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Abstract Recent studies have confirmed the critical and
essential role of elemental hydrolysis in metallogenic pro-
cesses, such as metal migration and precipitation. However,
the kinetic processes, characteristics, and formation mecha-
nisms of hydrolyzed precipitates require further compre-
hensive investigation. This paper is based on a systematic
investigation of the hydrolysis mechanisms of Pb and Zn in
various systems under ambient temperature and pressure,
the storage conditions of the hydrolyzed precipitates, and the
characterization of these precipitates. The results indicate
that the hydrolysis behaviors of Pb and Zn exhibit significant
differences across various systems. Within the monometal-
lic regime, there is a pronounced disparity in the hydrolysis
rates between Pb ions and Zn ions. Pb ions demonstrate a
substantially higher degree of hydrolysis, a trend that per-
sists over time and remains largely unaffected by the "fluid
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retention or isolation" phenomenon in the surrounding envi-
ronment. Both hydrolytic precipitation rates were observed
to decrease in the mixed system, with Zn ions exhibiting
less reduction than Pb ions. After hydrolysis, hydrolyzed
precipitates can remain in the fluid environment for extended
periods of time, which can lead to re-dissolution. Over time,
this re-dissolution can increase, eventually leading to signifi-
cant loss of hydrolyzed precipitates. The hydrolyzed precipi-
tates obtained from the experiments primarily consisted of
alkaline carbonates of Pb and Zn. Notably, the crystalline
characteristics of the hydrolysis products of Pb and Zn ions
exhibited significant differences across various experimental
systems; however, the crystallographic characteristics of the
primary hydrolysis products are essentially identical to those
of their corresponding natural counterparts. Based on the
findings from physical phase analysis and previous research,
it is concluded that the hydrolysis process consists of three
main stages: oxides/hydroxides, carbonates, and alkali car-
bonates. In the Pb-Zn-NaCl-H,O system, the proportion
of the basic carbonate products of Pb and Zn is 6:2. This
research offers an in-depth analysis of the hydrolysis dynam-
ics of lead and zinc under ambient temperature and pressure
conditions. Furthermore, it characterizes the crystallization
features of the hydrolyzed precipitates and reconstructs the
three stages of the formation process. This study holds sig-
nificant scientific value for understanding the metallogenic
mechanisms of Pb and Zn.

Keywords Hydrolysis - Pb-Zn polymetallic
mineralization - Hydrolyzed precipitates - Morphological
characteristics
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1 Introduction

The mechanisms governing the migration, enrichment, and
precipitation of elements during geological evolution consti-
tute a critical component in the mineralization process of ore
deposits and are key determinants of both the grade and scale
of these deposits (Zhang 1997). Therefore, the investiga-
tion into elemental transport and precipitation mechanisms
constitutes the foundation for standardizing mineralization
processes and elucidating mineralization mechanisms. Deep-
ening the understanding of the ore deposit is instrumental
in providing a theoretical foundation for mineral exploration
and contributes positively to the advancement of mineraliza-
tion theory. Currently, alongside theoretical calculations and
computer simulations, the primary experimental research
methods for investigating the migration and precipitation
mechanisms of metallogenic elements are the hydrolysis
method and the solubility method. Among these methods,
the mineral solubility approach has undergone extensive
development and is widely recognized as a standard research
tool by scholars both domestically and internationally. This
method has yielded significant results in determining the
speciation of Pb, Zn, and other elements in hydrothermal
fluids, assessing mineral solubility and investigating the dis-
solution behavior of minerals (Anderson 1973, 1975; Katz
and Matthews 1977; Caciagli et al. 2003; Liu et al. 2021;
Zhang et al. 2025) and re-precipitation (Zhang et al. 1995;
Zhao et al. 2013; Wang et al. 2019). However, it is important
to note that the quantity and scale of ion transport in the fluid
during elemental migration must be determined based on the
stability of the stabilized transport complexes (Baes et al.
1976; Van Baalen 1993). While mineral solubility primar-
ily indicates the quantity of elements that can be leached
from the source region, it is insufficient for determining both
the number of elements transported within the fluid and the
extent of this transport. In contrast to solubility experiments,
hydrolysis experiments can comprehensively simulate the
dynamic process of elemental migration and enrichment by
utilizing metal complexes as research carriers. This approach
compensates for the limitations of solubility experiments,
which cannot fully capture the changes in complex stability
caused by water-rock interactions between metal-ion-rich
fluids and surrounding rocks during transport in actual geo-
logical evolution. In recent years, hydrolysis experiments
have advanced significantly in the fields of metallogenic
simulation and theoretical research. He et al. (2015) inves-
tigated the stability of fluorotitanium complexes under
hydrothermal conditions, thereby obtaining the hydrolysis
patterns and reaction constants for these complexes under
high-temperature and high-pressure conditions. Zhang et al.
(2016) concluded from hydrolysis experiments combined
with thermodynamic phase diagrams that pH significantly
affects the solubility of galena and sphalerite as well as the

complex formation of Pb and Zn. These experiments simu-
lated the critical chemical processes by which Pb and Zn
metal ions are hydrolyzed and retained in the ore-holding
space during mineralization (Zhang et al. 2019a). Haibo
Yan et al. (2020) elucidated the dissolution, migration, and
precipitation of platinum group elements (PGE) and the
mineralization mechanisms during hydrothermal geological
processes by investigating the hydrolysis behavior of PGE-
chloride complexes. In conclusion, these studies substantiate
the geological significance of elemental hydrolysis in the
context of mineralization processes and elucidate the diverse
chemical pathways responsible for metal precipitation. The
migration of elements from dissolution into the fluid phase,
followed by stabilization within the fluid and subsequent
precipitation, constitutes a dynamic and protracted process
(Van Baalen 1993). Current hydrolysis experiments have pri-
marily focused on the impact of the characteristics of min-
eralizing hydrothermal fluids on the hydrolysis reaction as
well as the influence of the hydrolysis mechanism. However,
further research is required to elucidate the specific mecha-
nisms of elemental hydrolysis during the reaction and the
influence of other mineralization conditions in the geological
environment on the reaction process.

At present, limited research has been conducted on micro-
zonal and microscopic features, including the morphological
characteristics of elemental hydrolysis products and mineral
crystallization, which are crucial for deducing the minerali-
zation mechanism.

