heat capacity as a function of volumetric water content for all samples.
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Fig. 2 (a) Accusand (0.36 mm) & (b) sk (0.34 mm) (2351F % BMRE RO KSEAENE & K5 HRE .
Thermal conductivity as a function of volumetric water content and water retention curves for (a) Accusand

(0.36 mm) and (b) Narita (0.34 mm).
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(0*=1.260,) IZH D Z Nmhoie. kifeL 0* OEf%
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Fig. 3
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Particle size, ds, (mm)
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MREROEM R L (a) FREEKERE LU (b) IR L DOBIR.

(a) Inflection point of thermal conductivity as a function of residual water content. (b) Inflection point of thermal

conductivity as a function of particle size.
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Fig. 4 (a) 6 <0 fHlk & (b) 6% < 0 FHIKDKAFEDEEIC & & 70 5 BLER DI,
Gradient of thermal conductivity with volumetric water content for different sands under (a) region 1 (6 < 6*)

and (b) region 2 (60* < 6).
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E L R BRERNE L. IR IR EMEE O R
R F— A = A B R K—h TR S 3 DK E K R
EHEpY, TR EKROREGERE X0 FHMICENEE
THOAD=ZALNEYT D EEZEZ N7, 6 <0
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D OEMRERE, TRTOREHZB VW TRIE—EfEE R
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Adry/Vs = 0.38 3)

=T, FFRETITARGAROBME & HIZHAL
EFRRY 72 0 OBRER TN LT,

A'sat/vs =0.020+1.67 )
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EWARAZE LB RS LB 6N,

AR THE LN BRERORER/RITKH L T,
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L7 BEfEoET VL LT Johansen (1975) & Coté
and Konrad (2005) (2R3N E7 VA EidEMH L=,
Johansen €7 /L IFRA TR EIND.

A= (zfsat - )Ldry) K.+ }ldry (52)
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BEO(b) fFURAEDO EFHE Y 72 ) OBRER & A E AR OMMR. Normalized thermal conductivity by

volumetric solid content as a function of quartz content for sands under (a) completely dry condition and (b) water saturation.
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Fig. 6 (a) BEEDOBVRERET VI L 2 THRIKE & EBRE & O, (b) EEBMAERET VT LD THME & EBE & DLk,
(a) Scatter plots for comparison of model performances for existing models for thermal conductivity. (b) Scatter plots for comparison
of model performances for modified existing models for thermal conductivity.
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Evaluation of management practices in forest soil environments using a multi-frequency

electromagnetic sounding system

Tamami MIYAMOTO !, Madoka KAWAHARA?Z, Yasushi MORI!, Hiroaki SOMURAZ, Jun’ichiro IDE?,

Erina TAKAHASHI?, Yasumichi YONEZ, and Atsushi SUETSUGU!

Abstract: A multi-frequency electromagnetic sounding
system (MFEM) enables non-destructive and instanta-
neous measurements of soil electrical conductivity (EC)
profiles. Because agricultural and forest lands are possi-
ble sources of pollutant loads transported to aquatic envi-
ronments, we applied MFEM to develop a procedure for
conducting efficient soil environmental surveys for evalu-
ation of management practices on forested lands. We in-
vestigated two types of forested sites: thinning sites (TS)
and delayed thinning sites (DTS). The MFEM-EC data col-
lected from surface soils were well correlated with the EC
data collected by a conventional sensor. MFEM-EC map-
ping revealed higher EC values in surface soils of DTS.
Delayed thinning had reduced understory vegetation and
hydraulic conductivity of surface soils. Therefore, low
plant uptake and shallow infiltration of soluble salts would
have allowed them to remain in the surface soils of DTS.
Forest sites that had been fertilized as farmlands could also
be distinguished with an MFEM system. The proposed
MFEM system would be a useful tool for screening sur-
veys of forested sites prior to detailed analysis of a wider
area.

