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Abstract: Data sets containing nondetects that are below detection limits, are inevitable in analytical results for environmental samples, especially for
trace elements and trace organic pollutants. Commonly, the nondetects were either ignored or simply substituted by zero, half or one third of the detection
limits. However, these approaches would result in biased representative statistics and difficulty in further statistical analysis, especially when there was a
large percentage of nondetects. In fact, a number of methods have been developed to handle the data and to provide the best estimation of the population
parameters based on the data above the detection limits. These methods, including both parametric and distribution-free are introduced in this article. The
methods for calculating the upper limits of the 95% confidence intervals of population means are also presented. The method application is illustrated
based on both virtual and field data sets.
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1 E75 (Introduction)

AT Xk R AR i B 43 A 4G T O 1 R AR BR
B 47 € B9t BR (DL) . Rt , A5 20 A it 72 v
AT G 2 1B B R A Y (BN BB AT R ) [R)
(Cohen, 1950 ; Gleit, 1985 ; Helsel, 1990 ). 7 ] & ¥
YRR TR EREL T, B R
Xof i BEAT W BT T AR AR AT RE RO G5 R I E 45 2R

T Ir A T BRI, B AR A A AT LA 3 o 488 o e
BN MY HTERIREG R, BERSHE L
TLRTHEMSE AR5 RARE TR EA
BEIARRZE B9 E AR A2 A GEIR A3 50 T %K
PEHI SR, IR AH S KR C O R A . X TE PR A
A A IR B R AR IR Y5 Qe W 0 o L

AR B 48 X B8 o A 45 R B B W AR AR KRR
JBE b HRHR T AR ROHE B 25 5. FE AR Y ARAR & AO 1%
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BLF, oIl A2 2 08 R A ) B4 19 7R 7, 38 2 X Rk
H B0 HEAT R B AR, ERAS & X B o AT 45 SR AR
EE . SR, 7E R A 2 L AR A, L A
REZuE. R B X R ERBAMEE LYW S, Xt
S5 SR AGTT B R 22 S 7 A e XU 43 AT Y TS

A0 ¥ SR A B B R O B B e F AR
— ey R BRI N EREAE OB TR 1/2.1/3
BE R T R AR KK H S (Helsel, 19905
USEPA, 2006). 7FERE A BB/, R K H B &
B, 2 W A 45 R SE B b A X T 2 B AR R B
BT, NS BETSEREM WRAOF
AR, 08K T Bo0F 45 R AR A, AR BE IO T R
HH B B B 4 A T XD R BRI 5ok
TRRAYZR. SR, R TR 172 8 1/3 fERE
RSO B R oL T Z B A 0 B AR, (B Fax
BE R BUE 4 0, HLJE M ] W7 53X — BB A0 R A H
o B SR E M AT 2 5], A B E T A —EMRT
0 B REkEZu. B, fE KRRt L EIEHHIEO
B, H e R PR AR € 2 BOBUE = A IR Z W BB
EK.

HTERMK, ARG, FE M E
HRYES R E EXER S (FE,1994).
XEEMHFREA EBEREN AT HEESE (FW
1% 55, 1995) Fi ik & B HLI5 4 0 (X0 o 0 B Ak 4
2003 ; Wang, 2009 ), i 6 & & a0 X 3 (J& ZE #i,
2001) SR RL#E ( £ EE,2007) FH BT E. 7
Xof A5 fi (4R %o BOE S 430 A ) B8 AT S T I, B TR
H R PR BUIE 2S5 20 A B30 01 2R (LA 39 18) , B K H
151 f R AL s B8 B8 ) 3 BB 43 M 2= B R 1R
B2 W SRR B O AR AE R T RE B 3 A SRR
AN, F O B AR, T T BB 1 B X AR K /N B B 2 IR
. BRESR FAAS T BRAY 172 8% 1/3 #E7BR, R
AR M 3BE 43 BT 45 SR Y B3 R 22 BR T VT RB 3 ALY A
AR 2240, A R A AR R B BB B R TR B 5
— A [B) R 2 1 R R BHE 43 R W TR, R R T —
FHGEITRE. XS BT EME, X EE 56K W
BRI ERBSERREMNESHFEMS, X
FERIRTE 43 i 5|k R & R 45, AT R B 3
I8 (4 I iy (P IBT, 1994 ) . BRI I, 220 s R 7 B 5 AR A 48
HE R B I A 3% 3% ( Singh et al. , 2006; USEPA,
2006) .