Predecessors have demonstrated the geological sig-
nificance and dynamic process of Pb-Zn hydrolysis from
various perspectives using methods such as hydrolysis
experiments, thermodynamic modeling, and computer simu-
lations (Mei et al. 2015; Liu et al. 2018). However, a lack
of in-depth research on the characteristics and properties of
hydrolysis products remains. This study focuses on the initial
metal unloading stage of Pb-Zn ions, thoroughly analyz-
ing the chemical genesis and crystallization processes of
Pb-Zn hydrolysis precipitates. It elucidates how these metal
precipitates can be preserved in the ore-hosting space over
extended periods, awaiting interaction with reductive flu-
ids to facilitate their subsequent transformation into sulfide
precipitates. Therefore, building on the findings from previ-
ous studies, this paper investigates the hydrolysis dynamics
and mechanisms of Pb-Zn hyper-enrichment using Pb-Zn
chloride complexes. The study focuses on the chemical
composition, mineralogical composition, crystallographic
characteristics, and environmental conditions conducive to
the long-term stability of Pb and Zn hydrolysis products.
It also includes a quantitative analysis and comprehensive
comparison of the critical steps and enabling factors in
the reaction process, thereby elucidating their underlying
mechanisms. By integrating the geological evolution pro-
cess, this study reconstructs the geochemical pathways of

@ Springer



170

Acta Geochim (2026) 45:168-184

metal precipitation during the metallogenic evolution of
carbonatite-hosted Pb and Zn deposits within a real-world
geological framework.

2 Experimental and analytical method
2.1 Principles of hydrolysis and experimental design

Extensive research by numerous scholars (Helgeson 1964;
Reed et al. 2006; Yeh et al. 2014) has demonstrated that
during the hydrothermal mineralization process, chloro-
complexes of Pb and Zn exhibit significantly greater stability
at higher temperatures compared to their sulfide complexes.
In oxidized, slightly acidic, chlorine-rich, and sulfur-poor
fluids, Pb and Zn predominantly exist and migrate as
chloro-complexes, primarily in the form of [PbCl4]2_ and
[ZnCl4]2‘ (Helgeson 1964; Anderson 1975; Reed 2006;
Chen et al. 2014, 2015; Yeh et al. 2014; Mei et al. 2015).

Hydrolysis of metal ions is an acid-generating process
that primarily involves alterations in H concentration,
which is reflected as a change in pH. In reality, hydroly-
sis of Pb and Zn is widespread in hydrothermal systems,
and in the case of Zn, the hydrolysis of the complex anion
[ZnCl(4_n)"+]2_ in hydrothermal fluids proceeds as follows
(Zhang et al. 2019a, b):

[ZnCI]* + H,0 & ZnOH* + H* + CI~ (1)
[ZnCl1]° 4+ 2H,0 & Zn(OH), | +2H3Cl~ )
[ZnCl]; + 3H,0 & Zn(OH); + 3H*3CI™ 3)
[ZnCl]2™ + 4H,0 & Zn(OH);™ + 4H*4CI™ 4)

Figure 1 illustrates that under medium-alkaline condi-
tions and at higher ionic activity levels, Zn chloride com-
plexes hydrolyze to form Zn(OH), precipitates. This process
represents a significant obstacle to Zn transport in hydro-
thermal fluids. A similar phenomenon is observed for Pb.
Hydrolysis experiments of Pb and Zn at ambient temperature
and pressure also confirmed that pH=4 is the threshold for
significant hydrolysis of Pb and Zn (Zhang et al. 2019b).
Therefore, pH emerges as the paramount control factor in
the transport of Pb and Zn.

As illustrated by the aforementioned principles of hydrol-
ysis reactions, the transport phase of Pb and Zn is a dynamic
process influenced by multiple factors. To accurately simu-
late the actual geological processes of mineralization evolu-
tion and comprehensively represent all potential processes
in the hydrolysis of Pb and Zn, this study designed three
reaction systems: Pb-NaCl-H,0, Zn-NaCl-H,O and Pb,

@ Springer

0
8/79,
2 2 Zn(OH),(solid)
O
E o4 g
g X
2 6 Zn(OH),(liquid) 4SS
8 1 o
P AYaN
10
10 T T T T T T
0 2 4 6 8 10 12 14

pH

Fig. 1 pH versus log[a(Zn>")] plot, calculated and constructed based
on the data from J.A. Dean (1991), as referenced by Zhang et al.
(2019a, b)

and Zn-NaCl-H,O. The experiments were conducted under
ambient temperature and pressure conditions. Key varia-
bles in this study included time, fluid properties, and water.
Based on these considerations, two experimental groups
were established: (1) the isolated water group, which is not
in contact with the solution after hydrolysis; (2) the retained
water group, which remains in contact with the solution after
hydrolysis, corresponding to two geological processes:

(a) The acidic mineralizing fluid infiltrates the ore-hosting
space, undergoes hydrolysis, releases Pb and Zn min-
eralized materials, and transports them away from the
ore-hosting environment.

(b) The acidic mineralizing fluid infiltrates the ore-host-
ing space, undergoes hydrolysis, and releases Pb and
Zn mineralized materials, but these materials remain
within the ore-hosting environment.

To ensure that the two experimental groups exhibited dis-
tinct differences, a 13-day experimental period was estab-
lished following preliminary trials. The sampling interval
was set at 24-h intervals, based on previous experimental
data (Zhang et al. 2019b).

2.2 Experimental methods

Fluids comprising H,O, NaCl, and CO, are prevalent and
significantly influence the evolution of diverse hydrothermal,
metamorphic, and igneous environments (Roedder and Bod-
nar 1997; Touret 2001; Bodnar et al. 2014). In this study, we
formulated pertinent solutions by referencing the metal con-
tent of the mineralizing fluids from MVT Pb-Zn deposits,
for which a more substantial dataset is available (Carpenter
et. 1974; Yardley et al. 2005; Stoftell et. 2008; Wilkinson
et. 2009). During the preparation of the solution, to ensure
that Pb and Zn elements are fully present in the form of
complexes, it is essential to stir the solution thoroughly and
allow it to stand for a specified duration before proceeding
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with subsequent steps. Additionally, acid should be added
to adjust the pH to < 4, thereby preventing the hydrolysis of
Pb and Zn cations.

2.2.1 Solution formulation

Stock solutions of Na,PbCl,, Na,ZnCl,, and a mixed
Pb-Zn solution were prepared by dissolving analyti-
cally pure NaCl, PbCl,, and ZnCl, in deionized water to
achieve final concentrations of b(PbCl,)=0.0010 mol/L,
b(ZnCl,)=0.0152 mol/L, and b(NaCl) =2.0 mol/L. The
solutions were prepared in 1-1 volumetric flasks, ensuring
complete dissolution and proper mixing.

