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Research progress on coupling regularity between composite
sampling numbers and spatial variations of soil heavy metals

HUANG Yajie, CUl Yanzhi, ZHOU Yan, LI Junchao, BIAN Huafeng, LIU Haidong"

(Environmental Development Center of the Ministry of Ecology and Environment, Beijing 100029, China)

Abstract Determining the optimum sampling numbers and analyzing spatial variation characteristics of
heavy metals in soil are the premise and foundation for the survey of heavy metals in soil. This study aims to
assess the research of sampling numbers and spatial variation of heavy metals in soil. Based on extensive
search of relevant literature published in recent years, the current situations of the coupling regularity
among the sampling number (i. e. increments and composite samples) , errors (i. e. within-errors and
between-errors) , and spatial variation for the survey of soil heavy metals are reviewed and future research
issues are discussed in the this study. The results showed that: Previous researches were more focused on
determining the numbers of composite samples by statistics under a normal distribution in the units with

known variations. The methods under the log-normal distribution always overestimated or underestimated
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the optimum sampling numbers, and only estimated the number of composite samples. Based on different
scenarios, such as different errors, normal or skewed distributions, known or unknown variations, it was not
clear how to determine the optimum numbers of increments and composite samples. The trend inflection
points of the relationship between increasing the number of increments and composite samples, and the
decreasing of within-errors and between-errors were not clear. The coupling regularity among the number
of increments, composite samples, and spatial variation of heavy metals in soil were not clear. It was
concluded that exploring the aforementioned trend inflection point, and thus optimizing the relationship
among increments, composite samples and overall sampling numbers of soil heavy metals were crucially
important. Combined with the prediction models of spatial variation, establishing the coupled model of
sampling numbers and spatial variation to reveal the coupling regularity of increments, composite samples

and spatial variation could provide theoretical support to improving the data quality and making field
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sampling decisions of soil heavy metal.

Keywords soil heavy metals; spatial variation; sampling numbers; coupling regularity; model
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Table 1 Classification of sampling error of soil heavy metals
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Fig. 1 Relationship of sampling number, error and spatial variation of heavy metals in soil
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Table 2 Sampling strategy of soil pollution in the sampling unit in European countries
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Fig. 2 Determination methods of soil heavy metal sampling numbers
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Table 3 Determining methods of sampling numbers at the 95% confidence level under the log-normal distribution
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Table 4 Sampling method of composite samples for soil heavy metals
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Note: m is the number of increments per composite samples. 7 is the number of composite samples. &, is the standard deviation of with-

composite spatial variation. &, is the the standard deviation of between-composite spatial variation. &, is the the standard deviation of
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N UDE QAT S VR QA v K (SN C VS B
TR LT RS N TR g R g Ay
JE BRI BN AR e T e e R Y s
[Fa) 5045

o T T R R A R R TSR R AT L 2 A
S PR A 8 i P s ) A S I AR TR R R SR R IX
SRHEAT O IR A RE RO A RE A R RUCR AR R
RS 23 8] 728 S AR AR FIUIOAE 52, 3 2 52 W A AR T 0 45
Ao 28 A AR S U ARE Y AT AT SR AR R H AL B
LU R R BACR 2R AR, 2045 -
G Jm A3 ) AL S oy A AL . H AT IT R RIS R AR
RIS S (4 BT I 3l o 28 B R T2 7 TR AR SRR
SRR R BEAT E AT DUSn B M A R R A R
J 3 i S T M s 1] A S I A A R X E A
AR A AT LA . X T 2R o= LR
56 8 SRR R AL S BT R A B i 2

Ay I, FR I R R A A ORI 2 ) A SR ML A
WRoE MR TIT I . TEZ ARG =T R AR TR
23 [1) 722 S PR3 B R 5 A5 A B T A A R T RS
(14 HE Al b 8 N7 B SRR A T 58, AT SR
oA AR 8 R AR R AN SR R AR Ak

