
Hygroscopic Properties of Saline Mineral Dust From
Different Regions in China: Geographical Variations,
Compositional Dependence, and
Atmospheric Implications
Mingjin Tang1,2,3 , Huanhuan Zhang1,2, Wenjun Gu1,2, Jie Gao4, Xing Jian5 , Guoliang Shi4,
Bingqi Zhu6 , Luhua Xie7, Liya Guo1,2, Xiaoyan Gao1 , Zhe Wang8 , Guohua Zhang1 , and
Xinming Wang1,2,3

1State Key Laboratory of Organic Geochemistry and Guangdong Key Laboratory of Environmental Protection and
Resources Utilization, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China,
2University of Chinese Academy of Sciences, Beijing, China, 3Center for Excellence in Regional Atmospheric
Environment, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen, China, 4State Environmental
Protection Key Laboratory of Urban Ambient Air Particulate Matter Pollution Prevention and Control, College of
Environmental Science and Engineering, Nankai University, Tianjin, China, 5State Key Laboratory of Marine
Environmental Science, College of Ocean and Earth Sciences, Xiamen University, Xiamen, China, 6Key Laboratory of
Water Cycle and Related Land Surface Processes, Institute of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences, Beijing, China, 7Key Laboratory of Ocean and Marginal Sea Geology, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences, Guangzhou, China, 8Department of Civil and Environmental
Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong

Abstract Saline mineral dust particles, emitted from saline topsoil in arid and semiarid regions,
contribute significantly to tropospheric aerosol particles. However, hygroscopic properties of saline
mineral dust particles, especially for those found in regions other than North America, are poorly
understood. In this work we investigated hygroscopic properties of 13 saline mineral dust samples collected
from different locations via measuring sample mass change at different relative humidity (RH; up to 90%),
and measured their chemical and mineralogical compositions using ion chromatography and X‐ray
diffraction. The mass growth factors at 90% RH, defined as the sample mass at 90% RH relative to that at <1%
RH, were found to display large geographical variations, spanning from ~1.02 to 6.7, and the corresponding
single hygroscopicity parameters (κ) were derived to be in the range of <0.01 to >1.0. The saline
components (mainly Na+, Cl−, and SO4

2−) contained by saline mineral dust particles largely determined
their hygroscopicity, and the predicted mass growth factors at 90% RH using an aerosol thermodynamic
model (ISORROPIA‐II), agreed with measured values within 20% for most of samples examined, although
larger discrepancies also occurred for three samples. Our results improve our understanding in
hygroscopicity of saline mineral dust particles and thus their heterogeneous chemistry and ability to serve as
cloud condensation nuclei to form cloud droplets.

1. Introduction

Mineral dust aerosol, emitted from arid and semiarid areas with a flux of around 2,000 Tg per year, is one of
the major types of aerosol particles in the troposphere (Ginoux et al., 2012; Huneeus et al., 2011; Textor et al.,
2006) and has significant impacts on air quality, radiative forcing, and biogeochemical cycles. It scatters and
absorbs solar and terrestrial radiation (Balkanski et al., 2007; Chen et al., 2017; Di Biagio et al., 2017; Huang
et al., 2015), and affects the formation and properties of clouds as well as precipitation via serving as cloud
condensation nuclei (CCN; Karydis et al., 2017; Kumar et al., 2011; Tang et al., 2016) and ice‐nucleating par-
ticles (Creamean et al., 2013; Cziczo et al., 2013; Murray et al., 2012; Tang et al., 2016). Heterogeneous reac-
tions of mineral dust aerosol would significantly change the abundance of reactive trace gases in the
troposphere and also contribute to the formation of secondary particulate matters, such as nitrate and sulfate
(Dupart et al., 2012; He et al., 2014; Laskin et al., 2005; Li & Shao, 2009; Romanias et al., 2016; Tang et al.,
2017; Usher et al., 2003; Wang et al., 2013; Zhang & Iwasaka, 1999). Furthermore, deposition of mineral dust
is known to be an important source of Fe and P in open oceans, largely controlling biogeochemical cycles in
these regions (Conway & John, 2014; Jickells et al., 2005; Li et al., 2017; Mahowald et al., 2011; Mahowald et
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al., 2018). Dust particles are mainly composed of minerals with low hygroscopicity, including quartz, feld-
spar, carbonate, iron oxides, illite, kaolinite, and montmorillonite (Engelbrecht et al., 2016; Formenti et
al., 2011; Ito & Wagai, 2017; Journet et al., 2014; Nickovic et al., 2012; Rodriguez‐Navarro et al., 2018;
Shao et al., 2007). Therefore, fresh mineral dust particles are usually considered to be rather nonhygroscopic,
and the single hygroscopicity parameters, κ, are typically found to be smaller than 0.01 (Herich et al., 2009;
Koehler et al., 2009; Ma et al., 2010; Sullivan et al., 2009; Tang et al., 2016).

