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Abstract
In the construction industry, environmental behavior of aggregates has been monitored thanks to leaching tests, especially 
for alternative aggregates obtained from waste (e.g., construction and demolition waste, MSWI). Few studies were carried 
on the leaching behavior of natural aggregates, which are often not regulated for their substance release in most EU member 
states (as France). Leachable content of some heavy metals, halides, and sulfates on natural aggregates was investigated 
using up-flow percolation test EN 16637–3 and compared to threshold values. Only three samples (NS2, NG1, and NG8) 
show one element which exceeded threshold values (As, Zn, As, respectively), among the 19 natural aggregates tested for 
leaching. In this study, three natural aggregates (NG1, NS1, NS2) have been chosen because of their measurable leaching 
values. Total content was obtained through acid digestion. Influence of grain size on leaching results was investigated. Pre-
dominant release mechanisms were determined using EN 16637–3 — Annex D, based on percolation results such as pH, 
electrical conductivity, and leached content, and were then discussed. Detailed results for releases of As, Ba, Ni, Zn,  SO4

2−, 
and  F− were investigated. EN 16637–3 — Annex D shows some limits, especially for trace elements. The pH was found to 
be one of the most important factors influencing leaching release of most elements, being more important than grain size. 
By comparing total content with released quantities, it has been shown that As and Mo in NS2 are easily leached, hence 
present in a very soluble chemical form. Determining release mechanisms accurately in this study seems only possible for 
elements present in significant amounts.

Keywords Leaching · Percolation · Natural aggregate · Total content · Release mechanism · Particle size · Inorganic 
compounds

Introduction

The evaluation of the environmental performance of aggre-
gates used in the construction industry has been carried out 
with increasing frequency in recent years, especially with 
the growing importance of recycled and artificial aggre-
gates (derived from slag, residues from municipal solid 
waste incineration, etc.) in the market. Numerous studies 
have therefore focused on the leaching behavior of different 

materials to understand how potentially hazardous elements 
for the environment are released when the material comes 
into contact with water. Indeed, for the purpose of prevent-
ing environmental risks, it is more relevant to monitor the 
leached quantities than the total content (Van der Sloot and 
Kosson 2012), since only a fraction of the content can be 
solubilized, according to various factors. Thus, several phys-
icochemical factors have been identified for their importance 
in the release mechanisms, such as temperature, pH, or grain 
size (Van der Sloot and Dijkstra 2004). Knowing the impor-
tance of each of these parameters can help finding adapted 
solutions to limit the release of substances (by means of 
stabilization or extraction for example) from a material and 
predict its long-term behavior (Liu et al. 2021; Kim et al. 
2018; Verbinnen et al. 2017; Engelsen et al. 2017).

Most studies on the subject have been conducted on alter-
native materials (Schafer et al. 2019; Roque et al. 2016; Wie-
busch et al. 1998; Dijkstra et al. 2008; Diotti et al. 2020; Del 
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Rey et al. 2015; Maia et al. 2018), but few have focused on 
natural aggregates traditionally used in construction. Yet, 
the Construction Products Regulation (Regulation (EU) No 
305/2011 2011) requires to declare the release of all con-
struction materials in the next few years. Moreover, some 
studies demonstrated that sometimes natural aggregates can 
leach higher quantities of substances (for Zn, Ni, Co, and 
Cr) than alternative aggregates (Vollprecht et al. 2019; Tos-
savainen and Forssberg 1999).

Cuney et al. (1995) conducted leaching tests on different 
natural rocks: granite, andesite, rhyolite, etc. Of eight unal-
tered rocks, two waste management regulatory thresholds 
(associated with standard NFX 31–210) in place at the time 
the study was carried out were exceeded: one for arsenic in 
a granite, and the other for nickel in a shale. However, total 
content analyses showed abnormally high levels of these 
elements in these two rocks. Suzuki et al. (2020) studied 
the release of arsenic in excavated metamorphic rocks and 
proved that arsenic shows a similar leaching behavior in dif-
ferent metamorphic rocks.