3 ZLit5RE

i LT DIAERF S P S TR MR R L3 4
Jm RAE B AFAE LA T JLJT AN A2 -

D H AT T RJZ - HEHE G R H #0205
EWESE, Z R TR F AR Irk, H il s =Z A K
s DA A5 EDHS JEE 9 TR A 20 A, I T RS Al B A T
(1] SR e o R v A R IR R A B TR A R A B
Bk i iR 22 o AT LA HLB RS R
14 FTR) R AR BT, 26 T RE 6 L IE S0 A T i 4
T2 S8 7 IR JF N I8 T AR T 8 o s 0 A i



2 3]

PO HEAE . L G E IR A RER AR E s

S [B) AR SR A AL A T 0 55

Oy AR IR AR A ALl
T%ﬁa%ﬁﬁmmﬁo

2)M +HER A FE TR AR R B0 E gk 2L
T, SRR R 25 P AR S OR B BURE A R T A R
G, B PSR B TT I 1 SRR B H R Sy A R AESCH
WL . SR, H A AR/ A IRA T
) 4 3 4 Jm SR FE R H B ik R D B
14 R B 500 H i A 1 4 SR T OR PR T DY 1 AR
SO0, X0 A SR B R A 1 SR AR S B0 Y A
T HETE 4 Jm R AR A B A R . X TR
ﬁﬁﬁﬁAﬁﬁimuﬁﬁF%Mi%%n#

A FES) #Mﬁaﬁﬁm%éﬁm&§Vﬁtﬁ
%%%M HE.

@Emﬁ&%%ﬁ%ﬁTAﬁ”#ﬁE%%
D7 AR AE A A R AR B H A S0E KA Y B
G, H R OCTE TR AR S A BUORAE R B E ik
Eﬁ?{ Xt F 58 5 R B Z D AR A FE O FE BB B R

BRELCULSOR AR SEE RAFE RS
ﬁW%#ﬁEmEi%%ﬁT G diBREM
1 22 45t T oK L OE 25 B I A 4 A | B 0 B R AR S
MO, A E Z R R T L E S B IR A FEA
BB A R Ay B B E B E IR ST H A
.

DN T HE— 25 4 i SRR AR R A SR AR AR
B A TF IS8 T R ECE LAk ik, 2k i
- 1 )& kA5 ) AR S 90 AL X R A B AR B H E AT
monmL&ﬁmﬁ%%%ﬁ{Aﬁﬁﬁmﬂ
SR 1 AR P P A ) AR SRR AE E AT A AT . X
A H 4 4 R IR A #ﬁﬁﬁfﬁ%ﬁﬁﬁmﬁﬂ
23 (] 748 S R A vt AN D

L, 254 40 M H i P Ah 4 38 4 T8 SR RE
235 [A) A48 S 7 VR RS I BRSO 2 R A 1
BESRIRAFESBHE RARE R E 5k
SRFERCE 05 B RS, 8RR 4 JE AR AR

T T A e g R B

H GRS FEA B AR 80 CRER IR 22 (H N IR 22 |
1) 5% 22 ) F 25 (6] A S (N B8 S AR AR R SO RS

MU, 57 o R S A A B B R s A S iR
FR R 3 R R o Ok - M R < J T ) SR R T S
KA XL R A T R R BT, S B AR
R e AR Sz v SR AR G R B AT A B 0 B S
B

S # T Hf References

[1]

[2]

[5]

[6]

[7]

(9]

[10]

[11]

[12]

Liao Y L, Li D Y, Zhang N X. Comparison of interpolation models for
estimating heavy metals in soils under various spatial characteristics and
sampling methods[J]. Transactions in GIS, 2018, 22(2): 409-434
BT, %8, OXE. 1 HESEAEXREBENBEAEZHR
HR]. Rl TEZEH, 2019, 35(24):235-245

