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ABSTRACT

Six soil subsampling methods were evaluated with explosive compounds-contaminated soils to quantify the variance
associated with each method. The methods include modified grab sampling, simplified ripple splitting, fractional
shoveling, coning & quatering, degenerate fractional shoveling, and rolling & quatering. All the methods resulted in
significantly lower CV (coefficient of variation) of 1~5%, compared to common grab sampling that gave 8~98% of CV,
possibly due to the reduction of grouping and segregation errors described by Gy sampling theory. Among the methods,
simplified ripple splitting tends to result in lower explosive compounds concentrations, while the rolling & quatering gave
the opposite result. Fractional shoveling method showed the least variance and the highest reproducibility in the analysis.
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2] QAo S 7t WAE = Itk(Nocerino
et al., 2005).
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o 28y R B AEAFHARACE Y
=3ty EAdAfol2 Alshe 23U/ (constitu-
tional heterogeneity, CH)Z A= T YA} EZE0]
Ao} MAYSk= FAEETUXd (distributional heterogeneity,
DH)l 711ste 77FAl E79 37F LA SHTHGy,
1982). ©] A BAg Ax FAHNH= 7|Bx}
(fundamental error, FE), I35 % ¥5-9XH(grouping and
segregation error, GE & SE), 7] 2 X}K(delimitation
error, DE) ¥ %9 X}(extraction error, EEV} % <
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FARE 1.7%2 72313001}, 2.4-DNT 555 124
Aellx] Ash= v ofs &2 g iz %7
20 ug/gol A ZHE 174 2 115 pg/ge 2 Z7F 13 2
45% 73231t Walsh et al., 2007). $& A=
FAE Az WAEIE HWE QAME Fol7] HsliA
AEE TAIRHN BEelal SEAISEANFHHE (0>30)02
FARE AxT AS dFskar Arh(Walsh, et al,, 2014).
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2.1. A& M=2Y

slofed 29 ERNEE A7IE OOOAH A Al
H3HATE A7 SekA] SR 30R1F] ol delA A 7
500 gol EdS AFetar AFHE ksl F E3is)
AL, §elld 393 S $, 309 AR AR st
THEPNFEE FHISI ol AVKE g A8 2kgS
A7 20 ecm2] FEYE] ¥ 60 rpme] roll mixerol|A]
15Ut Egteto] ddsleiitt. o] W BEE vi=
= Aol sk slorEd dEsiE WAk, A
A Bt SEE s EaEe adE
7Itigk Aotk olde] WHo R HAslet FAAEE A
&8 uf 74A] 24°CE P EHASITE

FAE AZPHE F 67FAZ modified grab sampling
(MGS), simplified ripple splitting(SR), fractional shoveling
(FS), coning & quatering(CQ), degenerate fractional
shoveling(DFS) % rolling & quatering(RQ)S 7S &
AP ARl BHA A5 WHS WHASIATHUS EPA,
2003). MGST YWHE o g EQAFoA 2oz Hg
e F8h= grab sampling WP} FLSEA|, 0]
2o MRS AMESI] EYTH]OA 10~203]0] A
ERAIERH(10+ 1 g AFs= ot oA oz
A ESF ] Aduke 24X 1% AlEE AFHst] A7)
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AAE YA AEE A £EE & o, vt
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Fig. 1. Photographs of respective subsampling method. (a)
simplified riffle splitting, (b) coning and quartering, (c) fractional
shoveling.