2.2.2 Hydrolysis experiment setup

Under alkaline to weakly basic conditions, Pb and Zn
undergo substantial hydrolysis, resulting in the formation
of significant quantities of metal oxide/hydroxide precipi-
tates. Therefore, we elected to promote the hydrolysis of Pb
and Zn by adding an appropriate volume of sodium hydrox-
ide (NaOH) solution to the acidic solution. When the pH
is > 4, metal ions are hydrolyzed and precipitation occurs,
so it is specified that the instantaneous pH in the environ-
ment should be maintained between 4 and 4.2 after adding
the alkaline solution. Bringing the concentration and vol-
ume of solution of the configured alkaline solution and the
amount of substance of H* corresponding to the upper and
lower limits of the desired pH adjustment into the calcula-
tion equation (Eq. 5), it can be deduced that the amount of
NaOH required to be added ranges from 0.26 to 0.28 ml. To
accurately titrate the amount of alkaline solution to prevent
causing changes in the volume of the solution before and
after titration of the alkaline solution from affecting the final
hydrolysis rate calculations, the titration process was carried
out using a pipette gun.

2.2.3 Experimental groups

There are six experimental groups in this experiment. The
hydrolysis reactions are carried out in a beaker before the
reaction by adding dilute hydrochloric acid so that the solu-
tion pH is maintained between 3.8 and 4. During the reac-
tion, the Pb and Zn ions in the metal-rich acidic solution
configured will react with the hydroxide ions in the drop-
wise NaOH solution to produce metal hydroxides/oxides.
At this time, the environment should be maintained at a pH
value between 4 and 4.2. After a day’s reaction time, the
solution pH is maintained between 5 and 7. Experiments
1 and 2 simulated the effects of the presence or absence of
solution on the hydrolysis products under the Pb-NaCl-H,O
system, where Group 1 represented the retained water condi-
tion and Group 2 represented the isolated water condition.

Experiments 3—4 were conducted in the Zn-NaCl-H,0
system, while experiments 5—-6 involved both Pb and the
Zn-NaCl-H,0 system. Odd numbered groups (3 and 5)
represented the retained water conditions, whereas even
numbered groups (4 and 6) represented the isolated water
conditions.

(1) Retained water group: The hydrolysis of 13 samples
was completed on the first day. Following hydrolysis,
the resulting precipitates were retained in solution and
filtered at 24-h intervals. The precipitates filtered on the
first day remained in solution for 24 h, representing the
shortest duration, while those filtered on the last day
remained in solution for a total of 13 days, which is the
longest duration;

(2) Isolated water group: Hydrolysis of one sample was
conducted daily, followed by immediate filtration and
placement in a constant-temperature oven to ensure
thorough drying of the precipitates. The initial samples
were stored for up to 13 days, while the final processed
samples were retained for a minimum of 24 h.

Both experimental groups were established for a 13-day
trial period, during which samples were collected at 24-h
intervals.

2.2.4 Hydrolysis evaluation

The stability of Pb and Zn complexes under varying condi-
tions and over time can be assessed by evaluating the extent
of hydrolysis reactions at ambient temperature and pressure.
The parameters that characterize the reaction extent are the
hydrolysis rate and the hydrolysis equilibrium constant,
where:

Hydrolysis ra

_ Initial ion concentration — Ionic concentration after the reaction
Initial ion concentration

% 100%

The hydrolysis constant represents the equilibrium
constant for the reaction, as indicated in Eq. (5). At low
concentrations, the activity coefficient of ions in solution
approaches unity, allowing the use of molar concentration
in Eq. (5) as a proxy for activity (He et al 2015).

c2

K= 3)
CMeoH*

2.2.5 Solid-liquid separation and analysis

The solution obtained after the reaction undergoes solid-
liquid separation by first being filtered through qualitative
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filter paper, followed by centrifugation at 5000 rpm for
2 min. The resulting supernatant is then transferred to a test
tube for further analysis. The precipitate obtained through
filtration was transferred to an electrically heated constant-
temperature drying oven and dried at 100 °C for 1 h. Subse-
quently, three successive washes with deionized water were
performed to eliminate the interference of rock salt with the
reflection signal during testing, The washed samples were
subsequently dried and then placed on filter paper, wrapped,
and encapsulated in self-sealing bags for testing.

2.3 Analysis methods

The hydrolysis experiments of Pb and Zn solutions in vari-
ous systems were conducted under ambient temperature
and pressure conditions at the High Temperature and High
Pressure Laboratory for Rock Formation and Mineraliza-
tion at Kunming University of Science and Technology. The
analytical testing was performed by Guangdong Tuoyan
Analytical Testing Co., Ltd. The pH measurements were
conducted using a Mettler multiparameter pH meter, which
was calibrated on a daily basis at three points with standard-
ized buffer solutions. The specific operation procedures and
group arrangements involved in the experiment are shown
in Fig. 2.

Following filtration and centrifugation after the reaction
of each experimental group, the supernatants were tested at
the Analytical Testing Center of Kunming University of Sci-
ence and Technology using an inductively coupled plasma-
optical emission spectrometer (ICP-OES). Scanning electron
microscopy analysis equipped with energy-dispersive spec-
troscopy was carried out. Following carbon plating, SEM
images were acquired from regions exhibiting aggregated
hydrolysis products (characterized by strong elemental
signals) and well-formed crystals compared with reflected
light microscopy images. The images were captured in back-
scattered electron mode, and physical phase analysis of the
precipitation samples was obtained after the reaction. The
above tests were completed at Guangzhou Tuoyan Inspec-
tion Technology Co., Ltd. The test results of x-ray diffrac-
tion analysis (XRD) were compared using the ICSD-Mineral
(#25,113) database, and the data were analyzed with MDI
JADED software.

3 Results

3.1 Pb-NaCl-H,O system

Given that previous researchers (Zhang et al. 2019a, b) have
extensively tested the upper clear liquid (Fig. 3), this study

focuses on analyzing the hydrolysis products. Therefore,
only the treated clear liquid samples from the first and final
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day (the 13th day) were selected for examination (Table 1).
The comparative analysis revealed trends and patterns con-
sistent with prior studies (Zhang et al. 2016).

3.1.1 ICP-OES test results

In the Pb-NaCl-H,O system, the influence of time on hydrol-
ysis was negligible (as shown in Fig. 4). The hydrolysis rate
is > 99%, with a maximum of 99.6%, and the variation over
time is within 0.1%. In contrast, in the retained water group
where the hydrolysis products remain in solution, a slight
redissolution phenomenon is observed; however, this change
is not substantial.

