
����������
�������

Citation: Yang, F.; Kong, M.; Xie, S.;

Nie, L.; Song, Y.; Wang, C.; Han, W.;

Carranza, E.J.M.; Wang, Q.; Guo, Z.

The Relationship between Particle

Size and Element Distribution in

Stream Sediments from the

Dongyuan W-Mo Deposit, Eastern

China. Minerals 2022, 12, 431.

https://doi.org/10.3390/

min12040431

Academic Editors: Kunfeng Qiu

and Maria Boni

Received: 22 December 2021

Accepted: 28 March 2022

Published: 31 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

The Relationship between Particle Size and Element
Distribution in Stream Sediments from the Dongyuan
W-Mo Deposit, Eastern China
Fan Yang 1,2,3, Mu Kong 1,*, Shuyun Xie 3,*, Lanshi Nie 1, Yuntao Song 1, Chengwen Wang 1, Wei Han 1,
Emmanuel John M. Carranza 4,5, Qiaolin Wang 1 and Zhijuan Guo 1

1 Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences,
Langfang 065000, China; yf51318@163.com (F.Y.); nlanshi@mail.cgs.gov.cn (L.N.);
songyuntao@mail.cgs.gov.cn (Y.S.); wchengwen@mail.cgs.gov.cn (C.W.); hanwei@mail.cgs.gov.cn (W.H.);
wqiaolin@mail.cgs.gov.cn (Q.W.); gzhijuan@mail.cgs.gov.cn (Z.G.)

2 Beijing Institute of Geology for Mineral Resources Co., Ltd., Beijing 100012, China
3 State Key Laboratory of Geological Processes and Mineral Resources (GPMR), Faculty of Earth Sciences,

China University of Geosciences, Wuhan 430074, China
4 Department of Geology, University of the Free State, Bloemfontein 9301, South Africa;

ejmcarranza@gmail.com
5 Geological Sciences, School of Agricultural, Earth and Environmental Sciences, University of KwaZulu-Natal,

Pietermaritzburg 3201, South Africa
* Correspondence: kmu@mail.cgs.gov.cn (M.K.); tinaxie@cug.edu.cn (S.X.)

Abstract: Particle size exerts significant control on the concentration of elements in stream sediments
and is therefore critical in stream sediment-based geochemical exploration, which has proved impor-
tant in China’s National Geochemical Mapping Project. There are various geographical landscapes in
China with different distribution characteristics of stream sediments. Therefore, we studied the rela-
tionship between particle size and element distribution in stream sediments, which is always a crucial
but challenging issue in geochemical surveys. The distributions of minerals and elements in eight
size fractions of stream sediments (2–0.84, 0.84–0.42, 0.42–0.25, 0.25–0.177, 0.177–0.125, 0.125–0.096,
0.096–0.074, and <0.074 mm) from the Dongyuan W-Mo deposit in eastern China were studied.
The results show that the 2–0.25 mm particle size fraction of stream sediments is composed mainly
of rock debris and various minerals from broken bedrock upstream, while the <0.25 mm fraction is
composed mainly of clay, individual minerals, and organic matter. The pilot survey results prove
that using 2–0.25 mm as the sampling particle size fraction is better than using <0.25 mm, especially
in geochemical prospecting and geological body delineation. Sampling the 2–0.25 mm particle size
fraction of stream sediments can help to delineate proven ore bodies, ore-related anomalies, and
geological bodies more effectively and more credibly. The suggested sampling particle size fraction
for a stream sediment geochemical survey in a humid to semi-humid low mountain landscape in
eastern China is therefore 2–0.25 mm, rather than the particle size fraction of <0.25 mm that was used
for sampling in this area before. This paper depicts a successful example for determining the optimal
sampling particle size fraction for stream sediment-based geochemical exploration.

Keywords: stream sediment; mineral; element; particle size; geochemical exploration

1. Introduction

China’s National Geochemical Mapping Project (Regional Geochemical-National Re-
connaissance, RGNR project) initiated in 1978 [1] has now covered more than 6 million
square kilometers of China’s territory, which contributed significantly to China’s mineral
exploration. Particle size exerts significant control on the concentration of elements in
stream sediments; therefore, it is critical to stream sediment-based geochemical exploration,
which is important in the RGNR project [2,3].
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Sample particle size fraction is one of the crucial considerations in geochemical map-
ping and it is one of the important factors that influence the results of stream sediment
geochemical surveys [4–7]. Optimal sample particle size is critical for accurate delineation
of geochemical information and better exploration outcomes [8,9]. Therefore, an optimal
sample particle size fraction should be determined in geochemical surveys [2,3,10–21].