Several test methods, including some standardized ones, 
have been developed to determine the quantities of leached 
elements (compliance tests) and to understand the leaching 
behavior of the material (i.e., characterization tests) (Kosson 
et al. 2002). The horizontal up-flow percolation test NF EN 
16637–3 (AFNOR 2024) has been published early 2024 as 
a European standard and will apply to granular construction 
products. In addition, this draft standard provides a method 
for identifying the predominant mechanisms in element 
leaching which is used and discussed in this study. Standard 
NF EN 14405 (AFNOR 2017) is a similar up-flow percola-
tion test applied to waste materials. In Europe, the Nether-
lands and Germany also have similar standards (DIN 2009; 
NEN 2004) with threshold values associated to them, which 
are used in this study for comparison purposes.

In France, acceptability guidelines for alternative materi-
als used in road techniques have been made available since 
2011 with threshold values associated with standard NF 
EN 12457 (AFNOR 2002), mainly used for environmental 
risks assessment in waste management. This standard cor-
responds to a batch leaching test. Therefore, these French 
acceptability guidelines may be revised and adapted to this 
new European standard to simplify the testing procedure to 
avoid double testing.

This study focuses on three natural granular samples 
selected for their high leaching values among 19 natural 
granular samples characterized by the up-flow percolation 
test. Therefore, these three samples are not representative of 
the geological diversity in France. Cumulative releases are 
compared to threshold values. The measured elements are 
heavy metals, halides, and sulfates, which have threshold 
values. Hypotheses regarding the nature of the predominant 
mechanisms in the leaching of each element are made with 

the help of various data such as pH, electrical conductivity, 
total content determined by acid digestion, and calculations 
provided by the standard NF EN 16637–3.

Materials

Three samples of natural aggregates were collected from 
two quarries: one natural gravel NG1 and two natural sands 
NS1 and NS2. These samples have been chosen from a large 
number of natural aggregates because of their relatively 
high leaching values compared to regulatory thresholds. 
Table 1 shows the samples’ characteristics. Samples NG1 
and NS1 were collected from the same quarry. NG1 is an “as 
dug” gravel, while NS1 is a treated sand, implying a more 
advanced manufacturing process for the latter.

Figure 1 shows the grading curves of the three aggregates. 
No size reduction is applied. Absolute densities are obtained 
according to standard NF EN 1097–6 (AFNOR 2022) and 
are ranged between 2600 and 2630 kg  m−3.

Methods

Percolation test

An up-flow percolation test is carried out on the samples 
according to standard NF EN 16637–3 (AFNOR 2024). 
The column (made of borosilicate glass) with a diameter 
of 10 cm and a height of 30 cm is equipped with layers of 
glass beads (1 mm in diameter) approximately 1 cm thick at 
the inlet and outlet of the column and with FEP tubes. The 
sample is then inserted into the column and compacted using 
a packing equipment. The mass of the sample is weighed and 
then converted to dry mass after performing a dry extract 
of the material (placed in an oven at 80 °C). The column 
is then saturated with distilled water, and an equilibrium is 
established for approximately 65 h. A flow rate of distilled 
water between 85 and 111 mL  h−1 is imposed from bottom 
to top of the column using a diaphragm pump. Eluate frac-
tions are collected at the outlet of the column depending 
on the ratio between the liquid volume and the dry mass 
of the sample (L/S in L  kg−1): at 0.1, 0.2, 0.5, 1, 2, 5, and 

Table 1  Aggregate characteristics

Sample name Petrography Size fraction 
(mm)

Absolute 
density (kg 
 m−3)

NG1 Granite 0/31,5 2602
NS1 Granite 0/4 2626
NS2 Rhyolite 0/4 2617
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10 L  kg−1 (cumulative from the beginning of the test). The 
pH and electrical conductivity of each eluate are measured, 
and then, the eluates are vacuum-filtered with a 0.45-µm 
cellulose acetate filter and stored in borosilicate glass flasks 
before being analyzed (Fig. 2).

Standard NF EN 16637–3 – Annex D (AFNOR 2024) 
provides a method for determining the predominant release 
mechanisms. This method is based on calculations from the 
release results (concentrations, pH) to verify each hypothesis 
(Fig. 3). In this study, the method is applied as specified by 
the standard and then discussed.