MW b U, 1R R FEPLAE &, B A R A i 38
A2 T SRR 8 43 A B9 R PR X 1] A B B A

B TR T BAR 43 10 B 5 B 0L 2 38 4 SR ZE A T
FRUA BB 52 T $ 0% wh . BB O, 76 5 B R 4 R R s Y
B3R T, A A 52 00 45 3R 15 B0 B4k 23 A 4T Al 3
AAXAT LAFE— 78 #2 BE b % B AR 43 A AT 0 B, T B
A AZERTS BR A RO R ETR T, B — X K
Bt B AT R LR AE. I 4F ok, IF B B R X
FEHT T REHEW, HEL T EMITZERN T
%A S 800 M AE S 8005 B (Helsel, 2005a,
2005b; Singh et al. , 2006). Z¥ 5 B LIARE R T
b R AR A B R B S B (LI ES 0 AR
HOSME AN 7 22 ) , 4k T AR 908 43 A 0T oA A o 54 TR
AR S 808 7 8 AT AR T 5088 0 A AT Bk 2
BAEE.

JRAE AR R 2% F AR A B8 40 38 07 B B 5
BATHEARHARE BMEBEY TRERBTE, B
T BN, X EERANER
| 1A 85 0F 5% 48R I R A5 B0 3 5 L . AR SCRY B
BI7E Tl X BRI B A A S X S R R
B PR BRI 2 A A R, B R B A e 0 A0 5 A B
AbFE K

2 &N 4B (Available methods)

PATF 23 31 9 48 % 6 8 2R A i 04 9 %o 46
130 A B EEITIE.
2.1 xR HKEHEEKYEMT £ N4 F %

TS B I 3 (8 A 7 22 19 O 1 4 IR OR A KR T
BRI AR RSHENESH 2 K. 2807
R R A B R B4R R B B B R A I
FF B 3483 Al EPA Delta X 8IES T %, €S
B w WA A Winsorization ¥ Fil Kaplan-Meier 5
(Singh et al. , 2006).

R A8 5 KDL 4R T 3 S8 ST ) i K A AR R BT 2
5 B4 358 R A6 H B0 Y SR S (B R O 22 R & 87
. W TT IS Cohen Fx KSR BRHUIE  To i B K
RLAR BRI B35 249 TR B K fBL AR BRI %03 . Cohen (1950 ;
1959 ) 7& A 71 58 AL oK 75 2 3 38 B2 , B K AL AR R 2K
K FTRBROBOLT, KR T £ HE) Cohen F K
RURREE I B T 5 ZBLE M & KA R EOR
fREBR EEITER NI ERS, BT EBH
Wl K. To i B K ALK BREIE B IE T Cohen & KB
SRER B A W A 3T (Saw, 1961 ; Schneider,
1986) . 235 AL AR BRI %53 U 8 5 %o o B 0 Y B
IR T BARE 9 I7 i 4l T B R LR R B0 &
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(Perrson and Rootzen, 1977 ), Singh F1 Nocerino
(2002) I 3# — 25 45 2% 7 1 09 TC A Al 7

F—RKFEELEHE B RAEE W ER
(Dempster et al. , 1977). Gleit (1985) & B, A &0
A B BE R R AL B vk AL B S IR T A T PR 2R Y
BRRACRIA BRBT AR B B BRI 4 R,
AR H ) 46 Tk AELF) 4G Hh 080 B0 AR AR S E R 7 22,
AU BN 18 3o B KA DL AR bR B 8 . TE P 0 ik
R, Kb BE A A EESR. SRR, X
HHZERBEEES XA EET, AR EETES
FRESKR TS T RAERE, B FHEE R
fhitwZE. A8 HL 2T, AR 0g Y B B8 B KAk B8 vk U AT
PATE AR — % 30 B8 i R AL 58 ¥ B9 b 3R Bk B (Singh
et al. , 2006).