Key Words : multi-frequency electromagnetic sounding,
electrical conductivity, infiltration, soil environment

1. (ZC®HIZ

JEAE, BT BRI FER & b [ 0 R L 4%
ITLTERY, ZRICE LR, EHEEE SN D BRI
2D TG (HOKFER, 2012; KJF, 2007). KIS
HHAE S5 &, SRR & - C FH 58
L72 BB DMER T ICRI S nwE E, e &b

Graduate School of Environmental and Life Science, Okayama Uni-
versity, 3-1-1 Tsushimanaka, Okayama 700-8530, Japan. Corresponding
author : & th~1i&, [WILKFERFBEREAMEEIER

2Graduate School of Life and Environmental Science, Shimane Univer-
sity, 1060 Nishikawatsu, Matsue 690-8504, Japan.

3Joensuu Research Unit, Finnish Forest Research Institute, P.O. Box 68,
80101 Joensuu, Finland.

2012 4F 8 J1 29 Hhh 201344 1 5 At

WHINCF T 2R S 5. £z, BE» DREE
FELTMRETAENRESNTEY, AR
BoOHY HEREmINTWD (KED, 2004a, 2004b) .
IRV T, FEEMNICITbRL O -MkiciEN
REBROEND L HITRY, HRR~OICOMEW NS TE
ADET L L T A HIRHRE SN TS (5%, 1988;
B, 2008; &)1, 1977; H5)11 6, 1995) .

THOF AR E I LD WRARICOVWTIE, 2
NETHBOKREZPLCHAEINCE R (HLKRE
EWIE, 2006) . FkSEOTEICB N TIE, WKz
BB S5 2 L2k~ T, DG E AR &4 3
L, /GBARREREET 52 ERE AT TEY, K
TRREEH/ TS (FH, 2002; FHHES, 2004). L)
L, WK EHL & T HKBEOT — 2 IXmiRA T E
DFERTH D720, HHRLH MDD DFEA DR Z B LR
THZEEFHEHELW. Eio, KBFEET DEFCRT
B OB AKNTE R, F070, i< fiile
EEFETHZ LIIEETH S.

HBARTRAEORBREZF~L kL LT, —MIciX
THFRENTORL TS (B 5,2002). LaL, B
WCoHEREIFHERBENILL TH D20, KER
FHEEEMNRLETHDL. £z, TERETT 7 BAT
EL0IFHMENSEVE N cm ETTHD (D,
2010a). X5, FAROBEZH 25 LRI T HE
FOIENFIZSWEELH Y, ZRTORFELEHT
RN ERDD.

ZIT, ARARMOE TH L LEBREORESY, £
JE W BCEREA E (McNeil, 1980; Ward and Hohmann,
1987) #RWT, L& Z DRI DDFERRICIT S 2 &
EEZT-. ZOBREETE, BRIEHEOBEEI LI
ERAREE L # R (Won et al., 1996; J&4 &, 2005) 23
Boh, ZhooEPoERIL, HmcsSNsZ &%
SHMBEHIH/D LN TED. 61T, ZhbOHHE
IZRPHAL THE DAL D 7 Dl Ic 5 - BB A4 A5
52 ENARETH D (Huang and Won, 2000) . LEAEHLIE
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TIXBIRRE 2155 7= DI AWV EMME RS L ETH 5
(Keller andFrlschknecht,1966) D3, LA SRR A L
TIHANEEE XD 2 L CHERBEREE OFHRNE D
N5, YA THENERCTE 5. FEREER
ASHHE TR T =2 LTWD 7720, =1
v MEICETOT—ZREMTHE LN, BRI NES T
T4 =D XD I 2 M EE LR,

INETIC, ATHIBNA~DIRAE WS KSEDOKE
IREO AT 5 - OICBEREEEK 100 mS m—! D%
{bZHET 2ERD L5, 2005), &8 Tk
WK E B E Vo T FRMEEH OB E O K E 725802 R
H9 % 72 DI BRASEE R 1000 mS m™! DZE{LIZHOW
THAE,Y (Mitsuhata et al., 2006) T T\ 5. A5
THRIG LT 2 BT E LS E 25+ mS m™! 2L
T, TRETHE SN TEEG LV EHEENKL,
FDOKRFDEEMIEE /NS, £z, HEZSE THRbN
ZHAPEEmMEVIA—F =LV E I m RKHORE
OLBZERTIVLERSHD. FHEH (2008) 1%, HE
DA TH S 48 kHz [CIERT 5 &, AKH Tidk
FOEEPEETE, F IO R BE TR O
ERONDERBEE DRV NRETIZBE SN
HZEEHREL TS, T, A5 (2010a) %, TEFL
D DOBRAIGEE LT < 2N D PKCH KO EBERUREE
WZEWFEBAR B D Z L2 LT\ D, HUEFRA R &I
i 2 ERIRE CTIIARR—Y v 772 EIC L DS
MDT — X ORRAED ROE 720N, FAAHTH 5 2
TITFERICHEE LV, & 2 ADPERECHAR & W o 72 Rk
BT D ANRNEE O BT LIV & Z AICBIE S
DT EBHLNIRoTEIZ, fE-T, THEBREGRAIC
FRET L, HWBIZHER T 5BV IZE W TIIMRFE
BRI 0, ERIEAIC X D LRI O TR
I 6.