Acid digestion

Acid digestion method is used to measure the total content 
of the three aggregates. In this study, total content is com-
pared to released quantities obtained with percolation tests 
in order to observe how easily leached are substances. The 
samples are digested in aqua regia according to the technical 

specification CEN/TS 17196 — Method A (CEN/TC 351 
2019). The test is carried out using a chemical reflux setup 
completed with an absorption vessel aimed at capturing 
volatile species (Fig. 4).

Three grams of aggregate sample is ground using a vibra-
tory mill and then introduced into the reactor, to which 
28 mL of aqua regia is added. The mixture is refluxed for 
2 h. The digestate is then filtered using a 0.45-µm cellulose 
acetate filter and diluted in a 100-mL volumetric flask. The 
resulting solution is then analyzed by ICP-OES.

Analysis of eluates

The analyses presented here aim to quantify the compounds 
commonly measured during leaching tests. There are two of 
them: inductively coupled plasma spectroscopy (ICP) and 
ion exchange chromatography (IC).

ICP is used here to measure the quantities of trace metals 
and metalloids: Sb, As, Ba, Cd, Cr, Cu, Hg, Mo, Pb, Ni, Se, 

Fig. 1  Size distribution of 
aggregates

Fig. 2  Up-flow percola-
tion setup (adapted from EN 
16637–3 standard)
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Fig. 3  NF EN 16637–3 — Annex D operating diagram

Fig. 4  Acid digestion setup
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and Zn. The device used to perform these measurements 
is a Thermo Scientific iCAP Pro X ICP-OES, which oper-
ates under argon plasma. Before being analyzed, the eluate 
is acidified with 1% volume of nitric acid. Distilled water 
blank is also acidified in the same way. This blank is used 
to subtract any potential traces of elements already present 
in distilled water and/or nitric acid during measurements on 
the eluates.

IC is used here to measure the quantities of halides  (F−, 
 Cl−) and sulfates  (SO4

2−). The device used to perform these 
measurements is a Thermo Dionex ICS900. An AS22 col-
umn associated with an AG22 pre-column is used. The 
measurements are done in a  Na2CO3–NaHCO3 eluent. Elu-
ates are introduced into the injection valve using a syringe 
and a 0.45-µm nylon syringe filter.

Based on the calibration range of both devices, limits of 
quantification (LoQ) have been determined. They are intro-
duced in Table 2.

Results

Leaching percolation test

Choice of aggregates NS1, NS2, and NG1

A total of 19 natural aggregates have been characterized 
with the percolation test (Table 3).

The results are compared with the threshold values of 
different existing regulations. In France, there is no regu-
lation on the release of pollutants from natural materials. 

The threshold values, associated with NF EN 14405 stand-
ard, of the Acceptability Guide for Alternative Road Mate-
rials (Cerema 2011) are therefore used. The Dutch (NEN 
2004) and German (DIN 2009) regulatory thresholds for 
up-flow percolation tests are also used (see Table 4 for 
exact threshold values).

Most of the samples do not exceed any threshold (grey 
and white cells). Only three samples among all materials 
show an exceeding of at least one threshold for one ele-
ment (red cell): NS2 and NG8 exceed As threshold val-
ues, and NG1 exceeds Ni, Zn, and  SO4

2− threshold val-
ues. Some elements are present in quantities too low to be 
quantified by the analysis device (their cell is grayed out).

The three materials studied here (NG1, NS1, and 
NS2) were selected for their particularly visible leaching 
releases. NG8 was not selected as the threshold values for 
As were also exceeded by NS2. Moreover, NS1 has been 
selected to study the effect of grain size and manufacturing 
process by comparing with NG1 results.

Evolution of pH and electrical conductivity

The pH and electrical conductivity curves are presented 
in Fig. 5. The pH values of the eluates from NS1 (between 
4 and 6) and NG1 (between 2 and 4) samples are acidic. 
A more acidic pH is observed for the NG1 gravel than for 
the NS1 sand (about 2 pH unit difference). The pH of the 
eluates from NS2 sand is slightly basic (between 8 and 
10). In all three cases, an increase in pH of 1 to 2 units is 
observed during the test.