B RALAR BR B A B R R SRR R 7E R
FE B IR IEZS 43 A BB 48 T SR B E A 0y 22, 4
e R AR A A X TR IR 25 40 7 B 1 O 75 B 0 4K
P& AT IEA 2 #e. Singh 45 (2006 ) I, K JEIES 7
A BR84S ok Bk a3 AR G IE 2 2301 ) B 45 R AT
AE - BOE LA ¥ AR e J5 15 B A 45 R AT RE L, R
TR R 2.

YER—2KT5 8, U 813 e 3 B AR 15 5508 AR
FFPRRE A (INIEZS 2046 ) , SR 5 AR 8 6 40080 A9
RANCA B 4% BT oy S A B 3R 159 B 1) 2 ST Y BR R
RO R A S R T A R B IRBCR 25
(Gleit, 1985) , A #R4fg 43 75 T 40 43 o IE 25 43 75 %t
BOEZS 54 A gamma 4375 B9 JBURF 181 19 48 31 07 ¥, 8
AURERGERER LT ESZRS;AETIR
BOEmETTHREE NS Tk BRrE AN ET
AR [ SR & JR R Y B A 5 ¥R A 3 TR 4 B0 IR A
EAS B B JHEE (Newman et al. , 1990) .44 &
KAEA Ak 11 B A2 48 e 131 5 e - B KB 4R B B0k
(Kroll and Stedinger, 1996 ) . 3 T Xt % 25 $ 49 )T
[l 54811 (Uncerson 5. 1, 2003 ) 1 % F X %5 2% 4 1)
A AU [ )5 1 (Helsel, 2005a) . f5 Z 45 H HY &2 ,
Xof B HCHE HEAT X B e, X O 45 R AT 3
HerT BB R AR AR 2. 45 H R 7E R AL ) AR B 2 5
g3 B P S BB R R B A D B, X AR e 1) 7 v AT
REFHERREHK.

Xof F % BIE 25 70 A B 9% , USEPA (1991) $2 i 1
LT/ EPA Delta Xt 50 IE &40 1 5. X Ff 7 B &
A H B HE AR A %o 85 IE 25 43 A, T o B AR A B B
Delta Y A A6 H %5 495 U A A B BCH8 2 20- A , 4k T AR 4%

XFIR G A SRR T BT R REZ Tk
WA A TR ERE LR, H i TR E & 5 R
X BOEA AR, R B AE B R B R KA 52 FR R A
#r1E ( Singh et al. , 2006).

FATF6 8 AR A B8 B B0H0E 48 25 (B A0 Oy 2= 4
YIRS 807 1 EEA Winsorization 35 1 4= 77 i £k
¥ . Winsorization ¥ ( Gilbert, 1987 ) Xf Xt #§ 43+ 77 ¢ 3§
RIS E A AT R (ERRE A TR R E T 50% )
& (Dixon and Tukey, 1968). 4= 77 f#i £k ¥ b %
B /& Kaplan-Meier 3 ( Kaplan and Meier, 1958).
Helsel 1A, 3% Al 5 8% R A ) B8 HE A, 47 1) 2 R
oA RE A B B R S E A OT 2 R R A B T I
(Helsel, 2005a).