9 Azl dEle Alkte] At o5 7lsk SRS ripple
splitting “gx]°] T3-S Bk, AgA4olx 1HAsHA A

8% % QA AR WHelt). B4 7] FAAE 3om
MMl el WA S olash ng e Ae 4
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2.2. 3jotEE9| UPLC 4

370z viEd 32 B4 high performance
hquld chromatography(HPLC)Z £4J3}= Zlo] Z&35HA

, AgER e ol dBAE AUEE fAlskd

*1 welete] AU A w9 olele Agelr). Aut
Hog sk ARAo] HPLCF ol AREARL A&
T INRE ool g Ee] £4717] ISt Agh S
AR 2 A7 U7]) 59 A7) St oo B o
ToAE w2 LTS FAEHIA vl AEE *1*
A £49517] 918 HPLCHTE 119toll X B-48h= ultra-
high pressure liquid chromatography(UPLC)E ©]-&-3F
serEd FAHE s

HAo| ARE-SF AHl= Water Co.2] Acquity UPLC
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H-Class A]2=E]© 2 quaternary solvent manager, sample
manager, flow-through needle¥} photo diode array(PDA)
detector, &7 ¥ H S7PIAE AU} Sk
A AH#E AccuStandard LtdolA 743t 145 sjekus
E72(M-8330-R, 1000 pg/mL)7} &H31E3tAT20 g4
gk RDX 3] TMHE 339 #eE S8 vhdgt 8¢
Z00A ARt de HA Y] oA AAlsiGAnt 3
9] RDX E3]4HE2 mononitroso-RDX(MNX, %
99%), dinitroso-RDX(DNX, =% 53%) % trinitroso-RDX
(TNX, % 99%)Z, DNX9| TET 53%Z 9o}
UPLC #40llX] W] B<eEe] MNXSF Hlke] TNXO]
oM fFE=d AxTt 7hssiik. o 17F sk
HRENZHACZ= UPLC Y AEF 2L, % 0.25
mL/min(Methanol : Water = 35 : 65)9l| 4] Waters Acquity
UPLC BEH C18(1.7 ym, 2.1 mm x 50 mm) ZHog &
gataL, &L UV 230 nmollA] 31Tt

23. 5&, BMAE & Y 2 2y

AZS FAFE 40mL 24 vlo|de gar, s
EZZ 1,3-dinitrobenzene(DNB)S 37|13+ T3 acetonitrile
20.0 mLg A33] Yil PTFE liners 23 408
eIt o] 257F 20°C oJ8lE fAAE 2SI
oA 18417t Ft F=3ATE FEH2 5,000 mg/L

r

CaCl, 893} 112 E97F &, 308 &% X8l B
Qe AT Bl FEshd FAbIZ 49 3
mLE XFS}L 0.2 um PTFE syringe filter® {331%
), 27] 1 mLe W2lal YeA] 2mLE UPLC #49A]
= F031ch. UPLCE A8 3 23] #4338k 1 3
ks ARSI
FEAA35ke] BAIXZ o= Microsoft Excel version

PROR NEEREAEE IS e

3.1. UPLC 3923 2AM4H

UPLC &4 Al, 22482 9271 4A £8=%0a, &
HAIzre] A E=EHAY. o 59 F&7F 1 mg/Ld
14% ¥FEZA|E(Table 1914 MNX, DNX, TNX #]<])
E B4 o, Fig. 229} o] 14F JFHEE FollA 10
Z2 baseline 87} 753841, 2-amino-4,6-dinitro-
toluene(2-ADNT), 4-amino-2,6-dinitrotoluene(4-ADNT), 2,4-
dinitrotoluene(2,4-DNT) % 2,6-dinitrotoluene(2,6-DNT)
o] ¢l B4 8IS AR EYes gHsIT
&8 #F 035 mL/mineMe 2850l L FPd
A% F71 8 ol 10% ool #4o] 7Fssi et
(Fig. 2b), A12=8ll 4=o] 10,000 psi ©FO=Z Fo} L

Table 1. Method detection and quantification limits of 17 explosive compounds analyzed by UPLC

, MDL (ug/L)
Explosive compounds " UPLC LOQ (pg/L)
HPLC UPLC

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) 22 4

TNX (hexahydro-1,3,5-trinitroso-1,3,5-triazine) - 3

DNX (hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine) - 4 10
MNX (hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine) - 7 18
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) 22 4 9
TNB (1,3,5-trinitrobenzene) 26 3 8
DNB (1,3-dinitrobenzene) 23 3