In addition to minerals with low hygroscopicity, mineral dust particles, especially for these emitted from
playas (i.e., dry lakebeds), may contain substantial amount of soluble materials (Abuduwaili et al., 2008;
Abuduwaili et al., 2010; Gillette et al., 1992). For example, in the area of Lake Ebinur (Xinjiang, China),
deposited aerosol particles were found to contain 10–25% of soluble salts by mass. In fact, despite their rela-
tively small geographical coverage, playas have been identified as an important source of mineral dust aero-
sol over the globe (Gill, 1996; Prospero et al., 2002). Due to increasing demand in water and climate change,
lakes in arid and semiarid regions, such as the Aral Sea and the Caspian Sea, are shrinking, and therefore,
mineral dust aerosol emitted from playas may become more important in the future. In addition to playa
soils, normal soil in arid and semiarid regions also contain some amount of soluble materials (Wang et al.,
2012; Zhu, 2016a, 2016b). For example, the mass fraction of soluble salts were found to range from 0.28%
to 14.78% for surface materials collected in the Gobi desert (Wang et al., 2012), and sulfate, which was sug-
gested to derive directly from soil, could contribute to about 4% to particle mass during a dust storm event at
the Taklimakan desert (Wu et al., 2012). Although the salinity of normal soil can be much lower than playa
soil, it can be a very important source for aeolian soluble materials due to its much larger
geographical coverage.

The presence and impacts of saline mineral dust aerosol, though much less explored when compared to nor-
mal mineral dust, have been recognized by a number of studies. Playa‐derived materials were identified in
Saharan dust plumes over the Atlantic (Formenti et al., 2003), and analysis of individual aerosol particles col-
lected in Beijing during a dust storm revealed that some particles were enriched in S, Cl, and Na (Zhang et al.,
2009), very likely to derive from playas and saline soils. In fact, two Asian dust reference samples were found
to contain significant amount of water‐soluble materials (Osada, 2013). Another study (Blank et al., 1999)
suggested that aeolian dust over a saline playa in Nevada (USA) contained substantial amount of water‐solu-
ble ions. Residues of cloud droplets in orographic wave clouds over Wyoming (USA) were found to contain
soluble inorganic salts (Pratt et al., 2010), indicating that saline mineral dust particles emitted from playas
may play an important role in cloud formation in continental regions with limited marine influence.
Saline mineral dust emitted from soil in western United States and Mexico may contribute significantly to
particulate Na+ and Cl− observed in Colorado (USA), although its contribution relative to the marine source
remained to be precisely differentiated (Jordan et al., 2015). A recent study (Frie et al., 2017) concluded that
saline dust emitted from playas could contribute 8.9% to the daily PM10 mass for coastal regions along the
Salton Sea (California, USA). Furthermore, saline mineral dust aerosol was also observed in many other
regions, such as Argentina (Bucher & Stein, 2016) and Iran (Gholampour et al., 2015), indicating its
global occurrence.

Despite important roles that saline mineral dust aerosol may play, hygroscopic properties of saline mineral
dust from different sources, as only explored in a few previous studies (Gaston et al., 2017; Koehler et al.,
2007; Pratt et al., 2010), remain poorly understood, precluding an in‐depth understanding of its environmen-
tal and climatic effects. Koehler et al. (2007) investigated hygroscopic growth and cloud condensation
nucleation of saline mineral dust particles collected from topsoil in the Owen Lake region (California,
USA), and found that submicron dust particles consisted of at least two types of particles with distinct hygro-
scopicity. In a following study, Pratt et al. (2010) examined the CCN activity of dust particles collected from
the surface of Owens Lake, and the average κ value was measured to be 0.84 ± 0.10. Very recently, Gaston et
al. (2017) measured CCN activities of several saline mineral dust samples originating from different regions
in southwestern and western United States. The measured κ values displayed large variation, ranging from
0.002 ± 0.001 to 0.818 ± 0.094, and good correlation between hygroscopicity and mass fractions of soluble
materials was observed (Gaston et al., 2017). It can be expected that saline mineral dust from different
regions would have various salinity and thus exhibit different hygroscopicity. However, as discussed above,
only a very limited number of previous studies have examined hygroscopicity of saline mineral dust samples
from North American, and hygroscopic properties and CCN activities of saline mineral dust samples from
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other regions are unknown. As a result, knowledge of hygroscopicity of
saline dust from other major mineral dust aerosol sources is
highly valuable.

Arid and semiarid areas are widely distributed in north and northwest
China, being a globally important source of mineral dust aerosol
(Ginoux et al., 2012; Huang et al., 2014; Zhang et al., 2003). To further
understand physicochemical properties of saline mineral dust and its
environmental and climatic impacts, in this work we investigated hygro-
scopic properties of 13 saline mineral dust samples originating from differ-
ent locations in China. Mineralogical and chemical compositions of these
samples were measured to examine the compositional dependence of
hygroscopic properties. In addition, we compared our measured hygro-
scopic growth to that predicted using a thermodynamic model. The atmo-
spheric implications of our work are also discussed.

2. Methodology
2.1. Sample Collection and Preparation

Thirteen saline mineral dust samples in total, originating from six differ-
ent provinces in China, were investigated in this work. General informa-
tion of these samples is given in Table 1, and locations where these
samples were collected are displayed in Figure 1. Five samples were certi-
ficated reference materials provided by Chinese Academy of Geological
Sciences, and the corresponding certificate numbers (e.g., GBW07449)
can be found in Table 1. Another seven samples were collected from

playas topsoil, and the last sample was collected from agricultural topsoil in the Yellow River Delta.