ARFIETIE, BAROHEBEDO RIS % LD, Hikic
D ERE AR T HHMICER L. pid Lz L oI
ITWOREL VEEAEOBTH AR E SN TEBY, 1k
BREEORH A DRI L, BETEEREEHT
bb. Fio, REHPKRSZHEEZLEDDL TR ) —=
VRN CIRAEN TE UL, TO%ROEMPAED
e LR D

AWFFEO BRI, FRENLO RGN D HEMRITEBNT,
(1) ZFAEEEMEE#E VT, THERE ORI
AR, (2) TEORRMEERTMOT — 2 05 JRK %2
v, (3) HMOEIEN HHEREEICE 2 2 A2 FHET 25
ZETHD.

2. BHFEEDRIERE

EM 4 &1, Electro-Magnetic-methods (FBf#{E) &
MR 5 BRI O —FE T, PR 3 HEERE D
JEAEIN S, AR HIRBUE O TH D8 (conduc-
tivity) 3 & OVFi% (magnetic susceptibility) ZIE9 5
HiETHDH. EM AL, BRIE-CEEROENC L -
TIRARENRLLZEEZFAL, REFROLBEED

FAbEFTARD T ENTE D, —MKIZ, B & REDR
FRIE, AR B VBRI 1T B o o AR A, SR
P FDMR N FERGNE (TR S8 R 43 D HUlg DR P % Rk 5 .
Tl LHBEORE S FRFICKB SN D Z & &, EPER
RKEWHEICITEOELE L S XIS WD ERED LT
T‘W)é

I B R BB EAT S (McNeil, 1980; Ward and
Hohmann, 1987) =MW\ =, Z X EmEEREE 2 s
LDV, 1 BUUNIZEK 5 S>OEEHE il
AZED. BB OB EREN R D20
ZOHIEN D DIEE Th LBRUREE X b > THIRED
T MREREE A 5539 5 LD ThDH (Huang and Won,
2000; YeMH 5, 2005). 7ods, FHAITCIXIRIRRIC AR5
HIVD DA TIEER LT,

BWHZ A2 5 FHERO TS, FEEEHCEZRE O
WME/LZENTE D20, wliidE &Rl EICENR,
FEMICRE RIEN Y RO AT O A I 1358 L 722w
ThHDEWVWZD O, 2006; # 5, 2010b) . AHFFET
W% B BB RAR AT, SKE Geophex 10> GEM-2
broadband EMI sensor TH 5. Z DV AT AL, /INE72
REEaANVEZE AN ERNT, BEXRUREE & HRiER
HHEEFEIZL TS, 2% 0, FEAL—TNLEEE
RERASEDE, L8 #ghicLr Y oEAN
EEANHEAL, THOMEIIIE U CHEER (ME
W) NEAETDH. FLT, TOFEEBIRKICEL > THREIZ
AU D RS Hy & — kIS Hy % A5/ — 7T Tl
MEDE Y —mS h TEHIL, BEETH 5 kS H
EHEA~DOANTIER & L, kWS Hy #%EE5& L
THRUHT 5. 2oz 18 - il o LEHUE o #i3k
ThHIEXICUEL LOHHELET 2EELETHD
(Fig. ). ZOMET AT AF, —BIcr—7 - —7
# (Won et al., 1996; Mitsuhata et al., 2006) & FEIEN 5
BREEZFIAL TS, #=E - ZELV—7OMMRIL 1.66
m T, [F—OHRIZEEINTEY, 330 Hz ~ 47970 Hz
DK 15 OB OEZZRFRETH LS. — K
~ S5 ODJEEEEMNTHES 5. fiko X 512, JEik
B BREORRIL, AR @O BRI LR EH S O
MR Z, SR SR BRI 1 TR R 4 @i&ﬁ’“@b{{ﬂ
Z W3 % (Won et al., 1996; Huang, 2005). AHfZE