The electrical conductivity of the eluates from all stud-
ied samples decreases over time, which is consistent with 
the behavior observed during this type of test (Dijkstra 
et al. 2008). Most soluble elements are removed at the 
beginning of the test by wash-out phenomena. NS1 and 
NG1 samples have higher electrical conductivity at the 
beginning of the test (3000 µS  cm−1 and 5600 µS  cm−1 
respectively) than the NS2 sample (700 µS  cm−1). The 
electrical conductivity of the NG1 gravel remains higher 
than that of the NS1 sand during the test. Therefore, higher 
releases can be expected for the gravel than for the sand 
which is counterintuitive as many studies proved that a 
smaller grain size usually leads to higher leaching releases 
(Van der Sloot and Dijkstra 2004; Zhang et al. 2018).

These differences in pH and electrical conductivity 
between NS1 and NG1 are associated with the manufac-
turing process: While NG1 gravel is “as dug”, hence pre-
sents raw characteristics, NS1 sand has undergone multi-
ple steps (screening, crushing, and washing).

Table 2  Limits of quantification 
of ICP-OES and IC devices

Element Limit of quantifi-
cation (mg  L−1)

ICP-OES
  Sb 0.007
  As 0.009
  Ba 0.006
  Cd 0.005
  Cr 0.003
  Cu 0.005
  Hg 0.005
  Mo 0.003
  Pb 0.004
  Ni 0.005
  Se 0.01
  Zn 0.003

IC
   F− 0.05
   Cl− 0.05
   SO4

2− 0.5
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Table 3  Percolation test 
simplified results for 19 natural 
aggregates — comparison 
with threshold values (white: 
quantifiable release; gray: non 
quantifiable release; orange: 
exceeding of at least one 
regulatory threshold)

Sb As Ba Cd Cr Cu Hg Mo Pb Ni Se Zn F- Cl- SO42-

NS1

NS2

NS3

NS4

NS5

NS6

NS7

NS8

NS9

NS10

NG1

NG2

NG3

NG4

NG5

NG6

NG7

NG8

NG9

Table 4  Percolation test results 
— comparison with threshold 
values (white: quantifiable 
release; gray: non quantifiable 
release; orange: exceeding of at 
least one threshold)

Cumulative release (mg.kg-1)
NS1 NS2 NG1 French

thresholds
Dutch

thresholds
German

thresholds
Sb < 0.06 < 0.06 < 0.06 0.2 0.32
As < 0.08 5.859 < 0.08 0.5 0.9 0.5
Ba 0.063 0.117 < 0.06 28 22
Cd < 0.02 < 0.02 < 0.02 0.16 0.04 0.05
Cr < 0.03 < 0.03 0.410 2 0.63 1
Cu 0.088 < 0.05 0.448 50 0.9 2
Hg < 0.005 < 0.005 < 0.005 0.04 0.02 0.02
Mo < 0.03 0.192 < 0.03 2.8 1
Pb 0.030 < 0.03 0.042 0.5 2.3 1
Ni 0.335 < 0.05 0.692 0.8 0.44 1
Se < 0.09 < 0.09 < 0.09 0.4 0.15
Zn 3.297 0.233 14.16 50 4.5 4
F- 33.30 0.613 21.75 40 55
Cl- 25.33 6.133 7.318 5 000 616 1 500
SO42

- 1 056 81.85 4 353 5 000 1 730 6 000
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Cumulative release

For each material, the total release (at a cumulative L/S ratio 
of 10 L  kg−1) of each element studied is displayed in Table 4. 
The results are compared with the same threshold values 
than in Table 3.

It is observed that material NS1 does not exceed any 
threshold, material NS2 exceeds French (Cerema 2011) and 
German threshold values for arsenic by a factor of 10, and 
material NG1 exceeds Dutch threshold values for nickel, sul-
fates, and Dutch and German threshold values for zinc. For 
all elements, except for fluoride and chloride, the NG1 gravel 
shows greater releases than the NS1 sand from the same ori-
gin, which is counterintuitive: Indeed, a gravel with a lower 
specific surface area than a sand typically has less exchange 
with the leachate. This can nevertheless be explained by 
the difference in pH between these two materials: The NG1 
gravel has an average pH during the test around 3, while 
the NS1 sand has an average pH of 5. It is accepted in the 
literature that an acidic pH leads to a greater release of most 
elements (Van der Sloot et al. 2009), except for halides like 
fluoride or chloride which are less sensitive to pH. It is also 

explained by the difference in the manufacturing process 
between the two samples: NG1 is “as dug,” while NS1 is 
treated, which means that part of the substances could have 
been already removed from NS1.