Huang Y J, Li J M, Ma Y B. Research progress of methods for
determining sampling numbers of soil heavy metals survey [J].
Transactions of the Chinese Society of Agricultural Engineering, 2019,
35(24): 235-245 (in Chinese)

Song W, Chen B M, Liu L. Soil heavy metal pollution of cultivated land
in Chinal[J]. Research of Soil and Water Conservation, 2013, 20(2) :
293-29

Marchant B P, Mcbratney A B, Lark R M, Minasny B. Optimized multi-
phase sampling for soil remediation surveys[J]. Spatial Statistics, 2013,
4:1-13

Brewer R, Peard J, Heskett M. A critical review of discrete soil sample
data reliability: Part 1—Field study results [J]. Soil and Sediment
Contamination : An International Journal, 2017, 26(1); 1-22

Brewer R, Peard J, Heskett M. A critical review of discrete soil sample
data reliability: Part 2-Implications[J]. Soil and Sediment Contamination :
an International Journal, 2017, 26(1) . 23-44

=B, BREG, BEX, BE, SRR, FBS, TEWK, BFER. AHE
HABRTURADREBTIHEEESE S AHERREITEMN(I]. RERZ,
2021, 42(2):900-908

Meng X F, Guo J M, Yang J X, Yang J, Zheng G D, Qiao P W, Bian J
L, Chen T B. Spatial distribution and risk assessment of heavy metal
pollution in farmland soils surrounding a typical industrial area of Henan
ProvincelJ|. Environmental Science, 2021, 42(2):900-908 (in Chinese)
BEKR, BE, NEE, #F,. TEE. Y. BEE. BRNTRELESE
EREBHE RBTRBZRTMNI]. FREME, 2023, 44(6):3562-3572
Tang J L, Zhao K, Hu R X, Xu T, Wang Y X, Yang Y, Zhou B H.
Heavy metal concentration, source, and pollution assessment in topsoil of
Chuzhou City [J]. Environmental Science, 2023, 44(6) : 3562-3572 (in
Chinese)

bk, =W, BFETE, BH, KiE, F—K. ERFEBLIEELERETE
HHERBEEXRBELIEINEESTE] WRS LK, 2022, 46(2) .
490-501

Zhang Q R, Li H, Deng Y F,Huang Y, Zhang B, Xu Y B. Distribution
of heavy metal elements in soil of the Southeastern suburbs of Beijing and
their enrichment characteristics in surface soil [J]. Geophysical and
Geochemical Exploration, 2022, 46(2) :490-501 (in Chinese)

B3, BAM, FEAR, BiEE. NHAERERARELIRESRERR
HRTMT]. FERZEREAR, 2022, 45(2):156-164

Tan J, Lyu D Y, Chen D D, Yang H J. Source analysis and pollution
assessment of heavy metals in surface soil of some state-controlled spots in
Hunan Province [J]. Environmental Science & Technology, 2022, 45(2) :
156-164 (in Chinese)

Theocharopoulos S P, Wagner G, Sprengart J, Mohr M E, Desaules A,
Muntau H, Christou M, Quevauviller P. European soil sampling
guidelines for soil pollution studies [J]. Science of the Total Environment,
2001, 264(1-2):51-62

Bugdalski L, Lemke L D, McElmurry S P. Spatial variation of soil lead

in an urban community garden: Implications for risk-based sampling[J].



56

0 LN ES I Y NS S 4

2024 4F 55 29 %

[14

[15

[16

[17

[18

[19

[20

[21

[22

[23

[24

[25

]

]

]

]

]

]

]

Risk Analysis, 2014, 34(1): 17-27

Verstraete S, Van Meirvenne M. A multi-stage sampling strategy for the
delineation of soil pollution in a contaminated brownfield[J]. Environmental
Pollution , 2008, 154(2):184-191

Tenenbein A. A double sampling scheme for estimating from misclassified
multinomial data with applications to sampling inspection[J]. Technometrics,
1972, 14(1): 187-202