r: Coil separation

M% I\\
1/

Hp: Primary fleIdU E%/Q / E

]h Sensor height

um
UDD ' Hs: Secondary field
4 LN
Induced electric field

Fig. 1 2838 BRRA TR ORI E UL,

Theory for multi-frequency electromagnetic sounding method.
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Fig. 2 Fih . BIRRFRIERRRRIL O 5.

Location of investigated sites: Oki-island in Shimane, Japan.

X, FENGETOREIIIRBLZ05~10m THLZ L
£V, EHERICKIT SRERE Ch HREEE (Spies,
1989) #&[E L T, WA WHA 47970 Hz, 24510 Hz,
7950 Hz, 3870 Hz, 2310 Hz |Z3%E L7=.

3. AEMDMES L UVRBRA X

3.1 R L SRAEHDEE

T B AR PR BRI ARSI 0 BT (Fig. 2) TiT-72. f2
IRz D S5 V3 AL AR I AL 1 2 B RS S & VS & T < 7
IRRIET A ) KIEEERELE L, EORIITHHE=
FEBIELS A LTEY (IMRB, 2002), HUERIZHEDS
RGN Ohd D FTHE G, 1997). BOHIE D Hify
ELTHREIN TV DI TIE, fafndokzk< -
OO AHE SN TV, 2 OFHAE T 2007 45 8 H
31 BICREERMR TN & e 72l TH D (RZ/T, 2007;
JBIL D5, 2009) . F DRI KB TP S ENFAE LT
W, BOHBED 8 ElZ LD HHKOIREE &+ 0 L HEREE
IZHOWT, BUBMAEZITY 2 & Lotz BUNCEIEH
E x24T - 7= 2008 41T £ RHY TOBEIBEER TDR
T, 2009 FIFik N OB A AR L, RmREE, -
HREREE, HMUBEMICH LT 15 MO AEN S M2 E L
72, OWT 2009 4£9 A, 2010 £ 8 HIZ, ko Ihin
BEOEWCTHAEY A ME2®REL, A1 FFo3—1,
6, 7, 8, 10, 11, 12, 13, 0 ® 9 HiS A% 5 L L=t
HEEITV, EROBEEN HEREEICE 2 5 28I
WTCRHIG L7z, BTk adh L ch s, £z,
FIIAXTHD. 2B, VA4 MU =B REHETHD
2, BREHI LOCHBEROBEY A M=
BEMEEZWD 2D, KGXNTOFESOMITEZITLT
Wi FE T, BHUIIERITEREISR LTS 2\ e,
HikEE OFEOHP & AT, AEMICHENMTZS
B\HTE LTH A b ERE L.

3.2 ZEARMEHMIFEEZ RV -BHIFE

AR BEMEE LR AW ZELXEEEOREIX, B
WD 9 YA b (Fig. 2) ICBWTITo7-. BREERIC
X GPS (BR-355, SiRFstar III, GlobalSat, CSR plc., Cam-

bridge, UK) ### L, (EF®RE I TT—& 205
L7z, ARWFFETIE, KETOREESMIIHET, FH
5 (2008) DL DIV A N OSHE W OSBS54 b
BEMNB LT D20, HIBRICREY A FEREL, 2, 3
m FRTH L DO EPATRREZRI L 5 IR &E ) 63 %
1Todtz. 728, R THE, HEe Lo ERSHERE
OEXLEE (bulk EC) 3T OBESZEE %5
HLTWD., B L72T7—#1ECSV 77 A& LTHR
fftxn bz, USB VU T Ar—7 v E@LE XY ayr
WU RS, T—BEER LT, 777747
I (Surfer8, Golden software, USA) T2 DESIEE
JEDERERR A ER L, BEREN THEREEIC 5 2 5
WERFM L. S5, B3t Y — (Hydra Probe II,
Stevens Water Monitoring Systems, Portland, OR, USA)
ERAWCERKMLYE & LHIREOWE IT- 2. Lk
Y= KD BRAREEFH & R EFHAEA T A S
N 3 #xTITV, SEEEEL- 7.