The following procedure was used to process the eight topsoil samples we collected: (i) topsoil samples were
first baked in an oven at 120 °C for 24 hr and then manually ground; (ii) they were sieved to remove particles
larger than 1 mm, and then ground in a ball mill until most particles were smaller than 74 μm; (iii) the sam-
ples were baked again in an oven at 120 °C for 24 hr; and (iv) after these samples were cooled down, they

Table 1
Overview of Mineral Dust Samples Examined in This Work

Province Sample Geographical
coordinates

Further
information

Xinjiang XJ‐1 N. A. GBW07449
XJ‐2 N. A. GBW07450
XJ‐3 92°49′17″E, 43°36′32″

N
Playas topsoil

XJ‐4 91°11′14″E, 42°39′54″
N

Playas topsoil

XJ‐5 89°14′42″E, 42°41′18″
N

Playas topsoil

XJ‐6 91°31′3″E, 42°37′16″N Playas topsoil
Inner Mongolia IM‐1 N. A. GBW07447

IM‐2 101°23′10″E, 41°59′38″
N

Playas topsoil

IM‐3 105°41′51″E, 38°50′42″
N

Playas topsoil

Qinghai QH N. A. GBW07448
Ningxia NX 105°0′33″E, 37°38′38″

N
Playas topsoil

Shaanxi SX N. A. GBW07454
Shandong SD 118°58′39″E, 37°45′36″

N
Agricultural

topsoil

Note. XJ‐1, XJ‐2, IM‐1, QH, and SX are certificated reference materials
provided by Chinese Academy of Geological Sciences, and the exact geo-
graphical locations where they were collected are not provided.

Figure 1. Geographical locations where samples used in this work were collected.
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were stored in sealed plastic jars for further characterization. The five certificated samples have been pro-
cessed by the supplier using a similar procedure, and therefore, they were used in our work without further
pretreatment.

2.2. Sample Characterization

In this work we measured chemical and mineralogical compositions and hygroscopic properties of saline
mineral dust samples, as described below.
2.2.1. Ion Chromatography Analysis
Around 20 mg soil powder was added into 20 mL ultrapure deionized water, and the mixture was stirred
using an oscillating table for 2 hr. The solution was then filtered through a 0.2‐μm PTFE membrane syringe
filter. Since ion concentrations were very high for some of the filtered solutions, those solutions were diluted
by a factor of 10 or 100 before ion chromatography (IC) analysis if necessary. A Metrohm 761 Compact IC
unit was employed in this work to analyze these solutions, and the analysis protocol could be found else-
where (Fu et al., 2014). Five cations (Na+, K+, Ca2+, Mg2+, and NH4

+) and seven anions (F−, Br−, Cl−,
NO2

−, NO3
−, PO4

3−, and SO4
2−) were analyzed. The detection limits were ~0.02 mg/L for these ions, and

NH4
+, F−, Br−, NO2

−, and PO4
3− were below detection limits for all the samples we examined.

2.2.2. X‐ray Diffraction Analysis
X‐ray diffraction (XRD) analysis was carried out using a Rigaku Ultima X‐ray diffractometer with Cu Kα‐
radiation at 40 kV, 2 mA, and a wavelength of 1.54 Å (Jian et al., 2019). Approximately 1 g sample was depos-
ited into the square trough (length: 20 mm, width: 16 mm, depth: ~0.9 mm) in a cleaned glass slide, firmly
pressed using another glass slide, and then transferred into the diffractometer. Scans were conducted for
2θ in the range of 5–65° with a resolution of 0.02° and a scanning speed of 4°/min, and thus, each scan took
approximately 15 min. Data processing and mineral identification were performed using the MDI Jade soft-
ware, and the K‐value method was employed to convert the diffraction intensity to relative mass in a
semiquantitative manner.
2.2.3. Hygroscopic Growth Measurements
Hygroscopic properties of saline mineral dust samples were investigated using a vapor sorption analyzer
(Q5000SA), which measured mass change of a sample as a function of RH at a constant temperature using
a highly sensitive balance. Measurements were all carried out at room temperature (25 ± 0.1 °C). Since
instrumental and operational details can be found in our previous work (Gu et al., 2017; Guo et al., 2019;
Tang et al., 2019), here we only provide a brief description of key features. The mass measurement range
and sensitivity were 0–100 mg and 0.01 μg, and the dry mass of samples examined in this work was in the
range of 1–10 mg, depending on their hygroscopicity. The mass change of an empty sample holder was mea-
sured simultaneously to remove the background. The sample was housed in a temperature‐regulated cham-
ber, and one dry nitrogen flow and one humidified nitrogen flow, regulated using to mass flow controllers,
were mixed and then delivered into the chamber to control the RH (0–98%). The deliquescence of NaCl, KCl,
and (NH4)2SO4 were routinely examined using this setup (Tang et al., 2019), and absolute differences were
found to be <1% between the measured and theoretical deliquescence RH, suggesting that the accuracy in
RH control could reach ±1%.