2.2 RAEHEEFRXE LR NMEIT TS

fh v+ 1E 9 T S8 AT DUGE i 7T B F X A B
F (UCL) #EAT WAL , Z 8B 0L T B 95% B A5 X [A] L
5,100 UCL9S. Helsel $2 iy, A2 -0 T M &
A H B8R BY W] BE 70 Al (Helsel, 2005a) . £ F 5% 7
3 AT LA B K ALAR BR Bk s Bl R AL
fhTHHE A< B9 318 F0 J7 22 DA K AR B B UCLIS ( Singh
et al., 2006) . Xf FIE & 7040 48 , 2 T H U R
Bt E R UCLOS AT LA AL VR AR T 46 R E 4 5 A
AEHER) 10% ~T0% , (B XF F AR XF Fr o A 9 5048
MR RE1S BB W 2 A Al 31, I A B P i B E S 4K
Tk

i A2 8007 B AR 41 T DLAS 3 38 ) £ /9 4 3t
R BN, X AR A A R J5 22 A6 0 7 i B AT AR
Fi Chebyshev R % 3 A 31 UCL95. it o 45 4w 44 A9 %
o X TP R BN AR ST, BT LA R 4 R 2 458 Kaplan-
Meier 3 . [7] B AT LA SR B8 R <F 19 B A5 X [A]
(97.5% =% 99% ) , 7& f 7 72 B 8 R AK B T 3 2 40
1. F A Jackknife 5] LA 45 & P 181 05 45 11 50 22
BRAE LR A -0 4 B UCLOS (HiX 7 kA
EH T W E®R KBIE N (Singh et al., 2006).
Bootstrap 77 % £ 35 #5 #fE Bootstrap 1 | Bootstrap #-%% .
B 43 BT Bootstrap 3% Fl i 2= &% IE B Bootstrap J7 &
(Efron and Tibshirani, 1993; Many, 1997). X &k J5
LR I GE T B AR A R S BOR 0 1
LT AR R BT B T 5O 2 A BB AR Y
1% 8L. 76 ] Kaplan-Meier J7 1 i 35 3 {8 #1 J7 22 B,
Helsel 2 30K A IE 2540 6 80 AR ¢ 7 A Sk BURCE 3R
i) UCL95 (Helsel, 2005a). fifl F fff i, Kaplan-Meier
¥ B A 45 & Chebyshev AN % & | Jackknife 1
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Bootstrap i #E % — i € UCLIS.

3 7% M F (Application of the methods)

3.1 kB BEE T EHEHA

ABERFGE W R B VT KB BIES /376
IERIEZS 207 N BOEZS 43 7 gamma 43 75 R R 5143
MEAFLE. A TFHERR P ROFEARE R
BN, B B AR EAR AR 8 56 X A 4y A RRAE AT
ATEEHIWT. SR, 4 SR X R A H B AL B R BR T 3K
BEEERMEM T E, W E LK) HEXREE.
BeAh, BT BN A B # SE ok B Rl — Bk i
Ah A AT RE B 24 58 4 R 06 B B B HE AR . X R
o B AR R 8 B W B TR RE, &3 R
IR 5 T BO% AR & 1 IR 25 B O, 4 2R B8
R M TE 2543 A 5 B 1E 25 43 A 5 B X R 43 A, B
LBHBEEASHE TR, URRFEEAMAE EHE—
ROE,FEEAARER(IHELBRSE ME
BIEEYERE) 2B TXERESS ;s iR o
AU GE RAIE 58, 31X 26 A6 T O B & 5 i 40AE
R A6 B 45 R — A 8 KR 2 (Singh et al.
2006) . X FIE LT 4 RAUAN T B RS X BARHAT
Gt , BIIUR FHRBEARERYEMFE, 5
HAREZHRNER EASE S, RnEE#EH
ESH07 , 0 Kaplan-Meier 3. {HJ2, I B 5088 79
R B AREARE. B0, Helsel A K R4 48
40% ~50% it 25 5 2% A B 5 (Helsel, 2005a) . 40
RANFERBNERYEM T Z0METE ETRE
T TUAR 34 48 A LA A v 22 (PRISE, 1994) , 3F B —
FEIEAR AL W B, WA BT 5 4 7 22 S0 o
A, AT B AR e, 4K T R AE L 9 S 5007 1k
3.2 MxH#