3.3 LIERF=EA, BKMEHER

Fiz, KA MIBWT 3 #5010, 30, 50 cm D%
I o THERIRAITY, B Eo2KkFEES CN
2—% (MACRO CORDER JM1000CN, ¥ = A - ¥4 T
VA TR, HE) EHWTIRAT.

B CIIE YA MW T 3 #8205 100 ml = 74
VTG —E o TR BTV, EARMEIZL S TE
JE OB AKMEZTAR, MRS L DKBEEREDTH
RB~OEEEEZLE LT, Ik, BAMERBREE 2 £
L72 2009 i3V A b1 & OWCBETEX R Lo 2®),
BARMEICOWTIE L, 0 ZBRWTERLE.

4. fEREER

4.1 WiisR

HHgHELHEERVICE--TH A M1, 8§, 12, 13, 0
10 ELNICER M T =% A FTH Y, 6, 7, 10,
110X 10 FLL BRI T TWhianth A R THbHZ &
Nibhodz (Table 1). Rk OEWIC K 2K OINE O
% Fig. 31T L7, &Y A FOMENRFESND Z
LITHMER OBENE LN WEAERHDH DT, &2TO
HFIZ DWW T ONETFHRF EE OB EE L.

Mk OITbNTWEH A FTiE, HEIC TSR E
O TEBANIZSNES, BKERARONDS &
HIRDIEFFICHELS 20, TEFAREH THLZ 2D
DD B, BATREOBIZE, RVICOWTHEHT
7= a T AVREEZITY, AHOBRIGEWGRE L 72
XL, LEBR-T, HWEROH S SIX BRI
REFER L 7o 5 TN D,

A LT, BIEMET DM TH o723 T BIEF IR
<, SIFLERMIA S <, KDL ZITEWRH 72, ¥
A4 K10, 11 EFBHEEYICE->CHIBNEMTH D Z &
NhhoTED, PTH 11 [ TBEAMKROENEK > TV
7=. £z, YA b 12, 13 FIWTEIZEWETT, 41 12
TIH 321k GAIFELT, 25IRIMLT5) L) FIRE
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Table 1 Fi& Y1 OB
General characteristics of the survey sites.
A b LT OD [ A+ ThER A ER (F) Rppg ek

0 2008 % 19 U~ A NERRRE
1 2009 Y 8 W, UB, AR OUKILIR
6 > 10 b 18 BeEEEE e
7 > 10 ;L 39 LIERE
8 1999 AV 34 ZIERE
10 > 10 L 21 B, VB, SRR OVKILIK
11 > 10 i 21 ZIETR
12 2007 RERE 13 B, Ve, SEEROKILIK
13 2008 RERE 18 B Ve, SEEROKILIK

* 1 >10 ZRGAFEIIFEHBER VY, 10 L ERTK S Thanto.

LR > AV > > L, DOIEICY R 5.
LN S (2009) LY

KRNIThI RSN, Y1 b 12, 13, 0>V
TIE, WRDIEFITHDLVORKE ThH -T2, 7ok, ¥
AN LIZOW TR Y Ofc I E IS T 58, i
LRI B RN &ML TRL.