BEA. BEE. BEL. FEIBEELETAETRRAEREL®H
TE[J]. Rl TR, 2008, 24(S2):260-264

Yan B J Pan Y C, Zhao C J. Spatial variability and reasonable sampling
number of regional soil heavy metals [J]. Transactions of the Chinese
Society of Agricultural Engineering, 2008 (S2):260-264 (in Chinese)
Dotegowska S, Gatuszka A, Migaszewski Z M. Assessing soil sampling
uncertainty in heterogeneous historic metal ore mining sites [J].
Accreditation and Quality Assurance, 2015, 20(3): 163-170

Garten C T, Kang S, Brice D J, Schadt C W, Zhou J Z. Variability in
soil properties at different spatial scales (1 m-1 km) in a deciduous forest
ecosystem[J]. Soil Biology and Biochemistry, 2007, 39(10) :2621-2627
Yan X Y, Cai Z C. Number of soil profiles needed to give a reliable
overall estimate of soil organic carbon storage using profile carbon density
datalJ]. Soil Science and Plant Nutrition, 2008, 54(5): 819-825

HJ/T 166—2004. THFFWMBEARIME(S]. b3 pEARKEMERE
RAPAT A AR HE L 2004

HJ/T 166—2004. Technical Specification for Soil Environmental Monitoring
[Sl. Beijing: Environmental Protection Industry Standard of the People’ s
RepublicofChina, 2004 Gn Chinese)

Wang J M, Yang R X, Feng Y. Spatial variability of reconstructed soil
properties and the optimization of sampling number for reclaimed land
monitoring in an opencast coal mine[J]. Arabian Journal of Geosciences,
2017, 10(2): 46

Molla A, Zuo S D, Zhang W W, Qiu Y, Ren Y, Han J G. Optimal
spatial sampling design for monitoring potentially toxic elements pollution on
urban green space soil: A spatial simulated annealing and k-means integrated
approach[J]. Science of the Total Environment, 2022, 802: 149728
B2AL, HRFE, KE. RMEVERERBLIRESRISEASEMN].
FERFEHA, 2015, 38(6):221-226

Zhang X L, Xu L C, Zhang H. Contamination and assessment of heavy
metals in farmland soils near an uranium tailings pond [J]. Environmental
Science & Technology, 2015, 38(6): 221-226 (in Chinese)

BRA, TE, SR, NEE, BRR. FLBIXNREHELEES
BT RS RER RN LUSAANREAG[I]. RERLXFEFE
], 2020, 25(8):73-83

Gao F J, Wang X, Han J, Liu M M, Guo X X. [J]. Heavy metal

pollution characteristics and its health risk assessment in a mollisol watershed

of Northeast China: Taking Haigou watershed as study case[J]. Journal of

China Agricultural University , 2020, 25(8) :73-83 (in Chinese)

E, DENS, Z=ATPR, EEEE, Hn, FAIY, R, BES. FREH
I EWEERERTESAI]. FERLKFZFER, 2018, 23(9:
100-107

Zhang H, Ma X P, Li X P, Shi X L, Su H, Sui HJ, Yang H, Zheng Z
Z. Characteristics and spatial distribution of selenium content in
cultivated soil of Tailai County [J]. Journal of China Agricultural
University, 2018, 23(9):100-107 (in Chinese)

Perez A, Lefante J. Sample size determination and the effect of censoring
when estimating the arithmetic mean of a lognormal distribution [J].