HEIHFREE ST R BIFZHEHME, TUH

w
~

[~ a. 5% Riath [ b.20% Ak
3

]
o

= K 2~

=

1+

e ) I S0 1 £ B R IR B BRIE R 9 8
B 7 2R E R EAE XA B A RER 234 AT A
FEM b 4 2% F #. ] 40, USEPA FF & 9 ProUCL
Version 4. 00. 02 7] 7& % 41k : http://www. epa. gov/
esd/tsc/images/setup. zip | %% ; NADA for R T E.f
BT 2% B4k 4 < http : //www. practicalstats. com/nada/
nada/downloads. html; UnCencor Version 5. 1 for
Windows {4 i F 2% B 4k 22 : http ;. //web. vims. edu/

env/research/software/vims _ software. html? svr =

www. F E LAY, ProUCL JLFE 4% T NADA for
R £ EBINEE, H NADA for R BT RNFEF, K
RS A NADA for R.

4 [ FiSEf5]( Case study)

4.1 B4 LA

FEHME N 5.00. 2K 2.00 [ B #UIE S5 i
Hr AL 1000 AN (2 B A7), 43 5 A i &
5% 20% 1 40% {RAH ( g AR ) % 3 M &
AN [R) Eb A5 SR A H R B 5 S B A 4R, X B B R T
FRAM51 2. 674 .3. 825 Fl 4. 602. Xt T iE 25 4> 7 $¢
&, 030 R RAE B, R 8 & K R B Ah
BF SRR E A 7 2, B AR B A SR (E
95% B (%X Ja] | 543 517 :5. 010 +0. 090.5. 020 +
0.087 F15.040 +0.082, 7 24 B & 2.09.1.97 #0
1.77. B8R, 85 W R K B AT BB 2 B0ER K A iR
2 (B, BRI AE R A R Rk 40% B E LT, A
BB T b 38 JR B A ¥, B 7 2 B & W AR R4
THE AR B 40 A S B RL B A R R, AT FE IE S
A3 A AR T Al B R AR BUE. R B B
I B R B O R (R /NI R HEF) Il 1 fr .
MWEF AT LLE 3, 25 B SR ] DL E B b K R
JE R B0 | U AR B 5088 B 1A 3 a5 A A A A 2=

w

[ c. 40% ARk
4
3L

®
2 N/

=

HEFOME

2 3 40 1 2 3 4 5
HEAME HEAME

E1 5%.20%7%0 40 % Kt H &4 T RAPERKUEREERE ARG H R ST ERE LSRG HBROXRBMESS M)

Fig.1 Relationship between the virtual and the estimated values of the data below the detection limit. A normal distribution with 5% , 20% and 40%

of the truncated data below the detection limits was assumed for the simulation, respectively. The expectation maximization method was applied
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FAZE 8 77 3RAE 4000 B0 1E 25 43 7 B8 48 P R A
H 500 A B AL B0 4R B JL AT 34 (B LA A o
25009 148. 00 A0 4. 11. {75 SR M BE AL A2 AR 2K 98
il 25 5% \20% 0 40% %46 B A9 HF BRS 51
14.5.46.0 1 99. 6. 73 5l Ff F 6 )L+ [a] U513 i TG 4
BN AA BRI B0 Al B 20 5 o 0 6 R 9 3 B AN
P22 (BRI (105 755 f9 JL AT 34 (B A0 LA 4
241517 149.00 £4.39,148.00 +4.30 1 148.00 +
4.32, To i Fe R AL SR oR B ik 3 58 6 JL A 35 4 A LA
FRVE 2 43 B2 149. 00 + 4. 27,150. 00 + 4. 24