3.1.2 SEM and EDS test results

In the Pb-NaCl-H,O system, most hydrolysis products coa-
lesce to form irregular agglomerates. The size of individual
crystal particles is concentrated in the 40-100 pum range,
exhibiting morphologies such as microfine grains, needles,
and elongated strips (Fig. 7a, b). The primary constituents
are hydroxides of Pb and zinc (Zn), with a minor carbonate
component (Table 2). Taking RPG-3 as an example, lead
oxide (PbO) constitutes its primary component. Among
them, Pb is the main element with the highest proportion of
68.25%. It is followed by O with the highest proportion of
31.07% in some areas.

3.1.3 XRD test results

The concentrations of the major components in the sub-
mitted samples were quantified using the external standard
method, wherein the relative proportions were derived from
the intensity ratios of the diffraction lines of the crystalline
phases as indicated in the test results. The findings are sum-
marized in Table 3.

Comparing the XRD diffraction patterns of the isolated
water group and the retained water group (Fig. 8A, B) shows
that both sets of samples exhibit diffractograms characteris-
tic of hydrocerussite [Pb;(CO;),(OH),]. Consequently, these
samples can be classified as crystalline structures with a
defined crystal form. The diffraction intensity of the main
peaks for the former sample is approximately 18, while that
of the latter sample is < 15. The half-height widths of the
two samples are comparable, with the three primary peaks
appearing between 24° and 32°. This suggests that both sets
of samples share the same compositional makeup. Addition-
ally, the grain size of the samples in the isolated water group
is marginally larger than those in the retained water group.

Based on the calculation results (Table 3) and the analy-
sis of the diffraction patterns, in the Pb-NaCl-H,O system,
the primary mineral component of the hydrolysis prod-
ucts is hydrocerussite [Pb;(CO;),(OH),]. This compound



Acta Geochim (2026) 45:168-184

173

Fig. 2 Experimental flow chart
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Fig.3 Pb and Zn ion precipitation rate graphs as referenced by
Zhang et al. (2016)

Table 1 ICP-OES results of the clear solution under Pb-NaCl-H,O
system (Y. in sample number = acidic solution without alkali drop,
P. = Pb-NaCl-H,0 system, Z. = Zn-NaCl-H,O system, R. = retained
water group, G. = isolated water group, suffix number. days of experi-
mental time; —. not tested)

System Number of samples Test results
(mg/L)
Pb Zn
Blank sample YZP-1 208 1034
YZ-1 - 1066
YP-1 211 -
Pb-NaCl-H,O RPG-1 1.02 -
RPG-13 0.67 -
RPR-1 0.94 -
RPR-13 1.26 -
Zn-NaCl-H,0 RZG-1 - 380
RZG-13 - 527
RZR-1 - 434
RZR-13 - 752
Pb-Zn-NaCl-H,0 RZPG-1 17.09 248
RZPG-13 56.39 562
RZPR-1 44.96 466
RZPR-13 73.21 526

constitutes > 70% of the reaction products in both experi-
mental groups, indicating its dominance under laboratory
conditions. Additionally, apart from the unwashed rock
salt samples, both groups contain minor amounts of lead

@ Springer

carbonate and basic lead chloride compounds, accounting
for 2.8%-5.3% and 7.4%—10%, respectively.

3.2 Zn-NaCl-H,O0 system
3.2.1 ICP-OES test results

Compared to the hydrolysis extent and precipitate forma-
tion trend of Pb ions, Zn ions exhibited significantly lower
hydrolysis, with a peak hydrolysis rate of 63.2%. The low-
est hydrolysis rate was only 27.2%, with a high variation
around 40% (Fig. 5). The hydrolysis of Zn ions was more
pronounced in the isolated water group across various
environmental conditions, consistent with observations
in the Pb-NaCl-H,O system.

3.2.2 SEM and EDS test results

In the Zn-NaCl-H,O system, most hydrolysis products
aggregate to form irregular prismatic structures. Individual
crystal particle sizes are concentrated in the 125-150 um
range and exhibit morphologies such as plate- and scale-
like forms (Fig. 7c, d). The primary constituents are
hydroxides of lead (Pb) and zinc (Zn), along with minor
carbonate components (Table 2). Taking the RZG-13 sam-
ple as an example, zinc oxide (ZnO) constitutes its primary
component. The highest percentages are Zn, 79.28%, fol-
lowed by O, up to 30.25% in certain localities.

3.2.3 XRD test results

Comparing the diffractograms of the samples from the two
experimental groups showed that the peak intensities of
the highest diffraction peaks are relatively similar. How-
ever, the isolated water group exhibits a notably higher
half-width height and a more pronounced diffraction peak
intensity compared to the retained water group. Despite
these differences, the distributions of the main diffraction
peaks within the diffraction angle range remain highly
consistent between the two groups, which indicates that,
within the Zn-NaCl-H,O system, the crystal particle sizes
of the hydrolysis products from the isolated water group
are significantly larger than those from the retained water
group, while the primary chemical compositions remain
unchanged.

Based on the XRD test results presented in Table 3 and
the diffraction patterns illustrated in Fig. 8C, D, which per-
tain to the precipitate products from the hydrolysis reac-
tion group, the following analysis is provided: The main
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Fig. 4 The graphs depict the
metal content in the supernatant
(a) and the precipitation rate (b)
following the hydrolysis of the
first and second experimental
groups

Table 2 EDS point analysis
conducted on the hydrolysis
precipitate in the Pb-Zn-NaCl-
H,O0 system

mineral component in Zn-NaCl-H,O system is simonkolleite
(Zn5(OH)4Cl1,H,0), which is also the main mineral formed
by the product of the zinc ion hydrolysis reaction under labo-