For each experiment, as the first step, the sample was dried at <1% RH; RH was then increased to 90% RH,
and at each step RH was increased by 10%; in the final, RH was returned to <1% to dry the sample again.
Only when the sample was in equilibrium with the environment, RH was changed to the next value; at a
given RH, the sample was considered to reach the equilibrium when its relative mass change was <0.05%
within 30 min. Figure 2 displays the change of RH and sample mass (relative to that at <1% RH, m/m0) in
two typical experiments. For each type of saline mineral dust examined in this work, at least three samples
were measured, and the average relative mass changes (and the corresponding standard deviations)
were reported.

2.3. Thermodynamic Calculations

One of the most widely used aerosol thermodynamic equilibrium models, ISORROPIA II (Fountoukis &
Nenes, 2007), was employed to calculate mass growth factors at 90% RH for saline mineral dust samples
examined in this work. A few other thermodynamic models are also available to predict aerosol hygroscopic
growth (Clegg et al., 1998; Topping et al., 2005), and ISORROPIA II was chosen in our work because it is
probably the most widely used one in the atmospheric chemistry community. Mass fractions of soluble
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ions, which were derived from ICmeasurement, were used as model input. In our work the model was run at
the “reverse” mode for which aerosol composition is known. For the “reverse mode,” we further run the
model under both “stable” and “metastable” conditions, and the calculated mass growth factors at 90%
RH were found to be identical under the two conditions. In addition, it was further assumed that the mass
growth of other contents (e.g., quartz, feldspar, clay minerals) was negligible at 90% RH (Gaston et al.,
2017; Tang et al., 2016); that is, hygroscopic growth of these samples were entirely attributed to soluble
inorganic contents measured using IC.

3. Results and Discussion
3.1. Mineralogical and Chemical Compositions
3.1.1. Mineralogical Composition
XRD was used to measure mineralogical composition of saline mineral dust samples explored in this work,
and in total 16 minerals have been identified. Figure 3 displays XRD spectra of XJ‐1, XH‐5, and IM‐3, and the
mass fractions of each mineral identified are summarized in Tables S1 and S2. As shown in Figure 3 and
Tables S1 and S2, major minerals identified include quartz, orthoclase, albite, muscovite, and calcite, and
these samples also contained significant amounts of clay minerals (e.g., kaolinite, chlorite, and illite) and
Fe‐containing minerals (e.g., hematite, goethite, and pyrite); in addition, aragonite, anhydrite, and rutile
were identified in XJ‐3, XJ‐6, and IM‐3, respectively. Mineralogical compositions of these samples were qua-
litatively consistent with those reported in literature for desert soils and mineral dust aerosols (Engelbrecht
et al., 2016; Formenti et al., 2014; Ito &Wagai, 2017; Journet et al., 2014; Shi et al., 2005), as similar minerals
have been identified in our work and these studies.

More importantly, XRD analysis revealed the presence of two highly soluble minerals, that is, thenardite
(Na2SO4) and halite (NaCl), in some of the samples investigated. While thenardite was identified only in
one sample (IM‐3), halite was identified in eight (XJ‐1, XJ‐3, XJ‐4, XJ‐5, XJ‐6, IM‐2, NX, and SD) of the 13
samples studied in this work. At around room temperature, NaCl and Na2SO4 would deliquesce at ~75%
and ~85% RH (Martin, 2000), respectively. Once deliquesced, the mass of NaCl and Na2SO4 would be sub-
stantially increased due to water uptake. The presence of halite and thenardite in these samples would have
important implications for their hygroscopic properties, as further discussed in section 3.2.
3.1.2. Chemical Composition
Ion chromatography was employed to analyze water‐soluble inorganic ions contained by saline mineral dust
samples investigated in this work, and the results are summarized in Table 2. The presence of NH4

+, F−, Br−,

Figure 2. Time series of RH (left y axis, black curve) andm/m0 (sample mass relative to that at <1% RH, right y axis, red
curve) in two typical experiments: (a) sample XJ‐5 and (b) sample IM‐1.
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NO2
−, and PO4

3− were negligible for all the samples, and only small amount of NO3
− was detected in a few

samples (i.e., XJ‐1, XJ‐4, and XJ‐5) with mass fractions found to be <0.3%. As shown in Table 2, the mass
fractions of soluble inorganic ions measured varied by more than 2 orders of magnitude, ranging from
<0.5% (i.e., XJ‐2 and SX) to >84% (NX). Among the four cations identified, Na+ was usually the most
abundant one, and the contribution of Ca2+ and Mg2+ could be significant and even dominant for a few
samples, while K+ was minor. For anions, Cl− and SO4

2− were the two major components, and their
relative contributions were highly variable. Gaston et al. (2017) analyzed 10 saline mineral dust samples
collected in North America, and found that cations were mainly contributed by Na+ or Mg2+ while anions
were mainly contributed by Cl− or SO4

2−. The chemical compositions of saline mineral dust in North
America were qualitatively similar to those in China.