The sample particle size fraction used in stream sediment geochemical surveys for
China’s regional geochemical mapping in large areas was <0.25 mm, except in some special
landscape areas such as arid, semi-arid, loess covered area, and karst landform [1,3,21–24].
For decades, a large number of ore deposits have been found using this sample particle
size fraction in stream sediment geochemical surveys [1]. However, some important
large ore deposits were missed by using this sample particle size fraction, such as the
Beichagoumen large-size Pb–Zn deposit in Hebei province and the Suoluogou large gold
deposit in Sichuan province [25]. In such situations, the <0.25 mm sample particle size
fraction for stream sediment geochemical surveys has been questioned in some landscape
areas in China, especially in humid and semi-humid low mountain landscapes. There
are also some exploration geochemists who insist that the <25 mm sampling particle size
fraction for stream sediment geochemical surveys in humid and semi-humid low mountain
landscapes can continue to be used, and that some deposits have been found despite the
loss of several large deposits. Therefore, there is controversy about the optimal sample
particle size fraction for stream sediment geochemical surveys in the above-mentioned
landscapes [24].

Therefore, the relationship between particle size and stream sediment element con-
centrations was studied in this study, aiming to determine the optimal sampling particle
size for stream sediment-based geochemical exploration in the humid and semi-humid low
mountain landscapes in eastern China. The study area is in and around the Dongyuan
W-Mo deposit in Anhui Province, which is situated in a typical humid and semi-humid
low mountain landscape in China. This research aimed to settle the above-discussed sci-
entific disputes, and the results will help to improve the geochemical mapping outcomes
in the vast humid and sub-humid landscapes in China, reduce exploration capital waste,
and increase the productivity of exploration funds.

2. Materials and Methods
2.1. Description of Study Area
2.1.1. Geological Setting

The study area is the Dongyuan large porphyry W-Mo deposit in Qimen County
of Anhui Province in eastern China (Figure 1). The ore-forming age is 148 Ma, which is
late Jurassic [26–30]. At present, about 140,000 tons of WO3, 10,000 tons of molybdenum,
203 tons of associated silver, and about 1.4 million tons of sulfur have been proved by
drilling. In addition, a large new porphyry molybdenum ore body was found in the
northeast of the W-Mo deposit [31].

The main strata are shallow metamorphic silty phyllite, sericite phyllite, silt slate,
and siltstone of the Middle Proterozoic. The NE-trending fault system is very com-
mon in the area. There are also some faults with NW and NWW orientations [31–34].
Folds are well developed. There were multiple periods of geological-structural events,
which formed a set of isoclinal inversion folds in the EW direction and folds in the NE
direction. The synclines are wider than the anticlines in the NE direction folds. Some
strata are in unconformable contact. Some strata are in intrusive contact with mag-
matite. The Dongyuan large porphyry W-Mo deposit is located at the intersection of
an NE-trending fault and an NW-trending fault [35]. Magmatite, mainly intermediate-
acidic rocks, in the form of small stocks and apophyses, are very common. There are
several dike rocks and veins that are mainly felsic granodiorite porphyry, granite porphyry,
and mafic diorite (porphyrite) rock, diabase, and lamprophyre [36].

The ore-bearing rock is granodiorite porphyry. The surrounding rocks, which are horn-
felsic, are low-grade metamorphic rocks of the Middle Proterozoic [37–41]. The main types
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of the alteration include silicification, sericitization, potassic feldspathization, chloritization,
muscovitization, carbonatization, and pyritization. The major ore mineral is molybdenite,
scheelite, copper scheelite, pyrite, quartz, sericite, and chlorite [31]. The major metallogenic
elements are W and Mo [42]. The main associated elements are Ag, Sn, Bi, Pb, Zn, As, Cu,
and Sb.
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2.1.2. Landscape Features

The elevation range is 200–600 m, and the range of relative height difference is
200–400 m. The annual rainfall is 1700 mm, and the area is efficiently drained by shallow
cutting streams. The study area is situated in a humid and semi-humid hilly landscape,
wherein sediments are rich in organic matter and clay. Dendritic streams with steep banks
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are developed. The difference between the highest and lowest elevation of the streams is
about 400 m [37].

2.2. Sampling
2.2.1. Sampling Method for Test Samples

The test samples used to determine the optimal sampling particle size fraction for
stream sediment geochemical survey were collected along the stream below the W–Mo
polymetallic deposit and with stream sediment geochemical anomalies. The JSL1 and JSL2
sampling points are located downstream of the deposit; the JSL1 sampling point is about
one kilometer from the deposit (Figure 2).
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Figure 2. Location map of test samples.

Stream sediment samples with complex lithology and a mixture of various particle
sizes were collected in the stream. Each sample was gathered from five sub-sites within
100 m of the designed sampling point. Stream sediments with particle sizes greater than
10 mm were removed from the samples. The weight of each sample was greater than 50 kg.