4.2 ZEIRMEHIFE

L JE BRI A VT, 1, 6, 7, 8, 10, 11, 12,
13, 0D 944 MIBWTERBEELZHE L. &
2, 5 oOFEEECTHE L-BEREEEDEE, FHH
(2008) (29> T, T4 Xt L CEREIZE A2 SRIE /AT
MEMEK L, ¥4 k6 & 13 Ofl% Fig. 4 \ITR L7z, X
BRDE, FREICHSTEREOFNBERLEENEHND
EDSIND. BROBE, 2% - %, KL, pr s
EBxiux, BEOFNREOGE(ICES, HHEREOEN
WEEBIL IR D LR T& 5. Fig. 4 %[H
KOHD7RLOBENNHEHET S L, BKEALOR SN
LHEN, BEBNSNZF LY EBICBIT 2EXEEEN
BWZ ENbMnS., FITHEICHLS EHIFNT—4 &
Ex b 47970 Hz DB ESARIZOWT, 1ERA 1
B —CHEOWGEEIT- 2. £7°, 47970 Hz THIE
L7 BRGEEOERE A M EEIE L, BEMIE
(GEAERE 25 °C) %17V, TORREEECRAO LY
H— L L, Fig. 51TR L. ZOE, 47970 Hz @
JEWEIC L D EMREDOBRLEE L Y —D&E
RABEE ORI E R ES 0.891 & FRVIE O BE A 2
b, #-TO05~1mOBREEEZFHAL WD
EEZONDBEHMEEOEIIRE RO NE TS 5
U —DEICEVE R D Lot BRI
IR TH DA, kD LK - oy — L
LIofEZRTZ &M, RYVA MIBWTIEEE LR
BEOFICHWTE LA RN EEX N, B, &
PITFH D (2008) & FEEOFERTH 503, H PGS
WERS A SND X 27204 TR Z ORI AN
LAREMEN B Y, KA MBI DMEE AT O M
BdH5D.
FELTEREORELZ B2 LE, HEE VY —T
FOEWEHIBAEAIZIR SN 503, BREEA Tl

TIRHHOR T2 RETE 5. 1M o —TiEM Y
WHRZEMENZ L B DT ENTE L0, EOMKEE
WCHEETOSERD LN, ZREHIE W KT, &L
HEF| & E T

b

-
L]

Iyt ik ie

Fig. 3 GAHICHY 5 EHBBONE. M Shizy A b

(No. 0). f:fMfkiEinLDHA F (No. 7).
Appearance of soil environment. Left: The thinning site (No. 0).
Right: The delayed thinning site (No. 7).

47970
24510
7950
3870
2310

20 40 60 80 100 120 (m)

Frequency (Hz)

47970
24510
7950
3870
2310

Frequency (Hz)

20 40 (m)

012345678 91011121314151617181920 (mS m4)

Fig. 4 F{XOE NI X 2 /T OBSUREE O E /310 O
V. No. 13 itk S 4v7z 1:#l, No.6 BN RO D 1.
Vertical profiles of electric conductivity differed by thinning. No.
13 The thinning site, No. 6 The delayed thinning site.
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100
— ECEM =1.41 ECsuiI -4.26
£ 80 R?=0.891
n
S .
o 60
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g
T 40
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3
= 20
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0 1 L

60 80 100
Soil sensor EC (mS m")

Fig. BRHRE & LY — DR OBZIRZEE O
.

Relationship between electromagnetic sounding EC and soil sen-
sor EC.

180 200(m)

200 220(m)

120()

012345678 91011121314151617181920 (mSm")

Fig. 6 RkOITHOITWE YA hDENT OEKARERE DK
oyt (JEW %k 47973 Hz) .

Horizontal distribution of electrical conductivity data at the thin-
ning sites (Frequency 47970 Hz).

WNT, 47970 Hz O JRWE b 15 b mEEIT-D0
T, KESHEZER L. BIHREE L BRERLS, T
BHADOHIZOWTHLNRENRD S22, KT
10 FEDNICHk Sz 4 b (BtkdHv) (Fig. 6),
10 FLWIZHER DS & (FkiEn) (Fig. 7) &7
THERRLE. BREWEEREENEL, BRREWVIEE
GEEEIMENREZER LTS, SEMICERIREE N
WA ML 6, 10, 11 TH Y, BEXIREE RV A
X1, 7, 8, 12, 13, 0 TH 5. FfkoifrhbhiTns
#4 b (Fig. 6) OF<TiX, 4 b 12, 13130 LERE
HENEDTH LN, BEOERLTWSYA b (Fig. 7)

?6, 10, 11 LT 2 & BREEENEOEAWVERD N
HEYVRLNRNI LD N%. Fig. 6 & 7 OHERIC X
D, MMEOITbILTWDL YA FOGR, BB ELTY
%A bE VY HERELEOERGE R DMK ME R AN
ZENgholz.

IBIL, BUEERHMARE LTRIA SR TWE YA T,
WEICEME LTRSS TWEY A k10, 11 T, &
SEEENEL RBMEERH Y, 10 1FAr—VEEZR
TR DR W ERWEEE 2R L. wmEDMEED
HENGE HIFIZOW T L 22 TRV, BIEOE
REELISMC IR EOF BN HIEREICHEEL TV D
ZEBHERIEND.