175
1.4 - 99.65 ”
1.2 P
g 1 b $ 9055
‘g 0.6 é;_ 99.45
° 0.4 H
®—Pb of experiment 1 & o—Pb of experiment 1
L —@—Pb of experiment 2 LAl —@—Pb of experiment 2
0 . R 99.30 R I S
0 1 3 7 9 11 13 0 1 3 5 7 9 1 13
Time(d) Time(d)
Sample  Point Element Weight % Atomic % Net Int Error % R A F
RPG-3 RPG-3-1 PbM 65.25 16.22 8554.65 5.08  0.7782 0.6373 1.0126
OK 9.76 31.42 715.06 11.67  0.7269 0.0864 1.0000
NaK 8.14 18.23 1208.70  9.86  0.7452 0.2129 1.0058
CIK 7.13 10.35 1502.86 7.59  0.7813 0.4541 1.0150
RPG-3-2 PbM 56.29 10.20 10,954.87 495  0.8137 0.6424 1.0070
OK 31.07 72.88 4382.90 10.22  0.7625 0.1124 1.0000
RPG-3-3 PbM 65.89 13.44 14,470.56 477  0.7867 0.6506 1.0074
OK 24.09 63.63 332795 10.54  0.7352 0.0988 1.0000
RPG-3-4 PbM 62.57 12.63 12,639.38 4.89  0.7952 0.6409 1.0071
OK 27.66 72.32 3839.22 1041  0.7437 0.1063 1.0000
RZG-13 RZG-13-1 ZnK 54.63 22.86 5980.60 246  0.9496 0.9863 1.0527
OK 30.25 45.51 5229.29 10.01  0.8590 0.1250 1.0000
CIK 4.54 3.50 1946.86 493  0.8967 0.6849 1.0169
RZG-13-2 ZnK 49.39 19.17 684271 243 0.9535 0.9869 1.0542
CK 14.14 29.87 637.07 12.23  0.8450 0.0394 1.0000
OK 28.70 45.51 5229.29 10.01  0.8590 0.1250 1.0000
RZG-13-3  ZnK 65.36 31.55 6817.07 242  0.9407 0.9847 1.0500
OK 19.32 38.10 2708.60 10.21  0.8341 0.1280 1.0000
RZG-13-4 ZnK 79.28 48.49 6665.72 241  0.9284 0.9827 1.0470
OK 10.83 27.06 122554 1043  0.8123 0.1284 1.0000
RZPG-13 RZPG-13-1 ZnK 46.20 15.68 3470.65 2.58  0.9563 0.9874 1.0589
PbM 1.88 0.20 24232 1379 0.9058 0.6684 1.0311
CK 34.58 63.91 1006.25 11.34  0.8510 0.0471 1.0000
OK 12.30 17.06 880.44 1095  0.8647 0.0910 1.0000
RZPG-13-2 ZnK 55.90 25.50 6509.54 255 0.9388 0.9812 1.0645
PbM 6.65 0.96 1220.86  7.00  0.8768 0.6202 1.0288
OK 12.74 23.75 1619.28 10.61  0.8307 0.1052 1.0000
RZPG-13-3 ZnK 27.99 11.96 2014.11 3,55  0.9279 0.9700 1.1219
PbM 28.63 3.86 325331 522 0.8596 0.6602 1.0147
RZPG-13-4 ZnK 23.34 9.55 257326 336 0.9348 0.9723 1.1284
PbM 26.69 3.45 4708.75 497  0.8704 0.6724 1.0146

ratory conditions. The highest percentage reached 72.6%,

and the retained water group’s value was slightly higher than
that of the isolated water group (66.9%), which appeared to
have a Zn oxide component of 12.2%.
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Table 3 Phase analysis data of hydrolysis products in the NaCl-Pb-Zn-H,O system under aqueous conditions

Sample Laurionite ~ Smithsonite Cerussite  Zincite (ZnO) Plattnerite Simonkolleite Hydrocerussite Rock salt (NaCl)
(PbCI(OH)  (ZnCO5) (PbCO3) (PbO) (Zns(OH)4Cl,H,0)  (Pb3(CO5),(OH),)
RPG-3 10% - 53% - - - 71.7% 13%
RPR-3 7.4% - 2.8% - - - 75.4% 14.4%
RZG-13 - - - 12.2% - 66.9% - 20.8%
RZR-13 - - - - - 72.6% - 27.4%
RZPG-13 - 8.7% 2.5% 4% 7% 56.7% 18% 4.5%
RZPR-13 - 9.6% 2.5% 5.6% - 51.4% 18.6% 12.4%
Fig. S The graphs depict the 800 — 100 )
metal content in the supernatant 4
(a) and the precipitation rate (b) =50 b 2 < 8oy
following hydrolysis in the third € il j‘g’ r
and fourth experimental groups g I S 60 .\'
T 400 | o = r ' -
é § 40 t S
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—@—Zn of experiment 4 Zn of experiment 4
®o 1 3 5 7 8 1 13 % 3 5 7 9 11 13
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Fig. 6 The graphs depict the 600 — 100
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(a) and the precipitation rate (b) ,/ g o
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and sixth experimental groups s g 60
E —=&— Pb ofexperiment 5 =
‘g —&— Znof experiment 5 E 40 F X .
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" o —&— Zn of experiment 5
—®— Znof experiment 6 - 2
20 —e— Pb of experiment 6
& Zn of experiment 6
O 0 1 L 1 & 1 1 1 1 1 1 1

Time(d)

3.3 Pb, Zn-NaCl-H,O system
3.3.1 ICP-OES test results

Collectively, the extent of hydrolysis of Pb and Zn ions as
a function of time shows considerable variation across dif-
ferent systems.

The degree of hydrolysis of metal ions in the isolated
water group decreased over time (Fig. 6). Notably, the
hydrolysis of Pb ions was less influenced by time progres-
sion. The maximum hydrolysis extent reached 91.7%, but
the hydrolysis rate on the final day (72.8%) was the lowest.
Overall, the trend in the degree of hydrolysis for Pb ions
remained relatively stable. The hydrolysis rate of Zn ions is
higher than that of Zn-NaCl-H,O (with the maximum pre-
cipitation rate reaching 76%), but the difference in the lowest
hydrolysis rate is not significant over time (45.6%).
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The hydrolysis rates of the two metal ions in the retained
water group exhibited a decreasing trend over time. Notably,
the maximum hydrolysis rate of Pb ions was significantly
lower (only 78.3%) compared to that in the isolation water
group. However, the rate of decrease slowed over time, with
the minimum hydrolysis rate reaching 64.8%. On the other
hand, the hydrolysis behavior of Zn ions exhibited a sig-
nificant decrease in maximum hydrolysis rate from 76% to
54.9%. Similar to Pb ions, the trend in the hydrolysis rate of
Zn ions also showed a marked deceleration, with the low-
est observed hydrolysis rate being 49.1%, marginally higher
than that of the control group.

3.3.2 SEM and EDS test results

In the Pb-Zn-NaCl-H,O system, the precipitates formed dur-
ing hydrolysis experiments predominantly coalesced into
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Fig. 7 Electron microscope
images of the hydrolysis prod-
ucts from the Pb-Zn-NaCl-H,0
system: (a) and (b) localized
scanning images of hydrolysis
samples from Experiment 2;
(¢) and (d) localized scanning
images of hydrolysis products
from Experiment 4; (e) and
(f) localized scanning images
of hydrolysis products from
Experiment 6

WD: 15.01 mm

| Date(midly): 07/06/24 |

SEM HV: 20.0 kV
View field: 210 ym
SEM MAG: 1.32 kx  Date(m/dly): 07/06/24

Det: BSE 50 um
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View field: 164 ym |
Performance in nanospace
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irregular block-like aggregates, with morphological char-
acteristics similar to those observed in the Pb-NaCl-H,O
system. The individual crystal particles were of moderate
size (Fig. 7e, f) and displayed a diverse range of shapes,
including granular, elongated, and flaky forms. The primary
constituents were lead and zinc hydroxides, accompanied by
minor carbonate components (Table 2). Taking the RZPG-
13 sample as an example, PbO and ZnO are the primary
constituents. The relative proportions of Pb and Zn elements
show spatial variability, with Zn being predominant in most

Det:BSE  20pm

regions. Elemental analysis was conducted at selected points
along the edges, revealing that Pb constitutes 28.63%, Zn
27.99%, and O 15.01%.