3.2. Hygroscopic Properties

Mass changes were measured as a function of RH (up to 90%) for all the 13 saline mineral dust samples.
Tables S3–S5 compile mass growth factors at different RH (defined as the mass ratio at a given RH to that

at <1% RH) for all the samples, and their mass growth factors at
90% RH are shown in Table 3. Large variations in hygroscopic proper-
ties were observed for the samples investigated, and their mass
growth factors at 90% RH ranged from ~1.02 (SX) to ~6.7 (NX); in
other words, the mass increase at 90% RH, when compared to that
at <1% RH, increased from only ~2% to as large as ~5.7. For compar-
ison, the mass growth factors are 7.29 and 3.49 for NaCl and Na2SO4

at 90% RH, respectively (Clegg et al., 1998). A quartz crystal balance
was used to investigate mass change of China loess at different RH
(Navea et al., 2010), and the sample mass was increased by >15%
when RH increased from <1% to 70%. In our work one China loss
sample (the sample name is SX) was also studied, and as shown in
Table S5, when RH was increased from <1% to 70%, the sample mass
was only increased by ~1.2%, significantly smaller than that reported
by Navea et al. (2010). Chine loess samples used in these two studies
may have different chemical composition, and if so their hygroscopi-
city would differ; however, chemical composition of the China loess
sample used by Navea et al. (2010) was not reported, making it

Figure 3. XRD spectra of XJ‐1, XJ‐5, and IM‐3 samples. Ab = albite (3.21 Å), Cal = calcite (3.04 Å), Chl = chlorite (4.74 Å),
Goe = goethite (2.46 Å), Hem= hematite (2.71 Å), Hl = halite (2.00 Å), Kln = kaolinite (7.25 Å), Mus =muscovite (9.89 Å),
Or = orthoclase (3.26 Å), Py = pyrite (1.63 Å), Q = quartz (3.34 Å), Rt = rutile (3.24 Å), The = thenardite (2.78 Å).

Table 2
Mass Fractions (%) of Soluble Ions for Different Mineral Dust
Samples Examined in This Work

Sample Na+ K+ Ca2+ Mg2+ NO3
− Cl− SO4

2− Total

XJ‐1 4.47 0.10 0.02 1.18 0.21 2.96 12.08 21.01
XJ‐2 0.07 0.05 0.03 0.33 n. d. 0.00 0.02 0.49
XJ‐3 2.39 0.05 0.04 0.45 n. d. 0.93 4.97 8.83
XJ‐4 3.26 0.02 0.02 0.33 0.21 3.41 0.71 7.96
XJ‐5 24.07 0.04 0.48 0.55 0.29 21.45 9.73 56.62
XJ‐6 0.03 0.01 0.11 6.51 n. d. 0.00 34.11 40.77
IM‐1 0.76 0.05 0.04 0.44 n. d. 0.56 2.12 3.96
IM‐2 4.71 0.10 0.72 0.81 n. d. 2.29 14.13 22.77
IM‐3 13.43 0.04 0.04 0.92 n. d. 0.95 34.24 49.61
QH 0.06 0.05 0.04 0.40 n. d. 0.02 0.21 0.77
NX 35.37 0.15 0.34 0.06 n. d. 38.70 9.58 84.21
SX 0.03 0.04 0.03 0.35 n. d. n. d. n. d. 0.45
SD 2.65 0.03 0.41 1.90 n. d. 5.08 7.54 17.61

Note. n.d. = not detected.
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difficult to assess if the difference in measured hygroscopicity can be fully attributed to the difference in
chemical composition.
3.2.1. Effect of Mineralogical Composition
According to their hygroscopicity, the 13 samples examined in this work could be broadly classified into
three catalogues. Six samples, including XJ‐2, XJ‐3, XJ‐6, IM‐1, QH, and SX, belonged to the low‐hygrosco-
picity group, and their mass growth factors at 90% RH were ~1.03 or smaller. As shown in Tables S1 and
S2, no halite or thenardite was identified by XRD for XJ‐2, IM‐1, QH, and SX, and all the four samples fell
into the low‐hygroscopicity group, indicating that the presence of halite or thenardite, which were both
highly water‐soluble minerals, played important roles in determining the hygroscopic properties of saline
mineral dust. The medium‐hygroscopicity group contained five samples (XJ‐1, XJ‐4, IM‐2, IM‐5, and SD),
and their mass grow factors at 90% RH were in the range of 1.6–2.0. The high‐hygroscopicity group had
two samples (XJ‐5 and NX), with mass growth factors being ~4.9 and ~6.7 at 90% RH, respectively. Saline
mineral dust samples with medium and high hygroscopicity all contained substantial amount of halite or
thenardite, as Tables S1 and S2 suggested.

Figure 4 shows mass growth factors as a function of RH for six samples, and comprehensive information of
mass growth factors at different RH can be found in Tables S3–S6 for all the samples studied. For most of the
samples with medium or high hygroscopicity, significant mass growth occurred when RH was increased to
80% RH, and the corresponding mass growth factors were found to be >1.26 at 80% RH. This could be
explained by dominance of halite (NaCl) in the soluble minerals for these samples: NaCl would deliquesce
when RH exceeded its deliquescence RH (~75%), leading to significant increase in sample mass. The only
exception was IM‐3, for which mass growth factors were measured to be ~1.97 at 90% RH and ~1.14 at
80% RH, as shown in Figure 4 and Table S4; for comparison, the mass growth factors were 1.71–1.74 (smaller
than IM‐3) at 90% RH and 1.33–1.39 (larger than IM‐3) at 80% RH. As discussed in section 3.1.1, XRD ana-
lysis suggested that IM‐3 was the only sample which contained significant amount of thenardite (Na2SO4),
which would deliquesce at ~85% RH. As a result, when RH was increased from 70% to 80%, relative mass
increase was not as profound for IM‐3 as other samples with medium or high hygroscopicity.