2.2.2. Sampling Method for Geochemical Mapping Experiment

Stream sediment geochemical survey was carried out in the pilot area. The pilot area
is around the large porphyry W–Mo deposit and covers an area of about 892.42 square
kilometers. One sample site per square kilometer was designed. Each sample was gathered
from five sub-sites within 100 m of the designed sampling point. Four samples in 4 km2

were combined into a composite sample for analysis. The samples were collected from the
bottom of the stream bed or at the contact position between shore and water surface [23].
Stream sediment samples with 2–0.25 mm and <0.25 mm particle size fractions were
collected for comparison. The numbers of stream sediment samples with 2–0.25 mm and
with <0.25 mm particle size fractions were analyzed.
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2.3. Sample Preparation, Analysis, and Quality Control
2.3.1. Sample Preparation

All the samples were prepared according to the standard procedure in the stream
sediment geochemical survey guidebook enacted by China Geological Survey [1,23].
The samples were first air-dried at room temperature. After drying, the test samples
were sieved into eight size fractions (2–0.84, 0.84–0.42, 0.42–0.25, 0.25–0.177, 0.177–0.125,
0.125–0.096, 0.096–0.074, <0.074 mm) using a set of nylon screen. Coarse stream sediment
particles (>2 mm) were crushed in a jaw crusher until <2 mm, and then sieved into the
eight size fractions listed above. The composite samples from the experimental area were
sieved into two size fractions (2–0.25 mm and <0.25 mm). For determination of element
concentrations, 150 g of each sample was weighed. The rest of the samples were used for
mineral separation and identification.

2.3.2. Sample Analysis

Element concentrations in the samples were analyzed at the Analytical Center of
the Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geo-
logical Sciences (IGGE). Bi, Cd, Co, Cr, Cu, La, Mo, Ni, Pb, Th, W, and Zn were de-
termined using inductively coupled plasma-mass spectrometry (ICP-MS). As, Sb, and
Hg were determined by atomic fluorescence spectrometry (AFS). Ag and Sn were deter-
mined using solid emission spectrometry (ES). Mn, SiO2, CaO, Al2O3, and Fe2O3 were
determined by X-ray fluorescence spectrometry (XRF). Organic carbon was determined
by oxidative pyrolysis—potential method (POT). The detection limit was Bi 0.05 µg/g,
Cd 0.03 µg/g, Co 1 µg/g, Cr 5 µg/g, Cu 1 µg/g, La 5 µg/g, Mo 0.3 µg/g, Ni 1 µg/g,
Pb 2 µg/g, Th 2 µg/g, W 0.3 µg/g, Zn 4 µg/g, As 0.1 µg/g, Sb 0.1 µg/g, Hg 2 µg/g,
Ag 0.02 µg/g, Sn 1 µg/g, Mn 10 µg/g, SiO2 0.1%, CaO 0.05%, Al2O3 0.05%, Fe2O3 0.05%,
and organic carbon 400 µg/g [1,3,24].

The test samples were sent to the laboratory at the Institute of Regional Geology and
Mineral Resources Survey of Hebei Province for mineral separation and identification.
Four mineral groups (nonmagnetic heavy minerals, ferromagnetic heavy minerals, elec-
tromagnetic heavy minerals, and light minerals) in the stream sediment samples were
separated [44,45]. The technological process of mineral separation and identification was
according to the standard procedure in the guidebook for mineral separation and identifi-
cation of rock [23,46]. This process involved the following.

After weighing a sample (accurate to 0.1 g), dirt was washed away from it using
a panning plate. The sample was divided into heavy (density > 2.87 g/cm3) and light
(density < 2.87 g/cm3) components using bromoform heavy liquid (density = 2.87 g/cm3).
The heavy part was divided into ferromagnetic heavy minerals and weakly magnetic heavy
minerals using a big hand magnet. The weakly magnetic heavy minerals were sorted out
from the electromagnetic heavy minerals and nonmagnetic heavy minerals using a belt-
type electromagnetic mineral separation instrument (LZC-1B). All of the aforementioned
four mineral groups were weighed (accurate to 0.1 g), from which single minerals were
identified using binoculars.

Then, element concentrations in each of the mineral groups were also analyzed at the
Analytical Center of the Institute of Geophysical and Geochemical Exploration, Chinese
Academy of Geological Sciences (IGGE).