Notably, carbon (C) constitutes a significant proportion
in all three systems, suggesting the presence of carbonate
components in the products. The precise mineral types will
be identified through subsequent physical phase analysis.
Given that the solution employed was sodium chloride
(NaCl), despite thorough rinsing, trace amounts of Na and
Cl elements remained in the precipitate.

@ Springer



178

Acta Geochim (2026) 45:168-184

Fig. 8 XRD diffractogram:
XRD diffraction patterns of the
isolated water phase (A) and the
retained water phase (B) in the
Pb-NaCl-H,O system; XRD dif-
fraction patterns of the isolated
water phase (C) and the retained
water phase (D) in the Zn-NaCl-
H,O0 system XRD diffraction
patterns of the isolated water
phase (E) and the retained water
phase (F) in the Pb-Zn-NaCl-
H,0 system

3.3.3 XRD test results

Comparing the diffractograms of the precipitate samples
from the two experimental groups showed that there is
no significant difference in the angular distribution of the
main peaks. This observation indicates that the variations in
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crystal morphology and the primary mineral compositions
between the samples are minimal. However, the diffraction
intensity of the isolated water group in this system is margin-
ally lower than that of the retained water group. Conversely,
the half-height width of the isolated water group is notably
higher. This suggests that, within the Pb and Zn-NaCl-H,O



Acta Geochim (2026) 45:168-184

179

system, the crystals of the isolated water group generally
exhibit larger grain sizes and higher numbers than those of
the retained water group.

As shown by the results of the physical phase analysis
(Table 3) and the XRD diffraction pattern (Fig. 8E, F),
the primary mineral constituents in the precipitated sam-
ples of the Pb, Zn-NaCl-H,O system are simonkolleite
[Zn5(OH)3Cl,H,0] and hydrocerussite [Pb;(CO5),(OH),].
These findings align with those observed in the single-metal
systems. The content of simonkolleite is approximately
between 50% and 60%, while the hydrocerussite is around
20%. The ratio of Pb to Zn precipitates is close to 6:2 in both
reaction groups. However, compared to the Pb-NaCl-H,O
and Zn-NaCl-H,0 systems, this system exhibits more com-
plex mineral phases. The oxides of Pb and Zn range from 4%
to 7%, and the carbonate products range from 2.5% to 9.6%,
with significantly higher levels of Zn than Pb.

4 Discussion

4.1 Effect of different systems on the hydrolysis
reaction of Pb and Zn

Combining the results from various sets of experimental
tests, it is evident that the hydrolysis products of Zn exhibit
a higher re-solubility compared to Pb in both systems. This
characteristic is largely unaffected by whether the hydrolysis
products remain in contact with the solution post-hydrolysis.
This observation is reflected in the significant disparity in
metal ion precipitation rates observed between Zn and Pb in
the solution sample tests. Compared with the Pb-NaCl-H,O
and Zn-NaCl-H,O systems, the Pb and Zn ions in the Pb-
Zn-NaCl-H,O system exhibit varying degrees of inhibition
over time, with lead ions being significantly more affected
than zinc ions. In the Pb-NaCl-H,O system, lead ions dem-
onstrate a consistently high degree of hydrolysis that remains
largely unaffected by temporal changes or post-hydrolysis
conditions, which can be considered negligible. However,
in the Pb and Zn-NaCl-H,O system, the situation changed
markedly, with the precipitation rate decreasing from over
99%—64.8%. The loss of hydrolysis products became particu-
larly pronounced, especially when the hydrolyzed material
remained in contact with the solution post-hydrolysis.

Combined with previous studies (Zhang et al. 2016;
Wang et al. 1995) and the analysis of test results, the fol-
lowing may be the reasons.

(1) In the Pb-Zn-NaCl-H,O system, the presence of two
metal ions under identical environmental conditions
induces a common ion effect. During the reaction, dis-
tinct metal cations compete for H* ions in the envi-

ronment, ultimately leading to a reduced degree of
hydrolysis for both ions;

(2) With the passage of time, the quantity of hydrolysis
products of Pb and Zn ions diminishes to a certain
extent. Prolonged exposure to retained water exacer-
bates this loss, and the "re-dissolution phenomenon"
may be the primary factor contributing to this out-
come. After hydrolysis, prolonged contact between
the hydrolysis products and the solution will facilitate
the reverse reaction, leading to a certain degree of re-
dissolution of the hydrolysis products. Furthermore,
as a reversible chemical reaction, the hydrolysis reac-
tion’s equilibrium constant is a crucial parameter in
determining its final extent. In a fluid environment,
hydroxide ions play a predominant role. Based on the
balanced Eq. (5) for the hydrolysis reactions of Pb and
Zn, a higher concentration of hydroxide ions coupled
with a smaller K value indicates a less favorable reac-
tion, resulting in a lower degree of reaction comple-
tion. The hydrolysis process generates acidic products.
After the reaction has proceeded to completion, the
hydrolysis products remain in a weakly alkaline envi-
ronment. Therefore, the concentration of hydrogen
ions in this environment gradually increases. Com-
pared with isolated water molecules, the system will
tend to favor the reverse reaction, which consumes
hydrogen ions. In conjunction with the influence of
temporal factors, the quantity of ultimately retained
hydrolyzed products progressively diminishes. This
observation aligns with prior verification that lower
temperatures result in reduced acidity and a shorter
duration for irreversible hydrolysis reactions. (Wang
et al. 1995; Knauss et al. 2001). Based on the metal-
ion-rich acidic solutions configured in prior studies,
the concentration of Zn ions in the Zn-NaCl-H,O sys-
tem is significantly higher than that of Pb ions in the
Pb-NaCl-H,O system. According to Le Chatelier’s
principle, any change in a condition affecting equi-
librium will result in a shift of the equilibrium in a
direction that tends to counteract this change.