It could be further concluded from data compiled in Tables S3–S5 that SD was the only sample whose mass
growth factor reached 1.16 at 70% RH, and at the same RH themass growth factors were smaller than 1.04 for
all the other samples. In fact, SD exhibited significant and continuous growth even at lower RH: for example,
its mass grow factors were found to be ~1.03 and ~1.08 at 30% and 60%, respectively. This is because SD con-
tained similar amount of soluble magnesium and sodium ions, and magnesium salts (e.g., MgCl2) would
deliquesce at considerably lower RH (Cziczo & Abbatt, 2000; Guo et al., 2019; Gupta et al., 2015). As magne-
sium salts might exist in amorphous states, they were not detected via XRD.

Table 3
Mass Growth Factors at 90% RH and Single Hygroscopicity Parameters (κ) of Saline Mineral Dust Samples Investigated in
This Work

Sample Hygroscopicity MGFm MGFc MGFc/MGFm κ

XJ‐1 Ma 1.6569 ± 0.0053 1.415 0.85 0.190
XJ‐2 La 1.0312 ± 0.0001 1.000 0.97 0.009
XJ‐3 L 1.2602 ± 0.0030 1.256 1.00 0.075
XJ‐4 M 1.7183 ± 0.0071 1.410 0.82 0.207
XJ‐5 Ha 4.9258 ± 0.0139 3.390 0.69 1.134
XJ‐6 L 1.1212 ± 0.0048 2.208 1.97 0.035
IM‐1 L 1.1237 ± 0.0008 1.121 1.00 0.036
IM‐2 M 1.7353 ± 0.0165 1.428 0.82 0.212
IM‐3 M 1.9732 ± 0.0200 2.313 1.17 0.281
QH L 1.0215 ± 0.0001 1.007 0.99 0.006
NX H 6.7060 ± 0.0227 5.064 0.76 1.648
SX L 1.0212 ± 0.0003 1.000 0.98 0.006
SD M 1.7910 ± 0.0471 1.624 0.91 0.229

Note. MGFm = measured mass growth factors at 90% RH, MGFc = calculated mass growth factors at 90% RH.
aAccording to their hygroscopicity, samples examined in this work were broadly classified into three catalogues
(L = low hygroscopicity, M = medium hygroscopicity, H = high hygroscopicity).
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However, a more quantitative relation between hygroscopic properties and mineralogical composition could
be not obtained. For example, Table S1 shows that the mass fraction of halite was 14% for XJ‐6, larger than
that for XJ‐4; however, as displayed in Table 3, the mass growth factor at 90% RH was ~1.12 for XJ‐6, signif-
icantly smaller than that for XJ‐4 (~1.72). The main reason is that XRD could only detect well‐crystallized
minerals (Nowak et al., 2018), and unidentified materials, some of which may be highly hygroscopic, could
be substantial. Furthermore, XRD analysis is at most a semiquantitative method, and therefore, the derived
mass fractions should be used with caution. As a result, in section 3.2.2 we further sought to explain the mea-
sured mass growth factors using mass fractions of soluble ions determined using IC.
3.2.2. Effect of Soluble Ions
The relationship between hygroscopic properties of saline mineral dust samples and their chemical compo-
sitions was explored. The dependence of mass growth factors at 90% RH onmass fractions of Na+ was plotted
in Figure 5a, revealing a good correlation (R2 = 0.957) between hygroscopic properties and mass fractions of
Na+; a similar correlation (R2 = 0.943) was found to exist between mass grow factors at 90% RH and the total
mass fractions of all the cations (i.e., [Na+] + [K+] + [Ca2+] + [Mg2+]), as shown in Figure 5b. This is under-
standable since Na+ was usually the major cation for saline mineral dust samples examined in this work.
Similarly, a good correlation (R2 = 0.974) between mass growth factors at 90% RH and mass fractions of
Cl− was found; for comparison, mass growth factors were well correlated with the sum of mass fractions
of Cl− and SO4

2−, if the two samples, XJ‐6 and IM‐3, were excluded from analysis. The reason may be that
SO4

2− were overwhelmingly dominated over Cl− for both XJ‐6 and IM‐3.

Overall, Figures 5 and 6 suggested in a qualitative manner that chemical composition played a key role in
hygroscopic properties of saline mineral dust. Similar conclusions were drawn by Gaston et al. (2017) for sal-
ine mineral dust in North America, who found good correlations between CCN activities and aerosol com-
position measured using aerosol time‐of‐flight mass spectrometry.

3.3. Discussion

To further explore the dependence of hygroscopic properties of saline mineral dust samples on their chemi-
cal composition, mass fractions of soluble ions (shown in Table 2) were used as input in the ISORROPIA‐II
model to calculate mass growth factors at 90% RH, and the calculated mass growth factors were then com-
pared with the measured values. The measured and calculated mass growth factors at 90% RH, as well as
their ratios, are summarized in Table 3 for the 13 samples investigated, and Figure 7 displays the comparison
between measured and calculated mass growth factors. As shown in Table 3 and Figure 7, the difference

Figure 4. Measured mass growth factors of six different saline mineral dust samples as a function of RH. (a) SX, IM‐1, and
XJ‐3 and (b) IM‐3, XJ‐5, and NX.
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between measured and calculated mass growth factors was found to be <20%, except XJ‐5, XJ‐6, and NX,
suggesting that overall ISORROPIA‐II performed reasonably well in predicting hygroscopic properties of
saline mineral dust samples. The calculated mass factors at 90% RH were 31% and 24% smaller than the
measured values for XJ‐5 and NX, respectively; in contrast, for XJ‐6, the calculated mass growth factor at
90% RH was 97% larger than the measured value.