Leaching mechanisms

Standard NF EN 16637–3 — Annex D (AFNOR 2024) 
provides a method for determining the predominant release 
mechanisms. This method is based on calculations from 
the release results (concentrations and pH) to verify each 
hypothesis. The predominant release mechanisms for rel-
evant elements (As, Ba, Ni, Zn,  F−, and  SO4

2−) in each mate-
rial are presented in Table 5.

Except for the “overall low concentrations” category, 
determining the predominant mechanisms requires a pre-
liminary choice from the operator: is the compound release 
apparently pH-dependent or not? According to the standard, 
this choice is made using concentration curves as a function 
of the pH of each eluate. If linearity is observed, the standard 
states that the release is apparently pH-dependent. As the 
standard does not provide any precise value on the slope 

Fig. 5  a pH curves; b electrical conductivity curves

Table 5  Predominant release mechanisms determined with EN 16637–3 — Annex D

NS1 NS2 NG1

As Overall low concentrations No pH dependent release — apparent deple-
tion

Overall low concentrations

Ba Apparent pH dependent release — wash out 
of substance

No pH dependent release — apparent deple-
tion

Overall low concentrations

Ni Apparent pH dependent release — wash out 
of substance

Overall low concentrations Apparent pH dependent release — solu-
bility-controlled release

Zn Apparent pH dependent release — solubil-
ity-controlled release

Apparent pH dependent release — solubil-
ity-controlled release

Apparent pH dependent release — solu-
bility-controlled release

F− Apparent pH dependent release — solubil-
ity-controlled release

Apparent pH dependent release — wash out 
of substance

Apparent pH dependent release — solu-
bility-controlled release

SO4
2− Apparent pH dependent release — solubil-

ity-controlled release
Apparent pH dependent release — solubil-

ity-controlled release
Apparent pH dependent release — solu-

bility-controlled release
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or the coefficient of determination to determine linearity, 
this method lacks accuracy. Moreover, in this study, the pH 
ranges for each sample may be insufficiently large to observe 
pH dependence.

In this study, in order to follow closely the standard 
method, apart from some elements known to be pH-inde-
pendent (e.g.,  Cl−), the apparent pH dependence was decided 
when the concentration curve of the compound as a function 
of pH showed a linear profile (see Fig. 6 as an example).

It is observed that the predominant mechanism can differ 
even for two aggregates of the same origin (NS1 and NG1). 
For NS1 sand, nickel is leached in a pH-dependent manner, 
with depletion of substance leaching. On the contrary, for 
NG1 gravel, nickel is leached in a pH-dependent manner, but 
with solubility control.

The concentration curves of the eluates as a function of 
the cumulative L/S ratio for the elements As, Ba, Ni, Zn, 
 SO4

2−, and  F− are presented in Fig. 7. Only results for sam-
ples with releases above the limit of quantification (LoQ) are 
displayed. In general, the measured elements, being present 
in the samples only in trace amounts, show a nearly system-
atic decrease in their leaching in the eluates during the test.

• For the release of As, represented for sand NS2 only, an 
increase in the concentration of eluates is observed at 
the beginning of the test, reaching a peak between 0.2 
and 0.5 L  kg−1, followed by a decrease for the rest of the 
test. This is consistent with the behavior of arsenic leach-
ing in metamorphic rocks, especially when a significant 
portion of arsenic is easily soluble in water (Suzuki and 
Katoh 2020). The arsenic released at the beginning of 
the test would mainly correspond to a non-specifically 
bound fraction of arsenic, and the second released part 
would correspond to a specifically bound fraction which 
requires more time to dissolve. According to the results 
from Table 4, the predominant mechanism for arsenic 

leaching in sample NS2 is the depletion of the substance: 
If the test were to continue for a longer time, concentra-
tions of arsenic in eluates would soon reach low concen-
trations.