2.3.3. Assessment of Data Quality

Certified reference materials (CRMs) and duplicate samples were used during the pro-
cess of sample analysis for data quality assessment. A set of CRMs, including GSD1a [47],
GSD9, GSD13, and GSD14 [48–50], developed by IGGE, at a rate of 8% of the total number
of samples [51], were inserted randomly into each batch of 50 samples and analyzed along
with the field samples [51–55].
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To monitor the accuracy of the sample analyses and the between-batch bias, the
logarithmic difference (∆lgCCRM) between the analytical value and the standard value of
each determination was calculated as:

∆lgCSRM = |lgCd − lgCC| (1)

where Cd is the determined concentration and CC is the certified reference concentration.
Analyses were considered acceptable if the ∆lgCCRM were <0.12 for samples with concen-
trations within three times the detection limits and <0.10 for samples with concentrations
over three times the detection limits.

Duplicate samples, equal to 5% of the total number of samples, were inserted randomly
to evaluate the analytical precision [40,42,44]. The percent relative deviation (RD) was
calculated as:

RD (%) = |C1 − C2|/[(C1 + C2)/2] × 100 (2)

where C1 and C2 are the first and second determinations. Analyses were considered
acceptable if the RD ≤ 50%.

The logarithmic difference of the standard reference samples (GSD1a, GSD9, GSD13,
and GSD14) ranged from 0.000 to 0.037, the precision obtained from replicate analysis
varied from 0.00% to 29.75%, with an average RD of 4.86% (Table 1). The results showed
that all the analyses were acceptable.

Table 1. Analysis of precision and quality control parameters.

Element

∆LogCSRM RD (%)

GSD1a GSD9 GSD13 GSD14 Max Mean Min
n = 5 n = 4 n = 4 n = 4 n = 13 n = 13 n = 13

Ag 0.008 0.026 0.025 0.009 22.12 3.16 0.10
Au 0.037 0.040 0.024 0.034 29.75 7.63 0.16

Al2O3 0.031 0.000 0.012 0.033 14.02 3.52 0.00
As 0.020 0.025 0.024 0.006 22.08 0.98 0.00
Bi 0.017 0.004 0.024 0.017 22.13 10.36 0.04

CaO 0.030 0.021 0.023 0.022 18.02 15.27 0.00
Cd 0.029 0.022 0.000 0.020 18.67 0.70 0.45
Co 0.015 0.002 0.017 0.010 8.08 1.61 0.00

Corg.C 0.001 0.011 0.026 0.002 0.77 0.16 0.07
Cr 0.014 0.015 0.016 0.017 5.81 0.32 0.30
Cu 0.017 0.013 0.018 0.010 9.75 1.53 0.04

Fe2O3 0.016 0.010 0.005 0.011 1.14 0.27 0.00
Hg 0.037 0.006 0.010 0.031 11.57 1.97 0.00
La 0.012 0.011 0.027 0.012 13.39 6.10 1.91
Mn 0.026 0.009 0.010 0.023 1.20 0.02 0.04
Mo 0.010 0.023 0.015 0.022 17.08 6.36 0.69
Ni 0.015 0.004 0.028 0.007 8.02 1.29 0.12
Pb 0.010 0.017 0.019 0.004 16.92 12.24 2.53
Sb 0.020 0.021 0.027 0.021 14.94 6.68 1.08

SiO2 0.000 0.016 0.001 0.015 9.98 0.82 0.12
Sn 0.021 0.025 0.019 0.021 18.13 9.10 0.00
Th 0.017 0.027 0.022 0.027 19.77 10.43 1.49
W 0.027 0.021 0.023 0.009 19.71 15.04 0.24
Zn 0.015 0.002 0.026 0.030 11.65 1.10 1.10

3. Results and Discussion
3.1. Distributions of Element Concentrations in Different Particle Size Fractions of Samples

The distribution of element concentrations in the sieved stream sediment samples
from coarse to fine particles show significant differences (Figures 3 and 4).
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In the samples from the JSL2 sampling point, as the particle size fractions vary from
coarse to fine, concentrations of Pb, Hg, Cd, La, Th, and CaO show an increasing trend,
while concentrations of W, Mo, and Sn show little change. The 0.42–0.25 mm particle size
fraction of stream sediments (category 3 in Figure 4) possessed the highest concentrations
of Ag, Cu, Ni, Co, Cr, and Mn. Concentrations of Ag, Bi, Cu, Ni, Co, Cr, and Mn show a
fluctuating with subtle decreasing trend (Figure 4)

However, element concentrations in the reference samples of the eight above-mentioned
size fractions show relatively stable variation characteristics; element concentrations in the
upstream reference samples (JSL1) are closely similar to those in the downstream reference
samples (JSL2) (Figures 3 and 4). As previously mentioned, the reference samples mechan-
ically crushed from coarse stream sediment particles (>2 mm), which were mainly rock
debris, were viewed as the samples with element concentrations that were not influenced
by particle size (i.e., could be regarded as original concentrations of elements in bedrock).