Communications in Statistics-Theory and Methods, 1997, 26(11) :2779-2801

[26]

[27

[28]

[29]

[30]

[31]

w
~

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Hale W E. Sample size determination for the log-normal distribution[J].
Atmospheric Environment, 1972, 6(6):419-422
Armstrong B G. Confidence intervals for arithmetic means of lognormally
distributed exposures [J]. American Industrial Hygiene Association
Journal, 1992, 53(8):481-485
Interstate T R C. Incremental Sampling Methodology[M]. W ashington,
DC: Interstate Technology & Regulatory Council, Incremental Sampling
Methodology Team, 2012
Huang Y J, LiJ M, Ma Y B. Determining optimum sampling numbers
for survey of soil heavy metals in decision-making units: Taking cadmium
as an example [J]. Environmental Science and Pollution Research
2020, 27(19) :24466-24479
Huang Y J, LiJ M, Ma Y B, Li F B, Chen D L. A simple method to
determine the sampling numbers in decision-making units with unknown
variations of soil cadmium [J]. Environmental Monitoring and Assessment,
2021, 193(9): 1-17
A ARKEMEESHERD. BRABIRRRATITEREAERIM]. 4
A AR ERERPITALARAE, 2017
Ministry of Ecology and Environment of the People’s Republic of China.
Technical Guide for Investigation and Assessment of Soil Environment in
Construction Land [M]. Beijing: Environmental Protection Industry
Standards of the People’s Republic of China, 2017 (in Chinese)

NY/T 33343—2018. #ithi5Rig BB RN AN [S]. db7=: MEFAY
R4t 2018.
NY/T 33343—2018. Evaluation Criteria for the effect of farmland
pollution control [S]. Beijing: Agricultural Industry Standards of PRC,
2019 (in Chinese)
HJ 25.2—2019. @i A WS RNEEEMESUNERSU[S]. 4t
o NRAMERERPITIRARAE, 2019
HJ 25.2—2019. Technical guidelines for soil pollution risk control and
remediation monitoring in construction Land [S]. Beijing: Environmental
Protection Industry Standards of the People’s Republic of China, 2019 (in
Chinese)
Cochran W G. Sampling Techniques. 3rd Edition|M]. New York:John
Wiley & Sons, 1997
Vasat R, Heuvelink G B M, Boruvka L. Sampling design optimization for
multivariate soil mapping[J]. Geoderma, 2010, 155(3-4): 147-15
Hathaway J E, Schaalje G B, Gilbert R O, Pulsipher B A, Matzke B D.
Determining the optimum number of increments in composite sampling [J].
Environmental and Ecological Statistics, 2008, 15(3): 313-327

ISO 10381-1: 2002. Soil quality-Sampling-Part 1: Guidance on the
design of sampling programmes [S]. Genere International Organization
for Standardization, 2002
AS 4482. 2-1999. Guide to the investigation and sampling of sites with
potentially contaminated soil, part 1: non-volatile and semi-volatile
compnunds[S]. Canberra: Australia Standard, 2005
New Zealand Government. Contaminated Land Management Guidelines
No. 5: Site Investigation and Analysis of Soils[M]. Wellington: New
Zealand Government-Ministry for the Environment, 2003

NY/T 398—2000. R & K= @i REMHARMES]. 3. hEHRAE
H AL, 2000.
NY/T 398—2000. Procedural regulations regarding monitoring of
pollutants in the produces of agriculture, animal husbandry and fishery
[S]. Beijing: Standards Press of China, 2000 (in Chinese)

NY/T 395—2012. RETEFREREENEARME(S]. t=: PERL
HAR#E, 2012.



2 3]

B HEAE . b G IR A R SRR A B R s ) 2 S S ML R T S 57

NY/T 395—2012. Procedural regulations regarding the environment
quality monitoring of soil: [S]. Beijing: China Agriculture Press, 2012
(in Chinese)

[42] HJ 25.5—2018. TN BEES THEEEXREERARSN G

[S]. 4t he AR FMEFRZRIPITUARAE, 2018

HJ 25.5—2018. Technical Guidelines for risk management of
contaminated Land and assessment of soil remediation effect (Tria)[S].
Beijing: Environmental Protection Industry Standards of PRC, 2018 (in
Chinese)

[43] Kim H R, Kim K H, Yu S, Moniruzzaman M, Hwang S I, Lee G T,

Yun S T. Better assessment of the distribution of As and Pb in soils in a
former smelting area, using ordinary co-kriging and sequential Gaussian
co-simulation of portable X-ray fluorescence (PXRF) and ICP-AES
DATAL[J]. Geoderma, 2019, 341: 26-38