NB (nitrobenzne) 160 10 26
TETRYL (2,4,6-Trinitrophenylmethylnitramine) 12 5 13
TNT (2,4,6-trinitrotoluene) 24 5 13
2-ADNT (2-amino-4,6-dinitrotoluene) 25 7 16
4-ADNT (4-amino-2,6-dinitrotoluene) 22 6 15
2,4-DNT (2,4-dinitrotoluene) 34 8 20
2,6-DNT (2,6-dinitrotoluene) 49 10 26
2-NT (2-nitrotoluene) 221 15 39
3-NT (3-nitrotoluene) 140 13 32
4-NT (4-nitrotoluene) 208 10 25

* from Cho et al.(2009)
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Fig. 2. UPLC chromatogram of standard explosive compounds at various flow rate and concentrations. (a) 1 mg/L standard compounds at
0.25 mL/min (b) 1 mg/L standard compounds at 0.35 mL/min (c) 10 ug/L standard compounds at 0.25 mL/min (d) 50 ug/L. standard
compounds at 0.25 mL/min.

2P 47 2= g EFTIEETT we e ol Hls EPA AR 145 Sl ol<jol] =] AFERolA
A DA ololl H-g 9= (eF 8,000 psi)e] A ©o] AEE= RDXY E3iHE<l RDX E&ibeE 3%
I FF 025 mL/minS BAZA0F 3t (MNX, DNX % TNX)S BFEZd 371l 175 3
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A 10 ug/l TSNS vHEaL, A719] Sj2ddA
73] BAEHATE vEE BA%E Ae] RFEHANs)E At
skaz, &) (1ol 23l AE3HAIZk(method detection limit,
MDL)S 2FsIitt. AaFskA|Igk(limit of quantification,

LOQ)E JFBALe] 1001 ke gho= siir.

MDL = ¢ (1, g=0.01) X S Q)]

BT 89 10 pg/LE ARESE 739, nitrobenzene(NB),
2-nitrotoluene(2-NT),  3-nitrotoluene(3-NT),
(ANT)= 230 nmollAe] F4=7) ol HEHA Ayt
(Fig. 2¢). °]° 50 ug/L ¥F8He= MDLY LOQE
231t (Fig. 2d).

slobe2 UPLC #4189 MDL¥ LOQ AHFgZA¥h=
Table 137} ZT} UPLCE #4%t 79, TNX, TNB ¥
DNB9] MDL 3 pg/Lellal, HMX, DNX % RDX9
MDL2 4 ug/LZ 7] HPLC E2%(Cho et al., 2009)
off wlal <F 108 o] REUTE TNTS} 2,4,6-Trinitro-
phenylmethylnitramine(Tetryl)2] MDLZ 5 pg/Lo]3le
2-ADNT, 4-ADNT, 2 4-dinitrotoluene, 2,4-DNT % 2.6-
DNTQ] MDLS E5 6 pg/L oPgolth. 3¢ 230 nmoll
Aol EBB%rl 2 itrotolueneSe AEIHAE 10~
13 pg/LZ 433] 5315t 7P & A2 B4R
S @5 4= ok Aotk Cho et al(2009) IellA

4-nitrotoluene

A & BAxz] 5080|990 UPLCE 15202 3]
ol whe] gl o HUsH 248 4 Aok 3

o

Z3H17} YrolA] solid phase extraction(SPE)E -553F
s FEAEE A B4 = U Zhou
et al(2007)& 2 Aelxe} o] i FFE4dS H7t
Stal, 229 F&2 2948 W trans-10-hydroxy2-
decenoic acidE ¥213F A3}, HPLCO] H]3] MDLO]
0.3 mg/keoll A 0.5 mgkg= FFEJAL, FolHTE 44
Zro] 350 SEEIL SiE Mok Qiokar B ustd=d,
2 AFolx Y Aet FARH