4.2 Morphological characterization and mineral
composition of Pb and Zn hydrolysis product

Currently, researchers have proposed a preservation mech-
anism for the crystal orientation of reactants: when the
product and reactant exhibit a matching epitaxial adhe-
sion relationship during the dissolution-reprecipitation pro-
cess, the supersaturation threshold of the product can be
reduced. This change in growth mechanism to two-dimen-
sional nucleation facilitates uniform lamellar growth of
the product on the reactant, thereby promoting the transfer
and preservation of crystallographic information (Putnis
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2009; Brugger et al. 2010; Ruiz-Agudo et al. 2014). This
understanding necessitates further substantiation through
systematic micro- and nanoscale mineral lattice investiga-
tions (Li et al. 2024). The carbonate mineral-fluid reaction
proceeds as a progressive, stage-like process of dissolution
and reprecipitation, transitioning from a state of disequi-
librium to equilibrium. This transition should be effec-
tively characterized by surface microzonation and com-
positional zonation studies. In this experiment, scanning
electron microscopy was employed to capture images of the
hydrolysis products, thereby acquiring essential informa-
tion regarding the crystal morphology of these products.
This data will facilitate a more accurate reconstruction of
the Pb and Zn hydrolysis processes.

Based on the BSE images of hydrolysis products obtained
under various systems, the crystal sizes of the precipitates
generated under different conditions generally range from 40
to 120 pm in length and from 25 to 60 pm in width. Notably,
there are significant differences in the crystal morphology of
minerals corresponding to different metal elements.

In the Pb-NaCl-H,O system, hydrocerussite
[Pb;(CO5),(OH),] exhibits small grain sizes with non-
uniform morphology. Most grains display unidirectional
elongation and agglomeration, featuring uneven surfaces
with localized granular regions and incomplete structures.
The distribution of mineral compositions is heterogene-
ous. However, under crystalline conditions, a few crystals
develop into acicular and fibrous forms, showing more uni-
form mineral compositions and a significant enhancement
in effective mineral content. Given the limited number of
crystallographic studies on hydrocerussite, we utilize white
cerussite, which has a similar composition, for comparative
analysis. In nature, cerussite typically occurs as a second-
ary oxidation mineral of galena. Its single crystals are com-
monly observed in short columnar and conical forms, while
its aggregates develop into dense masses, stalactites, and
nodules (Bai 2017). Comparing the crystal characteristics of
the precipitates obtained in this experiment (Fig. 6a, b), they
exhibit a close match in grain size and crystal morphology.
However, notably, laboratory conditions are significantly dif-
ferent from the natural mineral growth environment. There-
fore, the aggregate form does not exhibit more pronounced
nodule- or earth-like morphologies. However, its primary
mineral composition is Pb;(CO;),(OH),, accompanied by
significant amounts of lead carbonates and oxides. Despite
this, its characteristics remain highly consistent with the for-
mation mechanism of cerusite.

Compared to the Zn-NaCl-H,O system, the grain size
of simonkolleite [Zns(OH)34CIl,H,0] in the Pb-NaCI-H,0
system is notably larger. The morphology exhibits a more
uniform structure, predominantly characterized by two-
dimensional extension with smooth and elongated features.
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This results in the development of sheet- and plate-like
crystals, displaying a clear hierarchical organization. The
mineral composition is evenly distributed, and the crystal
forms are well defined. Notably, the carbonate composi-
tion in this system has been significantly reduced compared
to the Pb-NaCl-H,O system, which aligns with the find-
ings from the physical phase analysis. In natural settings,
hydrozincite commonly occurs in the oxidized zones of
Zn-rich veins and is categorized among common secondary
carbonates such as hydrocerussite. Hydrozincite crystals
typically manifest as thin strips or flakes, rarely forming
large crystals. The overall morphology is characterized by
flattened or elongated slabs, while the aggregate form is
predominantly massive and dense (Zhao 2017). The crystal
characteristics of the zinc chlorate ore obtained from the
contrast experiment (Fig. 6¢, d) exhibit fundamental con-
sistency in terms of crystal morphology. Given that the pre-
cipitate is composed of various oxides and hydroxides, the
crystal size is marginally larger than those formed under
natural conditions.

The morphology of the mixture of hydrozincite,
Zns(OH)4CI,H,0, and hydrocerussite, Pb;(CO;),(OH),,
in the Pb-Zn-NaCl-H,O system exhibits distinctive charac-
teristics. Unlike the two aforementioned systems, the grain
size distribution in this system is non-uniform, intermedi-
ate between the other two systems. The crystal morphology
closely resembles that observed in the Pb-NaCl-H,O system,
with some regions developing a scale-like crystalline pattern
while most areas exhibit granular structures. The surface
texture is uneven, yet the overall crystal growth remains uni-
directionally extended, albeit with more complete crystal
forms. The mineral composition is predominantly charac-
terized by Zn ions, which account for 50%—-70% in most
regions. Pb ions range from 3% to 29%, except in the mar-
ginal flaky highlighted areas where carbonate minerals are
also significant and Pb ions are predominant. The similarities
and differences between the natural crystals of simonkolleite
and hydrocerussite, as well as those obtained experimentally,
have been thoroughly examined in the discussion of the first
two systems and will not be reiterated here.

In summary, the crystal growth of hydrolysis products
under various systems generally adheres to a specific pat-
tern. Specifically, Pb oxide crystals exhibit smaller dimen-
sions with an irregular surface and unidirectional elongation.
In contrast, Zn oxide crystals are characterized by larger
dimensions, well-defined morphology, and bidirectional
extension. In the Pb-Zn-NaCIl-H,O system, the Pb-Zn
hydroxide crystals exhibit characteristics of crystal forms
intermediate between those of lead and zinc hydroxides,
with grain sizes also falling within this intermediate range.
Moreover, the distribution of mineral components is notably
heterogeneous.
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4.3 Dynamic processes and geological significance
of hydrolysis reactions of Pb and Zn

The Pb-Zn hydrolysis reaction in this experiment was
conducted by introducing an appropriate concentration of
alkaline solution into the metal-rich acidic solution. This
facilitated the transformation of Pb and Zn ions from their
chloro-complex state, which is characterized by extensive
and long-distance migration, to an insoluble oxide state
that is more stable and easier to preserve. The objective
was to simulate the initial metal precipitation stage of
Pb-Zn deposit formation, specifically the geological pro-
cess where metal-ion-rich acidic fluids enter the ore-host-
ing space primarily composed of carbonate rocks under the
influence of tectonic stress. It is intended to simulate the
initial metal unloading stage of the mineralization process,
the acidic fluid containing a large number of metal ions
entering the carbonate rock-based ore-holding space under
tectonic stress.