• For the release of Ba, represented for sands NS1 and 
NS2, two different behaviors are observed: The release 
for the first three eluates (up to 0.5 L  kg−1) is similar for 
both materials; then, the concentration of eluates from 
NS1 decreases more quickly than that of eluates from 
NS2 and reaches the LoQ from 5 L  kg−1. It has been 
shown that the release of Ba was less dependent on pH 
(Zhang et al. 2018). This is contradictory to Table 4 for 
the release of Ba from the NS1 material, which has been 
determined to be pH dependent. Material NS2 therefore 
presents a larger fraction of easily soluble barium than 
material NS1.

• For the release of Ni, represented for sand NS1 and gravel 
NG1, two slightly different behaviors are observed: Both 
materials present similar concentrations in the first elu-
ate; then, the concentration of Ni for sand NS1 decreases 
rapidly, reaching the limit of quantification of the anal-
ysis apparatus at 2 L  kg−1, whereas the concentration 
decreases less abruptly in gravel NG1. The results from 
Table 4 indicate that the predominant mechanism for Ni 
release is the wash out of the substance for material NS1 
and controlled by solubility for material NG1. Nickel 
release is known to be maximized at acidic pH (Dijkstra 
et al. 2008; Van der Sloot and Dijkstra 2004). Vollprecht 
et al. (2019) showed that leached Ni can come from oli-
vine.

• For the release of Zn, represented for the three samples, 
two types of behaviors are observed: On the one hand, 
the concentrations of sand NS1 and gravel NG1 present 
a very similar decrease throughout the test. On the other 
hand, the concentration of Zn in sand NS2 presents a 
plateau at the beginning of the test (up to 0.5 L  kg−1), 

Fig. 6  Concentration of As and Mo as a function of pH in NS2. Here, the release of As is considered non pH-dependent, while the release of Mo 
is considered pH-dependent
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followed by a decrease. At the end of the test, an increase 
in concentration is observed, possibly due to the contact 
of the leachate with surfaces that were not accessible at 
the beginning of the test. Zinc tends to be leached more 
easily at acidic pH, with a minimum release generally 
located around pH 9 (Dijkstra et al. 2008; Van der Sloot 
and Dijkstra 2004). Concentrations of the last eluate for 
all samples indicate that zinc would still be released for 
some time if the test were to continue further. This is 
coherent with the solubility-controlled mechanism deter-
mined in Table 4.

• For the release of SO4
2−, represented for the three sam-

ples, two distinct behaviors are also observed: a simi-
lar decrease between sand NS1 and gravel NG1 and a 
more abrupt decrease in concentration for sand NS2, 

for which a low concentration plateau is observed from 
around 1 L  kg−1. This plateau could correspond to a 
second fraction of the substance: While the first frac-
tion is easily leached (probably from a sulfate salt), the 
second fraction would be solubility controlled which 
would explain the low and constant concentrations for 
the second part of the test.

• For the release of F−, represented for the three sam-
ples, two distinct behaviors are also observed: a similar 
decrease between sand NS1 and gravel NG1 and a rapid 
decrease to depletion at around 1 L.kg−1 for sand NS2. 
It is noticed that gravel NG1 shows an increase in con-
centration between 0.2 and 0.5 L  kg−1 and an apparent 
exhaustion of the substance at the end of the test at 10 L 
 kg−1.

SO4
2-

F
-

As Ba

Ni Zn

Fig. 7  Concentration curves of As, Ba, Ni, Zn,  SO4
2−, and  F−. Dashed lines are limits of quantification
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It is important to note that the first hypothesis regarding 
the apparent dependence on pH does not allow for a reliable 
result. It is therefore essential to also have knowledge of the 
general behavior of the compounds to be as close as possible 
to the correct answer. In addition, the low overall availability 
of the compounds monitored here almost always results in 
an apparent depletion of the compound. In this case, it is 
difficult to determine whether the leaching of a compound 
is pH-dependent or not. To go further, it would therefore be 
necessary to carry out static pH tests.

Acid digestion

The acid digestion method is used to measure total con-
tent of the samples. Leached quantities are part of the total 
content initially present in the material. The results of acid 
digestion of the natural aggregates are presented in Fig. 8. 
The results are expressed in mass of the targeted element in 
milligrams per kilogram of dry sample mass. Solid residues 
are visible at the end of the test for each sample. Among all 
the elements studied here, zinc is the one present in the larg-
est quantity in all samples. Mercury is not detected in any of 
the materials. Compositions of similar orders of magnitude 
are observed for sand and gravel of the same origin (NS1 
and NG1), except for zinc and copper. The NS2 sand has 
higher levels of arsenic and lead than the other two samples.