146.00 £4.39. TR G5 RIE W RM. M HE
I3 AR SHORMXT R R TR T ZE IE S RIT
FEE Y ARA A BUE. B TR AT RS RAEE M
L, B 2 AUAL 45 T P T i e R AL AR BRI 15 21 B9
IR 2 5005 0 Bk 580 1) 56 R (e R/ IBURR HE B ) . X
T oA SEAF B X EUOE 25 70 A6 B 80HE , R T k¥ R R
BRGHEER. HLZ T, 2XAWMIES BT &
(Kaplan-Meier 3 # Winsorization ¥ ) $K 158 1Y 45 5 i
NIMSHTT .

151 a. 5% K e 50 = b. 20% R e 100 = c. 40% Ak
: 40 ' 80 | ,@{M
10 e
m 30 | 60 | f
£ i ;
= Y 0| a0
s 6 &
10 - 20
0 ! ! TN ! ! ! ! o1 ! ! ! |
0 5 10 15 0 10 30 40 50 0 20 40 60 80 100
HE SUE HE SUE HE SUE

B2 5%.20%7%0 40 % 5k 1 H 5 4 T R B T 4R R K U FR 5 3035 3R 45 B9 oK 4t B4R i B R 48K 4 tH B4R B9 32 R (OB U BUE 8431 )

Fig.2 Relationship between the virtual and the estimated values of the data below the detection limit. A log-normal distribution with 5% , 20% and

40% of the truncated data below the detection limits was assumed for the simulation, respectively. The bias-corrected maximum likelihood

method was applied

4.2 K H Y B

SRE N 7 1 B 8 R A B R TR B B R
R B A B ST B HiE R HEAT R A HhAG M. X SE B R
Gr il AL R R K R (FE AR & 379, 4 T IR
0.004 RA% Hi % 8. 4% ) T S (A& 379 4 tHF
PR 0.0005 ARAG i 2 3.7% ) . # dh B9 R 5 A 2 7
HETFEM KSR A R4 A 4 (Tao et al. , 2008). 5
SRTERLIRE R 2k ELAE A BN KRB 4% 18 TR XE 47 20

800 ~ a. ZkzUH| 1000~ b. B
§ 40 § 50
0 0
-4 DL 0 4 -4 DL -2 0 2
R BEXT R R BEXT R

3 BEAEHARHBENELERRIRAFANRASE
BB S HE (B S A A B (TS TR

(DL) # %54 ok B A1)
Fig.3 Histogram of the concentrations of dieldrin and endosulfan in
surface soil from Northern China Plain. The data are
presented in log-scale. The data below the detection limits

(DL) were those estimated

ik, ERFELE, MBAVIZRYN SRR
EXBOIES A, B, % 2 %00 39 8 o RAE %
R AT 20 B3 e )5 B 59 B AR S (E A0 07 2.
AR RAG B9 0 A 2 50 (e ) B B9 JL AT 39 AL
s fE 22 KRR O 0. 158 + 4. 170, B 3
0.0375 £3.9100) LA K2 J7 ¥ B9 K 1 T FR XS AR AL t %X
WERHATBE— AT, XA PR %08 24T MBS 9
15 20 B4 4 B AR R A R 3 BT

P ol T G R A RO 23 AR 5 A R
FER AP ARG Y &, R HERERET
7 — A SE B 3 A AT RE AY SR R LA - O JR R %K
a3 AR =M B X IR 25 20 A s QXA AR SR A % 3
F i (B T o 0038 e A IR 5 O S T B9 ) R 22
A—EREHLH B, B S A PR T HEGER HT R
BAEHER HBE PR S BT R T H#Z
MTAS T BR A B0 B TE SR AR B R RGBT
HIEME. RTEX—ARW T RBREAFESREA
o REM, XH AT E REPR &AM TR
o FRBE R B R T, IF Mt — B IRA AT
B oy R A4 T AT RE.
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