[44] Liu Y, Cheng Q M, Carranza E J M, Zhou K F. Assessment of

geochemical anomaly uncertainty through geostatistical simulation and

soil quality indices using two methods based on geographic information
system[J]. The Egyptian Journal of Remote Sensing and Space Science,
2019, 22(2): 127-136

Huang Y J, LiZ, Ye H C, Zhang S W, Zhuo Z Q, Xing A, Huang Y F.
Mapping soil electrical conductivity using ordinary kriging combined with
back-propagation network [J]. Chinese Geographical Science, 2019, 29(2) :
270-282

Huang Y J, Ye H C, Zhang L P, Zhang S W, Shen C Y, LiZ, Huang Y
F. Prediction of soil organic matter using ordinary kriging combined with
the clustering of self-organizing map: A case study in Pinggu District,
Beijing, ChinalJ]. Soil Science, 2017,182(2):52-62

Ren L, Huang J, Huang Q, Lei G D, Cui W, Yuan Y B, Liang Y J. A
fractal and entropy-based model for selecting the optimum spatial scale of
soil erosion[J]. Arabian Journal of Geosciences, 2018, 11:161

Wang J, Yang R X, Feng Y. Integrating multi-fractal theory and geo-

statistics method to characterize the spatial variability of particle size

distribution of mine soils[J|. Geoderma, 2018, 317: 39-46
[45] Zhang QJ, Yu RY, Fu SL, Wu Z M, Chen HY H, Liu H. Spatial [53] Song X D, Brus DJ, LiuF, LiD C, Zhao Y G, Yang J L, Zhang G L.
g P g g g

singularity analysis[J]. Natural Resources Research, 2019, 28(1): 199-212

heterogeneity of heavy metal contamination in soils and plants in Hefei,

Chinal[J]. Scientific Reports, 2019, 9: 1049

Mapping soil organic carbon content by geographically weighted
regression: A case study in the Heihe River Basin, China[J]. Geoderma,
2016, 261: 11-22

of spatial hybrid methods for predicting soil organic matter using DEM [54] Ye H C, Huang W J, Huang S 'Y, Huang Y F, Zhang S W. Dong Y Y,

[46] Tziachris P, Aschonitis V, Chatzistathis T, Papadopoulou M. Assessment

derivatives and soil parameters[J]. Catena, 2019, 174: 206-216
[47] Song Y Q, Zhu AX, CuiX S, Liu Y L, Hu Y M, Li B. Spatial variability

Chen P F. Effects of different sampling densities on geographically
weighted regression kriging for predicting soil organic carbon [J]. Spatial
of selected metals using auxiliary variables in agricultural soils [J]. Catena, statistics, 2017, 20: 76-91
2019, 174: 499-513

[48] AbdelRahman M A E, Shalaby A, Mohamed E S. Comparison of two

TG MR R

FE—EFE N WS L, SRR . BT S FREETS Je W5 36 BRI AR AR BRI
P RAFEARWICLI6RE Hp LU — A B3 75 ELL.SCI 4 — X [ BRI T4 & R C 7R, DL
—AEE B R RO TIEIR SR . E B g A 3 A . BE 2RO LR G R ES
BRIl E MR . RN ERE T2 5EE A RRE RS 1O BRI JE G LA 3ty 3
A3 H GERAED S I

BINAEF B v XA 11, B G 1, I A AR5 0 B0 05 4 i 0 A 055 48 1L 55 50 1o L OF 98
JIT R IC o 2247 e 32 I PR A G MR Al A BRI O BRI R R DA S A AT Y AR
AR IR E & SRR F WG IRACATHOR G S B R 2R 0 h EARE R RS i B E
WHZG . RFWLZHRE ZRIOIS BORE B L, B E I A B IREIA L OFHR