Compared with the distribution of elements in the reference samples, the distribution
of elements in the natural sieved samples shows significant variations in the eight particle
size fractions. Depending on which element, the general trend of element concentrations is
either increasing or decreasing with particle size fractions. The turning points are mainly at
the 0.42–0.25 mm fraction (category 3 in Figures 3 and 4) and the 0.25–0.177 mm fraction
(category 4 in Figures 3 and 4).

3.2. Distribution of Minerals in Stream Sediments

As is known, rocks are composed of minerals with different specific gravities and
minerals are the main carrier of elements. Therefore, the distribution of minerals in the
stream sediments was investigated in order to determine the main reason for variations
in element concentrations and to analyze further the influence of sample particle size on
element distribution in stream sediments [56,57].

Four mineral groups were separated from the stream sediment samples, including
nonmagnetic heavy minerals, ferromagnetic heavy minerals, electromagnetic heavy miner-
als, and light minerals (specific gravity < 2.87 g/cm3). The main single minerals in each
mineral group were identified and weighed.

As shown in Figure 5, the distribution of minerals in the natural sieved samples are as
follows. (1) As the particle sizes of sediments become smaller, the amount of nonmagnetic
heavy minerals, ferromagnetic heavy minerals, electromagnetic heavy minerals, and light
minerals increases gradually, whereas rock debris shows a decreasing trend [4,14,58,59].
(2) In the 0.177–0.096 mm particle size fraction (category 6 in Figure 5), most of the heavy
minerals are separated, and the rock debris are almost replaced by the four mineral groups.
A small amount of rock debris exists in this fraction of sediments, mainly because there
is slate, phyllite, and shale in the study area. (3) Electromagnetic heavy minerals are
separated well from 0.42–0.25 mm particle size fraction (category 3 in Figure 5), which is
relevant to pyrite and hematite–limonite with large particles. (4) Light minerals show a
sharp increasing trend from coarse to fine particle sizes, and with relatively low weight
percentage in the 0.42–0.25 mm particle size fraction (category 3 in Figure 5). (5) The
species and amount of minerals in the samples from JSL2 are higher than that in the
samples from JSL1. This indicates that the samples from downstream were carried over a
longer distance and the minerals in the downstream samples were separated at a high level.
(6) The >0.25 mm fraction of sediments (category 1 + 2 + 3 in Figure 5) are mainly composed
of rock debris. The <0.25 mm particle size fraction of sediments (categories 4–9 in Figure 5)
has large quantities of minerals separated from rock debris.

The distributions of heavy minerals in the reference samples show a stable curve [60].
From upstream to downstream, the distribution of minerals in stream sediments has little
variation. This indicates that the reference samples approximatively represent the original
distribution of minerals in the rock.

The main single minerals enriched in the natural sieved samples are zircon, ilmenite,
anatase, leucoxene, garnet, hematite–limonite, and altered rock debris, which increase
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gradually from the 0.42–0.25 mm fraction (category 3 in Figure 5) to fine particle size.
Minerals closely associated with the mineralization, such as pyrite, cerussite, scheelite,
bismutite, galena, and sphalerite, are enriched in the reference samples, and these minerals
were rarely found in the natural sieved samples. This indicates that the <0.25 mm fraction
of natural sieved stream sediments is rich in minerals with high specific gravity, high wear
resistance, and high breakage resistance, but lacks fragile minerals associated with the
mineralization such as galena and sphalerite.
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3.3. Relationship between Elements and Minerals in Stream Sediments

Element concentrations in the four mineral groups in the eight particle size fractions
were analyzed to study the relationship between elements and minerals in stream sediments.
Considering the length of this study, we selected two particle size fractions to discuss. As
previously mentioned, the distribution of elements in the different particle size fractions of
stream sediments shows that the turning points of element concentrations are mainly at
the 0.42–0.25 mm and the 0.25–0.177 mm particle size fractions. The main single minerals
enriched in the natural sieved samples increase gradually from the 0.42–0.25 mm fraction
to fine particle size fractions.

Therefore, we discuss the element concentrations in the four mineral groups in the
0.84–0.42 mm and 0.177–0.125 mm fractions (Tables 2 and 3). The 0.84–0.42 mm fraction (cat-
egory 2 in Figures 3–5) is adjacent to the 0.42–0.25 mm fraction (category 3 in Figures 3–5),
and it was used to represent relatively coarse particle size fractions. The 0.177–0.125 mm
fraction (category 5 in Figures 3–5) is next to the 0.25–0.177 mm fraction (category 4 in
Figures 3–5), and it was used to represent relatively fine particle size fractions.