E, YA N TIIREN 39 FELIEFICATHY, BE
DERIZRLPIEAIEA EANE D TL DIEEH AVEHE
NHoTld, HOVA SO LD REFEBPENIZL Do
T-RIREED B 5.

4.3 TEDBKME

FEHEoME KR E 3 KECTHEIL, Z0E%
kg4 5L (Fig. 8), 4 ~6, 8 10, 11 iTFEAMEN
<, 7, 12, IBIEEOTHDL I ENbhrolz
6, 10, 11 ICMENARS1, 12, 13 1% 10 LN
RSN TNWDHZEEBE 25 &, o THEHRDRN
ITEAREDOENCHENTWD EHEg Sz, & 2 TR

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 (MS m™)

Fig. 7 XKD TNB YA b D ENT OEBERIZEE DK
oA (R E 47973 Hz). No. 10 @ EC 135 R r—/L TEIR.
Horizontal distribution of electrical conductivity data at the de-
layed thinning sites (Frequency 47970 Hz). EC scale was sepa-
rately added to No. 10.
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Site number

10+ 6 7 8 10 11 12 13

10

102

Hydraulic conductivity (cm s)

103
Fig. 8 1 Mo FEZEKIREL
Average hydraulic conductivity at each site.

m10cm
m30cm
o50cm

N
N
T

RN
o
T

TC in soil (102 kg kg™")

1 6

7 8 10 11 1213 O
Site number

Fig. 9 #H@mo2kFEE (TC).

Vertical profiles of total carbon contents.

6 L
e 51 @
2 °
3 3|
(%]
£
&) 2 _‘ ‘ o
|_
1L
0 | | | | | |
0 10 20 30 40 50 60 70
EM sounding EC (mS m")
Fig. 10 EREEOERIZEIE L A KO H

Relationship between electromagnetic sounding EC and total car-

bon contents.

REHMTON TV LY A FEREKEAN RO D VA
MIFARMEN R D LW IR EZ L TT, tREEIT-

7o 7, 8 &R EMMKERR - BB NIC L D lE OBK
PEIXERE 1 % TRRDESZDTENDLTZN, T,
8 OFT KM, BIREFEH T/hEL, BkENTRELL W
ORI Z R LIz, REFA &R L TEKRERE
BICRRZLIIE 2 o7z, 7, ST /M TH
BN, YA MIE~THRIEA 71339 B, 8134 &
LIEFICATHY, FIRO LI ICERENEEICHLAD o
TeleD, MOV A RO LS RFHEA RIS 225 72 FTEE
PN 5.

44 tEOERFE

Fig. 9 iI2& %4 @ 10, 30, 50 cm OEFE I HEL
7=t D4 R#FEE (Total Carbon, TC) Z#/RxL7=. Wt
OFA MZBWTHRRFEIFIRKRBO 10cm b %
<, FWT30cm, 50 cm DJEIZD 2L IpoTn=, F
7=, Mtk fThbhTnwa ¥4 k12, 13 TIE, HHES &
BIZERFERMUOY A X VIALMNMIELL, BOATE
THBYNHET AERPRBEO LN, 72720, 1, 81
MIRENDB R OENDT A N HEV AEMEDNEDL R
VL DIERE R T, Mg LR BIRETH D
2L, I TN MO REZ 10 4FRiTT, RO MR
HMEAZTHDEYA FTHDLIERDbR->TND (B
5,2012). 1 Mtk ofblenz bbby, [ UK
TH 12, 13, 0 DX I ITHRENPH D R 2I1FE DMk %E
Thiene, BZLLZIZE LR HSEAEDNRIE E,
SHHYMOBHMOBRERZRVIZS WEEBZ L. o
MIBRR R SND & 2 AT HEEMR DR WVHAR RS
iz,

FERRLE & 2 K OB E)RF HE) S 72 okl T HEkL - 0 JE il
OFERTIE, WIEICEWANE &Y I8N E 7 s
LR TnEHEINZN, 1 M12, 13D L 51T
IWTEIZIE WS A N THEREF I ~DFHEY OEFED R
B, WMk & O NLIHERFEEOEENFRICENT
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