Gaston et al. (2017) used ISORROPIA‐II to predict κ values for saline mineral dust samples collected in North
America, and compared predicted values with those derived from CCN activity measurements. Fairly good
agreement between prediction and measurement was found for most of the sample, although large discre-
pancies also existed for a few samples (Gaston et al., 2017). For example, the measured κ was

Figure 5. Dependence of measured mass growth factors at 90% RH on mass fractions of (a) Na+ and (b) total cations.

Figure 6. Dependence of measured mass growth factors at 90% RH on mass fractions of (a) Cl− and (b) Cl− plus SO4
2−

(XJ‐6 and IM‐3 were excluded from correlation analysis).
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0.052 ± 0.004 for one sample (TX Salt Basin Site S3), significantly larger
than the predicted value (0.001); on the other hand, κ were measured to
be 0.041 ± 0.006 and 0.033 ± 0.004 for another two samples (Great Salt
Lake “Puffy Soil” and Great Salt Lake “Salt Crust”), approximately 1 order
of magnitude smaller than corresponding predicted values (0.374 and
0.348, respectively). Overall, the agreement between measurement and
calculation appeared to be better in our present work, when compared
to the study by Gaston et al. (2017). Both studies used the bulk average
chemical composition, measured using IC, as input for thermodynamic
calculations; however, our work measured hygroscopic growth of bulk
samples, whereas Gaston et al. (2017) measured the CCN activities of aero-
sol particles, the chemical composition of which may be different from
those for the bulk samples. Therefore, better agreement between mea-
sured and predicted hygroscopicity could be expected for our study, when
compared to the work by Gaston et al. (2017).

3.4. Atmospheric Implications
3.4.1. Implications for Heterogeneous Chemistry
A number of studies (Krueger et al., 2004; Laskin et al., 2005; Li et al.,
2014; Rubasinghege & Grassian, 2013; Tang et al., 2014) have revealed

the important roles chemical composition of mineral dust and its hygroscopicity play in heterogeneous reac-
tions of mineral dust with various trace gases. It is conventionally believed that fresh mineral dust particles
mainly consist of low‐hygroscopicity minerals, and our work found that saline mineral dust particles could
contain substantial amounts of soluble materials and thus exhibit considerable hygroscopicity, and therefore
display different heterogeneous reactivity when compared to “conventional” mineral dust. For example, a
very recent study (Mitroo et al., 2019) explored heterogeneous reaction of N2O5 with saline mineral dust par-
ticles collected from different regions in North America. Significant production of ClNO2, in addition to
N2O5 uptake, was observed, indicating that saline mineral dust particles could be an important source for
chlorine species (e.g., ClNO2) in continental North America (Mitroo et al., 2019). Our present work showed
that the amounts of chloride could be substantial for saline mineral dust particles collected in northern
China, where high levels of N2O5 up to several parts per billion by volume were observed (Wang et al.,
2017;Wang et al., 2018; Zhou et al., 2018). Therefore, heterogeneous reactions of salinemineral dust particles
can be an important source for the observed ClNO2 in north China. In addition to airborne saline mineral
dust particles, dry deposition of N2O5 to saline topsoil may also contribute to N2O5 removal and ClNO2 pro-
duction, although its effects remain to be assessed.

Aerosol liquid water (or surface‐adsorbed water) largely determines kinetics, mechanisms, and products of
heterogeneous reactions (Rubasinghege & Grassian, 2013; Tang et al., 2017; Wu et al., 2018). Mitroo et al.
(2019) found that at a given RH, N2O5 uptake coefficients decreased whereas ClNO2 production yield
increased with soluble ion fractions in saline mineral dust samples. Furthermore, the dependence of N2O5

uptake coefficients on RHwas found to vary with different samples in complicated manners, indicating com-
peting effects between uptake by clay minerals and uptake by soluble contents. Experiment work are
ongoing to determine the dependence of N2O5 uptake coefficients and ClNO2 yields on RH for heteroge-
neous interactions of N2O5 with saline mineral dust samples examined herein. Chemical composition and
hygroscopic properties of saline mineral dust particles, as measured in our work, would help better under-
stand and predict their heterogeneous reactions with N2O5 and other reactive trace gases as well.
3.4.2. Implications for Cloud Condensation Nucleation
When the Kelvin effect is negligible, κ can be determined from particle volumes under dry and humidified
conditions using equations (1) and (2):

RH ¼ V=V 0−1
V=V 0− 1−κð Þ (1)

κ ¼ V
V 0

−1

� �
1−RH
RH

(2)