In the same fraction of the reference samples and the natural samples, the elements
with the highest concentrations in the same mineral groups were very similar. However, the
element concentrations in the four mineral groups were quite different in the two natural
particle size fractions (Tables 2 and 3). The element concentrations in different mineral
groups were relatively different [61]. Because of the differences in the main carrier minerals
of each element [62–64], the element concentrations differed significantly in various mineral
materials [15,65,66]. In the 0.84–0.42 mm particle size fraction, the element concentrations
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in the four mineral groups in the natural samples were consistent with that in the reference
samples. However, in the 0.177–0.125 mm particle size fraction, the element concentrations
in the four mineral groups in the natural samples were relatively inconsistent with that in
the reference samples (Tables 2 and 3).

Table 2. Element concentrations in minerals in 0.84–0.42 mm fraction of stream sediments.

Sample Type Mineral
Type Ag As Bi Cd Co Cr Cu Hg La Mn

natural size

N 0.54 1 0.05 13.71 0.1 315 0.02 3.72 0.01 118
E 4.92 722 122.8 1.09 152.8 394.8 345.7 0.281 40.7 3390
F 0.74 514.9 19.33 1.64 87.3 166.7 130.9 1.53 0.01 1035
L 0.08 28.1 1.66 0.4 16.2 80.3 40.4 0.119 26.6 923

artificial
reference size

N 0.01 136.6 5.33 46.91 0.1 0.6 0.02 0.52 0.01 1218
E 1.25 605.7 37.55 0.97 73.4 107.4 171.1 0.45 35 1662
F 0.01 206.6 2.33 0.21 17.3 55 64.2 0.22 70 2068
L 0.08 19.4 1.21 0.16 11.3 66.4 31.2 0.024 32.2 721

Sample Type Mineral
Type Mo Ni Pb Sb Sn Th W Zn Fe2O3 CaO

natural size

N 11.1 174.7 375 8.8 18.6 0.005 19,376.1 3469 4.53 1.13
E 65.51 199.9 267 25.3 44.9 11.1 291.2 226 65.53 0.13
F 16.93 86.4 425 23.3 160.3 18 102.43 237 56.5 0.94
L 2.38 35.7 65 2 3.4 9.1 23.78 183 7.44 0.3

artificial
reference size

N 0.01 204.7 2 27.8 0.1 8 12,006.1 22,499 13.53 11.13
E 41.08 114.9 149 18.3 1.9 9.3 61.84 503 51.03 4.63
F 9.6 84.7 2 20.3 8.6 83 177.6 2 40.53 1.2
L 2.04 38.1 29 1.4 2.7 9.6 6.36 105 7.33 0.33

Note: the content unit for Ag is ng/g, for other elements is µg/g; N is nonmagnetic heavy minerals, E is
electromagnetic heavy minerals, F is ferromagnetic heavy minerals, and L is light minerals.

Table 3. Element concentrations in minerals in 0.177–0.125 mm fraction of stream sediments.

Sample Type Mineral
Type Ag As Bi Cd Co Cr Cu Hg La Mn

natural size

N 37.59 76.6 13,823.83 19.36 7.3 30 1214.2 66.42 0.01 168
E 8.98 436 661.42 1.71 106.1 420.3 359.5 1.76 296.5 2453
F 0.29 218.3 8.66 0.56 70.6 448.3 90.9 0.68 0.01 2785
L 0.11 23.4 2.36 0.29 17.3 73.8 38.6 0.091 30.8 850

artificial
reference size

N 5.69 546.6 2688.33 67.61 142.3 0.6 74.2 9.17 0.01 1168
E 2.59 905.2 154.36 0.98 128.3 157.7 335.3 0.39 76.4 2109
F 0.01 931.6 9.33 0.71 107.3 440 404.2 0.02 0.01 6468
L 0.05 19.8 1.05 0.15 11 62.4 31.3 0.041 31.9 715

Sample Type Mineral
Type Mo Ni Pb Sb Sn Th W Zn Fe2O3 CaO

natural size

N 432.1 9.7 24,660 48.8 2438.6 0.005 79,851.1 5979 6.53 6.63
E 38.66 110 281 29.2 342.1 55.4 482.28 372 77.7 0.13
F 14.93 99.7 200 10.6 155.3 0.005 98.1 464 55.12 1.42
L 3.72 31.6 67 2 4.6 9.2 33.91 119 6.04 0.32

artificial
reference size

N 146.1 924.7 305 25.3 28.6 58 71,651.1 34,739 67.03 9.63
E 63.5 138.9 222 29.7 4.1 18.1 213.39 316 94.7 5.13
F 48.6 299.7 45 40.8 58.6 0.005 131.1 299 48.58 1.66
L 1.66 36.1 26 1.4 3.5 9.4 7.39 95 6.75 0.29

Note: the content unit for Ag is ng/g, for other elements is µg/g; N is nonmagnetic heavy minerals, E is
electromagnetic heavy minerals, F is ferromagnetic heavy minerals, and L is light minerals.