o

EFESN Y JAY FTHEIX(Table 2)= 300~
250 um AROl7} 37.3%Z 7P =903, RO & 300 um
o]io] 31.4%, 250~150 umS 20.1%=, 150 um ©]%4+
AR} 88.8%S AHA3INTE ABE SlFEA FEE B
AEE 2pol7h AATE. RDXSF HMX F&EE 75~150 um
AfololA 24.09 mg/kgS 2 71 E%AL, BA1F (p<0.05)2
2 foslSlth. TNTE 9474°0] 25 557t S71ehke
e B, 47 53 um o7k 0.86(x 0.05) mgke=
7 =tk o2 47 53~75 um BlwEE 5413
(p<0.05)°2 F2I3IA] LUAARE, 150 um ©Fe] & EF
dAtet vl o frefslirk(Fig. 3).

AEE 29nx EXAF A coefficient of variation
(CV)E Blwahd v 2 e}t We A & 5 9l
. HMX®9} TNT9}F o] Aex 447 Ccvgke 2t
7} 8.8~50.0% L 5.8-97.4%F ¥Ho| FVHE US
AAE AFS B 5= RDX #4279 CVak
< 8.0-29.8%= "iF- SSIANE, JA] JHo| HSrH
Cve ZAsidnt. o] Ave FAE AXRA| dR=271E

I

30
N HMX

25 e o
_\@ 20
j)}
£ % il % %
s L S
8 1T 2 7 T
g o / o / o
5 % o o o o

Soil particle size

Fig. 3. Comparison of HMX, RDX and TNT concentrations in
the soil sample by soil particle size.

Table 2. Weight percent and concentration of explosive compounds in each soil particle fraction

Particle size Weight percent HMX (mg/kg) RDX (mg/kg) TNT (mg/kg)

(pm) (%) Avg. Stdev. o' Avg. Stdev. o' Avg. Stdev. A%
>300 314 0.32 0.16 50.0 16.55 3.55 21.5 0.78 0.76 97.4
<250 37.3 0.66 0.29 439 13.1 2.59 19.8 0.6 0.34 56.7
<150 20.1 0.75 0.21 28.0 15.19 4.53 29.8 0.77 0.16 20.8
<75 6.2 0.82 0.08 9.80 24.09 2.94 12.2 0.82 0.08 9.80
<53 5.0 0.68 0.06 8.80 19.44 1.55 8.0 0.86 0.05 5.80

“CV=Coefficient of variation
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Table 3. Analytical results of explosive compounds in soil
prepared by different subsampling methods (MGS, modified
grab sampling; SR, simplified ripple splitting; CQ, coning &
quatering; FS, fractional shoveling; DFS degenerate fractional
shoveling; RQ, rolling & quatering)

HMX RDX TNT
Avg. 0.658 23.531 0.357
Stdev. 0.007 0.251 0.018
MGS cv’ 1.0 1.1 52
Min. 0.648 23.171 0.336
Max. 0.668 23.821 0392
Avg. 0.647 23.093 0.348
Stdev. 0.003 0.235 0.010
SR cv’ 0.5 1.0 29
Min. 0.641 22.759 0.333
Max. 0.651 23.371 0.364
Avg. 0.660 23.634 0.363
Stdev. 0.008 0376 0.009
CcQ cv' 12 1.6 24
Min. 0.653 23.169 0.351
Max. 0.677 24.342 0.375
Avg. 0.665 23.705 0.364
Stdev. 0.005 0.131 0.013
FS cv' 0.7 0.6 3.5
Min. 0.655 23.488 0.345
Max. 0.669 23.870 0.380
Avg. 0.645 23.555 0.371
Stdev. 0.004 0.483 0.011
DFS cv' 0.6 2.0 3.1
Min. 0.640 23.210 0.352
Max. 0.650 24.572 0.387
Avg. 0.669 23.999 0.386
Stdev. 0.006 0.293 0.009
RQ cv’ 0.9 12 24
Min. 0.662 23.577 0.371
Max. 0.679 24.445 0.395