Figure 7. Comparison betweenmeasuredmass growth factors at 90% RH (m
(90%)/m0) and those calculated using ISORROPIA‐II. The three lines are
1.2:1 (dashed black), 1:1 (solid blue), and 1:0.8 (dotted red) lines.
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where V0 is the particle volume at dry conditions and V is the particle volume at a given RH. In this work
hygroscopic properties measured at 90% RH were used to derive κ values. If we assume that particle volume
at a given RH is equal to the sum of particle volume at dry conditions and the volume of particulate water at a
given RH (Vw), equation (3) can then be derived:

V
V 0

¼ 1þ Vw

V 0
¼ 1þmw=ρw

m0=ρ0
¼ 1þmw

m0
·
ρ0
ρw

(3)

wherem0 andmw are the dry particle mass and the mass particulate water and ρ0 and ρw are the densities of
the dry particle and water, respectively. In addition to insoluble components, NaCl and Na2SO4 were found
to the major components for saline mineral dust samples examined in this work. The densities are 2.16, 2.68,
and 2.6–2.9 g/cm3 for NaCl, Na2SO4, and authentic desert dust samples (as well as common insoluble miner-
als they contain; Tang et al., 2014; Tang et al., 2012; Wagner et al., 2009), and in the present work the density
was assumed to be 2.6 g/cm3 for saline mineral dust samples under dry conditions. As a results, volume
changes and consequently κ values could then be derived from measured mass changes at 90% RH relative
to that at dry conditions, using equation (3) and then equation (2). The derived κ values are displayed in
Table 3, spanning from <0.01 (for XJ‐2, QH and SX) to >1.1 (1.134 for XJ‐5 and 1.648 for NX). The κ values
may be overestimated for XJ‐5 and NX, as NaCl was the dominant component for these two samples, and
thus, their densities should be close to that for NaCl (2.16 g/cm3). If their densities were assumed to be equal
to that for NaCl, the κ values were calculated to be 0.942 and 1.369 for XJ‐5 and NX, respectively.

Hygroscopicity and CCN activity of mineral dust aerosol are conventionally thought to be rather limited
(κ < 0.01; Herich et al., 2009; Koehler et al., 2009; Tang et al., 2016). Nevertheless, field measurements sug-
gested that saline mineral dust particles played a significant role in cloud droplet formation over the North
American continent (Pratt et al., 2010). This observation was further supported by laboratory studies which
showed that saline mineral dust particles in North America exhibited considerably high hygroscopicity and
CCN activity (Gaston et al., 2017; Koehler et al., 2007). For example, κ values were measured to be in the
range of <0.01 to >0.8 for saline mineral dust particles collected in North America (Gaston et al., 2017), dis-
playing large geographical variations. In our work we measured hygroscopic growth of saline mineral dust
particles in China, and also found that the derived κ values varied from<0.01 to >1. Therefore, our work pro-
vided experimental data to support the idea that saline mineral dust particles could be important for cloud
droplet formation, and their hygroscopicity depended on chemical composition and thus may vary largely
with geographical locations.

It should be pointed out that the average chemical composition and hygroscopic properties were measured in
our work for these samples, and thus, average κ values were derived. In addition to the average composition
of aerosol particles, mixing state is known to be important in determining hygroscopic properties and CCN
activity of individual particles, and it would make a difference whether soluble materials contained by a sal-
inemineral dust sample are only distributed in some individual particles or internally mixed with nonsoluble
minerals. Single particle technique (Chi et al., 2015; Li et al., 2014) can be very valuable to understand the
mixing state of individual saline mineral dust particles and their hygroscopicity.

4. Conclusion

It has been suggested that saline mineral dust aerosol particles, which occur in various locations over the
globe, play important roles in the troposphere. They could contribute largely to the observed mass concen-
tration of particulate matter, participate in cloud droplet formation, and be an important source of reactive
chlorine species over continental regions. However, hygroscopicity of saline mineral dust particles, espe-
cially for those found in regions other than North America, remains to be elucidated.

In this work we measured their relative mass change as a function of RH (up to 90%) to investigate hygro-
scopic properties of 13 saline mineral dust samples originating from different locations in north China,
which is a globally important mineral dust source region. In addition, their chemical and mineralogical com-
positions were analyzed using ion chromatography and X‐ray diffraction. The mass growth factors (sample
mass relative to that at <1% RH) were measured to span from ~1.02 to 6.7 at 90% RH, displaying large geo-
graphical variation, and the corresponding single hygroscopicity parameters (κ) were derived to be in the
range of <0.01 to >1.0. XRD analysis suggested that many saline mineral dust samples contained
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thenardite (Na2SO4) and halite (NaCl), which were soluble minerals and contributed to the observed hygro-
scopic growth of these samples. It was further found that hygroscopic properties of saline mineral dust sam-
ples examined largely depended on the mass fractions of soluble ions, which were mainly Na+, Cl−, and SO4

2

−. The mass fractions of soluble ions were used as input in the ISORROPIA model to calculate mass growth
factors at 90% RH, and the calculated growth factors were found to agree with measured values within 20%
for 10 of the 13 samples. For the other three samples, both overestimation and underestimation of calcula-
tions, when compared to measurements, were observed. Overall, this work would significantly improve
our knowledge of composition and hygroscopic properties of saline mineral dust particles, helping better
understand their environmental and climatic impacts via heterogeneous reactions and cloud
droplet formation.
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