In streams, rock debris is moved and crushed in water, and it becomes progressively
smaller by collision and abrasion. In this process, minerals with different specific grav-
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ities are separated. The migration distance and deposition location of minerals along
streams are different because of their differences in specific gravity [67–71]. During migra-
tion, the original association of minerals and the element associations in the rock debris
are changed, resulting in changes in the geochemical distribution of elements in stream
sediments [72–74].

3.4. Component of the <0.25 mm Fraction of Stream Sediment

The previous discussion has proven that the 2–0.25 mm particle size fraction of stream
sediments is mainly composed of rock debris.

It is worth mentioning that clay is developed in the study area. Some studies have
shown that clay minerals can adsorb metal ions [75–78], and this can influence the distri-
bution of elements in stream sediments [78]. Therefore, granulometrical analysis of the
<0.25 mm particle size fraction sediments was carried out. The results show that about 10%
of the <0.25 mm particle size fraction sediment is clay, which is inconsistent with the strata
composition (Table 4).

Table 4. Granulometrical analysis of <0.25 mm fraction of stream sediments.

Composition Silt and Sand Clay

Particle size (µm) 5–250 <5
Percentage (%) 91.15 9.85

Due to the high clay content in the <0.25 mm particle size fraction of samples, organic
carbon concentrations in the samples were determined (Table 5) to study their distribution.
As is known, concentrations of organic carbon in terrigenous materials are related to organic
matter [79–83]. Some studies have shown that organic matter can seriously interfere with
the results of a stream sediment geochemical survey [84,85]. Less influence could be
observed when concentration of organic carbon in the sample is <1.5%, whereas significant
enrichment of many elements could occur when the concentration of organic carbon is
>1.5%. However, this could be avoided if the 2–0.25 mm particle size fraction is sampled in
a stream sediment geochemical survey, so as to obtain geochemical data that can adequately
reflect the geological situation in the surveyed area [86].

Table 5. Concentrations of organic carbon in 0.25–2 mm and <0.25 mm fraction of stream sediments.

Particle Size
(mm)

Concentration of Organic Carbon (%)

n Max Min Mean

0.25–2 228 1.75 0.05 0.47
<0.25 228 10.36 1.4 3.27

In this study, the average organic carbon concentration in the <0.25 mm particle size
fraction samples are is 3.27%, organic carbon concentrations in most of the samples studied
are over 2%, and the highest content of organic carbon is 10.36% (Table 5). For comparing
and analyzing the influence of organic matter, concentrations of organic carbon in the
2–0.25 mm particle size fraction samples were also determined. The results show that
the minimum and maximum concentrations of organic carbon in the 2–0.25 mm particle
size fraction are <1% and <2%, respectively. Thus, little influence on the concentration
of elements could be found in the 2–0.25 mm particle size fraction of stream sediments,
whereas significant enrichment for many elements would occur in the <0.25 mm particle
size fraction of stream sediments. Therefore, it can also be deduced that stream sediment
geochemical surveys that use the 2–0.25 mm particle size fraction of samples will provide
results that are better than those that use the <0.25 mm particle size fraction of samples in a
study area.
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3.5. Results of Stream Sediment Geochemical Survey in the Experimental Area

The element concentration data from the stream sediment geochemical survey were
used to draw geochemical contour maps. The data were prepared for the normal distri-
bution test and gridding. The data gridding method used was kriging. The classification
of the data for the geochemical mapping was determined using the cumulative frequency
method. The data gridding and geochemical map preparation were conducted using the
software Jinwei Geoscience Information Processing Applications (GeoIPAS). The search
radius used was 5 km, and the movement spacing used was 2 km.

As shown in Figure 1, there is a large outcrop area of intrusive rocks with a low level
of weathering in the north–central part of the study area. The lithology of these rocks is
granodiorite (γδ) and monzogranite (ηγ), which are rich in silicon but low in aluminum.

The geochemical maps of organic carbon (Figure 6) illustrate that low concentrations
of organic matter in the 2–0.25 mm particle size fraction samples coincide with the intrusive
geologic body (granodiorite, monzogranite, low-scale organic matter). In contrast, concen-
trations of organic matter in the <0.25 mm particle size fraction of samples are significantly
variable over the intrusive rocks, and thus show little correlation with the intrusive rocks.
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sediments in the pilot area.