*CV=Coefficient of variation

A Bshs A FAEE T o, EAIRAA AR
£ AFHsh= AFE2 S5, increment)E S713Rs A0]
2312 =Y 4 Ath= Walsh et al.(2014)e] A7} A
gkt

33. FAR M=gHE 242y

FEINM FUT U2 1.3-DNBS] S8
2 99.6%(n=42)= ¢ 531, S5-8-S wkedsh
AAT= Table 39 L9F8l3At. 3leHE2 HMX, RDX
2 TNTY CVE 28} 05~12, 0620 D 24-52%%

Az

PRl WE Q9 2} Hlw 63

25.0

m— HVX
@z RDX

- B TNT

(=)
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(=2} ~ —
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Fig. 4. Results of explosive compounds analysis in the soil
subsample prepared by different subsampling methods.

= ZAIK(Table 2)0l vl Cvgkel A Z4a
A=) 41 e EFIEYOI= B
Slal TNT #433ke] cv7h i 18.74) 7%0}951@ U2k
Edo] AsAF A FolA FEE AlE#s 10g ©]
o223 =9 4 3, GE & SE—t— =

MRz ZY 4 UthZhang and
Aol ol FUgH grab sampling
Zola EY ¢ivldl] ot

AlZo
=7
Zhang, 2012). ¥
Wolel, AlF 2Ee] AVE
Rl Xl’ﬁow NBEZ AFE GE & SE} #Aagtew
A FHEF BAAE EY F Ues BT ok FA
A ZA] WS 23F Fol GE & SEZ} AFHS HE
i}ﬂﬁ}ﬂi o] A} sjekEdo] ofd tE Fa
FRLGEGINME ZEEe Ao oAFe ATl

7HA7F iekal AlE

FAE AP seEdss
o] Btz 2 QAPHSeA 2 Alo|E W] oJHTh
ey FAE A slokEd HisEE Blashy,
SR A|ZojlA4 HMX, RDX % TNTY Hd5=7} 44
0.647, 23.093 2 0.348 mg/keg®, DFSH| €]+ HMX
AL, ok FAlg Az vls) 7Fg 4
T Bdt) vbd RQELCE A3 AFolAe] HMX,
RDX % TNTY HAs =+ 47 0.669, 23.999 %
0.386 mg/kg® & HE _,:,r 12 A SN 7P =&
TEE UERTE 24 seEd T M vt =2
RDX Z32%E PMLEL Az E =25l (Fig. 5),
RQY AZRAIE 447 = HAETik(n=42) oo =,

L
wagke Figk

>I«E mlo ki

v‘i‘*—i@ﬂ* Fig. 4%}
]

.‘._4

=
o=

SRY AZAE olglz FESE WwhH, FS
H BT Hgks AR 7P FA BEEIsth
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Table 4. Results of 2-sided T-test with unequal variance (MGS, modified grab sampling; SR, simplified ripple splitting; CQ, coning &
quatering; F'S, fractional shoveling; DFS degenerate fractional shoveling; RQ, rolling & quatering)

MGS SR CQ FS DFS RQ variance
MGS - 0.006* 0.562 0.138 0.910 0.008* 0.063
SR 0.006* - 0.009* 0.000* 0.049* 0.000* 0.055
CQ 0.562 0.009* - 0.649 0.740 0.068 0.142
FS 0.138 0.000%* 0.649 - 0.649 0.042* 0.017
DFS 0.910 0.049* 0.740 0.649 - 0.064 0.233
RQ 0.008%* 0.000* 0.068 0.042* 0.064 - 0.086
*(p<0.05)
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Fig. 5. Distribution of analyzed RDX concentrations in the
subsample prepared by respective subsampling method.
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