From the T-1gK and P-IgK phase diagrams (Fig. 9) of
the complexes, it is evident that the stability of the chlorine
complexes of Pb and Zn is significantly higher at high tem-
peratures compared to low temperatures. Consequently, the
chlorine complexes of Pb and Zn, which are stable under
room temperature and normal pressure conditions, are
expected to exhibit enhanced stability in high-temperature
and -pressure environments. Moreover, the stability of the
chlorine complexes under the metallogenic temperature and
pressure conditions of HZT-type deposits shows relatively
minor variations. Therefore, despite the discrepancy between
the actual geological evolution and the ambient temperature
and pressure conditions of this experiment, the conclusions
derived from the experiment remain equally applicable to
this type of deposit within the range of mineralization tem-
peratures and pressures.

Based on the results of the physical phase analysis
obtained (Table 3) and the results of previous research
(Zhang et al 2016; Yang et al. 1999; Liu et al 1984), the
following inferences are made about the chemical dynamic
processes of the two main hydrolysis products of Pb and Zn:

Under medium-alkaline and high ionic activity con-
ditions, a significant quantity of metal ions, present as
chloride complexes, undergo rapid stepwise hydrolysis,
releasing hydrogen ions (see reaction formulae 1-4).
Consequently, Pb and Zn precipitate as hydroxides and
oxides. To simulate the actual geological mineralization
process more accurately, the experiment was conducted
in an open system. This allowed atmospheric CO, to dis-
solve in the solution, forming carbonate ions (Eq. 6),
which subsequently reacted with both the pre-formed Pb
and Zn hydrolysis products and the remaining Pb and Zn
ions (Egs. 7-8), leading to the formation of Pb and Zn
carbonate minerals. With the combined influence of car-
bonate ions (the predominant factor) and hydroxide ions
in solution, lead carbonate will progressively transform
into basic lead carbonate (Eq. 9) over an extended period
(Dong 2012). In the presence of a high concentration of
chloride ions in solution, the hydrolysis reaction proceeds,
causing the solution to become acidic. Zinc carbonate is
consequently transformed into hydrozincite (Eq. 10). Over
time, hydrozincite in an acidic environment will convert
into simonkolleite via reaction (Eq. 11). Additionally,
any remaining zinc oxide in the solution reacts with the
resulting zinc chloride to further produce simonkolleite
(Eq. 12).

CO, + H,0 © H,CO, (©)
CO;™ +Pb** & PbCO;4 7
CO;™ +Zn** « ZnCO, (8)
2CO5™ + 3Pb* + 20H™ & Pb,(CO;),(OH), )

5ZnCO; + 6H™ + 3CO;™ — Zns(CO5),(OH), + 6CO, 1
(10)

2[ZnCO; - Zn,(OH), - H,0] + 4HCI + H,0

— Zns(OH)8CL,H,0 + ZnCl, + 4H,0 + 2CO, 1 (11)

Fig. 9 Effect of temperature
pressure on complex stability
(modified from Reed 2006).

a t-1g K plot for complexes
(P=280.00 MPa); b P-Ig K plot
for complexes (=200 °C),

as referenced by Zhang et al.
(2019a, b)
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ZnCl, + 4Zn0O + 5H,0 — Zny(OH)8CL,H,0 (12)

The experimental results demonstrate that the duration
required for hydrolysis to achieve complete metal unload-
ing is relatively brief. As a semi-enclosed environment,
the ore-hosting space possesses the capacity to retain a
sufficient volume of fluid, thereby ensuring the hydrolysis
reaction proceeds to completion. By comparing the two
experimental groups, it was found that despite a certain
degree of re-dissolution occurring post-hydrolysis, the
preserved precipitates still maintain a very high effective
mineral content. This condition is conducive to storing a
large quantity of metal precipitates. Therefore, hydrolysis
isolation in a single-metal system has greater significance
for retaining metal precipitates. The hydrolysis products of
Pb and Zn exhibit distinct crystallization patterns in vari-
ous systems. Zn hydroxide crystals display a more com-
plete morphology and retain a higher hydroxide content
compared to Pb hydroxide. In mixed systems, Zn hydroly-
sis products are predominant; however, the presence of Pb
significantly influences the morphology of the resulting
crystals.

5 Conclusion

The synthesis of the above experimental data and analy-
sis results on the dynamic process of Pb and Zn hydrolysis
under different systems yielded the following conclusions:

(1) In the hydrolysis processes of different systems, sig-
nificant variations are observed in both the hydrolysis
behavior and influencing factors. For single-metal sys-
tems, the impact of time on Pb ion hydrolysis is mini-
mal, whereas Zn ions exhibit a clear trend of decreasing
solubility over time. This suggests that the hydrolysis
products of Zn are more prone to re-dissolution com-
pared to those of Pb. In mixed systems, there is an
observable inhibitory effect on the hydrolysis of both
Pb and Zn ions. Specifically, Zn ions demonstrate a
stronger tendency for hydrolysis relative to Pb ions.

(2) The hydrolysis products of Pb and Zn primarily con-
sist of hydroxide precipitates with carbonate compo-
nents. The mineral composition and crystallization
characteristics of the hydrolysis products from differ-
ent metal ions show certain variations. Specifically,
in the Pb-NaCl-H,O system, the hydrolysis products
feature finer grains, predominantly agglomerated crys-
tal structures, uneven crystal surfaces, unidirectional
crystal growth, and a significant proportion of carbon-
ate in the mineral composition. The hydrolysis products
of the Zn-NaCl-H,O system exhibit larger grain sizes,
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with crystal morphology predominantly characterized
by acicular and fibrous structures. The hydrolysis prod-
ucts of the Pb, Zn-NaCl-H,O system exhibit crystalline
characteristics consistent with both Pb and Zn hydrox-
ides. Apart from the highly bright regions at the parti-
cle edges, most of the crystal structure demonstrates a
Pb to Zn hydroxide ratio of approximately 2:7, which
aligns well with the findings from phase analysis.

(3) The hydrolysis products of Pb and Zn maintained a
high effective mineral composition across all systems.
However, the homoionic effect observed in the Pb and
Zn-NaCl-H,O systems had a more significant impact
on the hydrolysis of Pb ions. In contrast, the isolation
of the fluid environment following the completion of
hydrolysis is more conducive to the preservation of
hydrolysis products, thereby minimizing the extent of
re-dissolution that may occur over time in this environ-
ment. The hydrolysis products mainly go through three
stages of oxides/hydroxides — carbonates — alkali car-
bonates. Ultimately, the precipitates of the three min-
eral forms will coexist; however, the alkali carbonate
precipitates will dominate. In the Pb—Zn-NaCl-H,0O
system, the ratio of Zn and Pb alkali carbonate products
is 6:2.
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