Discussion

The NS1 (sand) and NG1 (gravel) samples of the same 
quarry origin exhibit similar behaviors in the release of 
the various measured elements. However, differences are 
observed in the amounts leached (mg  kg−1): NG1 gravel 
overall leaches more than NS1 sand despite similar total 
contents.

Total content has no direct link to leached quantities 
and often a significant fraction of a substance cannot be 
leached in normal conditions. However, it is possible to 
elaborate on previous hypothesis and conclusions, by cal-
culating percentages of leaching release (PR). The PR cor-
responds to the ratio between the quantity of an element 
released during leaching (Table 4) and the total content 
of that element in the sample measured by acid digestion 
(Fig. 8). A high PR indicates that the substance is easily 
leached in the conditions of the percolation test, and that it 
is found in soluble chemical forms in the sample. Figure 9 
shows the PRs of natural aggregates.

Overall, higher PRs are observed for the NG1 aggregate 
than for the NS1 sand, despite similar total contents. It is 
commonly accepted that smaller particle size results in 
a larger specific surface area, leading to increased con-
tact and exchange between the leachate and the material 

Fig. 8  Total content of aggre-
gates

Fig. 9  Percentages of leaching 
release
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(Van der Sloot and Dijkstra 2004; Zhang et al. 2018). In 
this study, the different behavior between the sand and the 
coarse aggregate can be explained by a more advanced 
manufacturing process of the sand: NG1 is “as dug,” while 
NS1 is not. It could also be explained with the higher acid-
ity of the NG1 (pH = 2.96). pH appears to be one of the 
most influential factors on the leaching of elements from 
these materials.

The PR in arsenic for NS2 reaches almost 30%. In this 
material, arsenic is therefore easily leachable; it is mainly 
found in a form and in mineralogical phases that are easily 
accessible to water and soluble (which is coherent with the 
depletion mechanism determined earlier for As in NS2, in 
Table 5). It is also interesting to note the high PR in molyb-
denum for this material: Indeed, it exceeds 20% while no 
release of this element is visible in the other samples (NS1 
and NG1), although surprisingly, it is present only in small 
quantities in total content. Molybdenum is known to be most 
soluble at pH 9 (Van der Sloot and Dijkstra 2004) (which is 
the pH of NS2), which could explain the high release. More-
over, authors demonstrated that molybdenum can be present 
as adsorbed on iron hydroxides in natural rocks (Wang et al. 
2018) and therefore is more leachable in this chemical form. 
Lead and zinc are very little released in NS2 although well 
present in the sample. For zinc, this is consistent with the 
solubility-controlled mechanism determined in Table 5.

Conclusion

Depending on the material studied, each element has a dif-
ferent leaching behavior and must be studied separately to 
analyze the predominant mechanisms in its release. How-
ever, it seems possible, at least in the case of arsenic, to 
observe a similar leaching trend in several different natural 
materials. Furthermore, in our study, pH and stage in the 
manufacturing process seem to exert a particular influence 
on the quantity of leached elements, while the influence of 
grain size seems limited. Some of the threshold values used 
for comparison in this study (French values) are only appli-
cable to alternative materials, and natural quarry materials 
(as studied here) may need specific threshold values that 
are adapted.

Total content, obtained here by acid digestion, can be 
a useful tool to support hypotheses about the predominant 
leaching mechanisms in a material. By relating it to released 
quantities, it can be observed that certain elements are very 
easily leached in one material but not in others.

Annex D of the NF EN 16637–3 standard can guide 
hypotheses about the predominant mechanisms, but it 
remains limited, particularly in the case of elements released 
only in trace amounts, for which it is difficult to differentiate 
between substance depletion and pH dependence. Further 

research and additional testing, such as static pH tests or 
X-ray diffraction (XRD) tests would be necessary to confirm, 
refute or specify hypotheses established in this manner.

The results of these studies also make it interesting to 
conduct this type of testing on a larger number of materi-
als from different sources to determine if it is possible to 
observe trends in element leaching behavior in certain types 
of materials.
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