The geochemical maps of SiO2 (Figure 7) and Al2O3 (Figure 8) show that variations
in concentrations of these two oxides in the 2–0.25 mm particle size fraction of samples
are consistent with the shape and extent of the intrusive rocks. As mentioned above, these
intrusive rocks have a high level of silicon and low level of aluminum [25,31,35]. In contrast,
the concentrations of these two oxides in the <0.25 mm particle size fraction are inconsistent
with the geochemical characteristics of intrusive rocks.
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However, the geochemical maps of W show that the two studied particle size fractions
of stream sediments can be used to delineate geochemical anomalies of W associated with
the W–Mo deposit (Figure 9). It is well-known that scheelite (CaWO4) is one of the two
tungsten ore minerals, and it is exploited mainly from skarn deposits and porphyry-type
deposits. It has well-developed cleavage, and it is brittle [87]. Scheelite was found in all the
particle size fractions of stream sediments during the mineral identification stage of this
study. Therefore, both of the discussed particle size fractions of stream sediments can help
to delineate this large W-Mo deposit.
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The geochemical maps of Au of the two studied size fractions exhibit a couple of
significant contrasting features (Figure 10). Firstly, the geochemical anomaly intensity and
scale delineated by the 2–0.25 mm particle size fraction of samples are better than those
by the <0.25 mm particle size fraction of samples. Secondly, a deposit-related anomaly of
Au with high intensity was delineated in the area by using the 2–0.25 mm particle size
fraction samples. This Au anomaly later led to discovery of a new gold deposit. However,
no deposit-related Au anomaly was delineated by using the <0.25 mm particle size fraction
of samples.

Therefore, the results of the stream sediment geochemical survey in the pilot area
proved that using the 2–0.25 mm particle size fraction of samples was better than using
the <0.25 mm particle size fraction of samples, especially in the aspect of ore-prospecting
and delineating geological bodies. The probable major causes for this finding are the two
following points.

(1) The 2–0.25 mm fraction of sediments is composed mainly of debris of various
minerals from broken bedrock upstream. This particle size fraction can reflect well the real
distribution of element concentrations in the study area. However, the <0.25 mm particle
size fraction of sediments is composed mainly of clay, some individual minerals separated
from debris, and organic matter. The <0.25 mm particle size fraction of sediments could
not reflect the real distribution of element concentrations in the study area.
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(2) Due to organic matter and clay in the samples of the <0.25 mm particle size fraction,
the data represent secondary enrichment or depletion in the supergene environment,
and so the geochemical maps of SiO2 and Al2O3 do not reflect the actual geochemical
characteristics of bedrock.

Minerals 2022, 12, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 10. Geochemical maps of Au in 0.25–2 mm and <0.25 mm fraction of stream sediments in the 

pilot area. 

Therefore, the results of the stream sediment geochemical survey in the pilot area 

proved that using the 2–0.25 mm particle size fraction of samples was better than using 

the <0.25 mm particle size fraction of samples, especially in the aspect of ore-prospecting 

and delineating geological bodies. The probable major causes for this finding are the two 

following points. 

(1) The 2–0.25 mm fraction of sediments is composed mainly of debris of various 

minerals from broken bedrock upstream. This particle size fraction can reflect well the 

real distribution of element concentrations in the study area. However, the <0.25 mm par-

ticle size fraction of sediments is composed mainly of clay, some individual minerals sep-

arated from debris, and organic matter. The <0.25 mm particle size fraction of sediments 

could not reflect the real distribution of element concentrations in the study area. 

(2) Due to organic matter and clay in the samples of the <0.25 mm particle size frac-

tion, the data represent secondary enrichment or depletion in the supergene environment, 

and so the geochemical maps of SiO2 and Al2O3 do not reflect the actual geochemical char-

acteristics of bedrock. 

4. Conclusions 

The single mineral species and quantity vary with the particle size fractions of stream 

sediments. As stream sediments become finer and finer, minerals in the sediments are 

separated and deposited in different places along the stream. In this study, the separation 

of minerals in stream sediments mainly occurred in the <0.25 mm particle size fractions. 

The concentration of elements in stream sediments with different particle size frac-

tions is different. The stream sediment geochemical survey in the pilot area has proven 

that using 2–0.25 mm as the sampling particle size fraction was better than using <0.25 

mm as the sampling particle size fraction, both in the aspect of geochemical prospecting 

Figure 10. Geochemical maps of Au in 0.25–2 mm and <0.25 mm fraction of stream sediments in the
pilot area.

4. Conclusions

The single mineral species and quantity vary with the particle size fractions of stream
sediments. As stream sediments become finer and finer, minerals in the sediments are
separated and deposited in different places along the stream. In this study, the separation
of minerals in stream sediments mainly occurred in the <0.25 mm particle size fractions.

The concentration of elements in stream sediments with different particle size fractions
is different. The stream sediment geochemical survey in the pilot area has proven that
using 2–0.25 mm as the sampling particle size fraction was better than using <0.25 mm
as the sampling particle size fraction, both in the aspect of geochemical prospecting and
geological body delineation. Therefore, the suggested sampling particle size fraction for
stream sediment geochemical survey in the humid to semi-humid low mountain landscape
in eastern China is 2–0.25 mm.
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