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Abstract 

Atmospheric aerosols have both a direct and an indirect cooling effect that influences the 
radiative balance at the Earth’s surface.  It has been estimated that the degree of cooling is 
large enough to weaken the warming effect of carbon dioxide.  Among the cooling factors, 
secondary organic aerosols (SOA) play a key role in the solar radiation balance in the 
troposphere as SOA can act as cloud condensation nuclei (CCN) and extend the lifespan of 
clouds because of their high hygroscopic and water soluble nature.  Oxalic acid is one of the 
major components of SOA, and is produced via several formation pathways in the atmosphere. 
However, it is not certain whether oxalic acid exists as free oxalic acid or as metal oxalate 
complexes in aerosols, although there is a marked difference in their solubility in water and their 
hygroscopicity.  We employed X-ray absorption fine structure spectroscopy to characterize the 
calcium (Ca) and zinc (Zn) in aerosols collected at Tsukuba in Japan with fractionation based on 
particle size using an impactor aerosol sampler.  It was shown that 10–60% and 20–100% of 
the total Ca and Zn in the finer particles (<2.1 μm) were present as Ca and Zn oxalate 
complexes, respectively.  Oxalic acid is hygroscopic and can thus increase the CCN activity of 
aerosol particles, while complexes with various polyvalent metal ions such as Ca and Zn are not 
hygroscopic, which cannot contribute to the increase of the CCN activity of aerosols.  Based 
on the concentration of noncomplexed and metal-complexed oxalate species, we found that 
most of the oxalic acid is present as metal oxalate complexes in the aerosols, suggesting that 
oxalic acid does not increase the hygroscopicity of aerosols in the atmosphere.  Similar results 
are expected for other dicarboxylic acids, such as malonic and succinic acids.  Thus, it is 
possible that the cooling effect of organic aerosols assumed in various climate modeling studies 
is overestimated because of the lack of information on metal oxalate and other dicarboxylic acid 
complexes in aerosols. 
 
 
1 Introduction 

Some anthropogenic aerosols, such as organic aerosols and sulfate aerosols, have a direct 
cooling effect by scattering solar radiation, and an indirect cooling effect by acting as cloud 
condensation nuclei (CCN) because of their hygroscopic properties (Novakov and Penner, 
1993; Claeys et al., 2004; Kanakidou et al., 2005; IPCC, 2007; Hallquist et al., 2009).  The 
global average contribution of the indirect cooling effect (i.e., the cloud albedo effect) is 
estimated to be −0.3 to −1.8W/m2 (Charlson et al., 1992; IPCC, 2007).  In the report of the 
Intergovernmental Panel on Climate Change (IPCC), the sum of the direct and indirect cooling 
effect of aerosols is almost equivalent to the warming effect of carbon dioxide (IPCC, 2007). 
However, a large uncertainty exists because of the indirect effect discussed in the IPCC report 
(2007), which must be evaluated more precisely for a better understanding of the Earth’s 
climate.  Thus, a number of studies have been performed on sulfate aerosols and on organic 
aerosols because of their complex nature in terms of composition and chemical transformation 
in the atmosphere, and also because of their importance in the global CCN budget (Novakov 
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and Penner, 1993; Claeys et al., 2004; Kanakidou et al., 2005; IPCC, 2007; Hallquist et al., 
2009).  Among the various organic aerosols studied, water-soluble organic compounds 
(WSOCs) in aerosols influence the heat budget at earth surface as they act as CCN activator 
because of their hygroscopic properties.  In addition, we can assume that other dicarboxylic 
acids (DCA) also contribute to the CCN activity, considering that other DCA, which are major 
constituents of WSOCs, also have hygroscopic nature (Kawamura and Ikushima, 1993; 
Kawamura and Sakaguchi, 1999; Yao et al., 2002; Grahan et al., 2004; Lohmann and Leck, 
2005; IPCC, 2007). 

Oxalic acid is a major component of dicarboxylic acids or secondary organic aerosols 
(Kawamura and Ikushima, 1993; Kawamura and Sakagushi, 1999; Yu, 2000).  In this study, 
we focused on oxalic acid as a representative component of low molecular weight dicarboxylic 
acids in the atmosphere, and our results can be extended to other DCA, such as malonic and 
succinic acids.  Oxalic acid can form metal oxalate complexes in aerosols by reacting with 
metal ions because: (i) aerosols contain various metal ions originating from sea salts, desert 
dusts, continental soils, and anthropogenic sources; (ii) oxalic acid is formed in the aqueous 
phase at aerosol surfaces in the atmosphere, which provides a reaction field for metal 
complexation; and (iii) polyvalent metal ions can form stable complexes with oxalate ions 
(Warneck, 2003; Grahan et al., 2004; Lim et al., 2005; Carlton et al., 2007; Ervens and 
Volkamer, 2010).  However, metal oxalate complexes are not detected using conventional 
methods, such as gas chromatography and ion chromatography (IC).  In the latter analysis, a 
large volume of water sufficient to dissolve metal oxalate complexes in aerosols is usually 
employed during the water extraction procedure.  In this case, metal oxalate complexes can 
be readily dissolved, despite the low solubility of some metal oxalate complexes (for more 
details, see Sect. 3.5), and it is difficult to distinguish between noncomplexed and 
metal-complexed oxalate species in aerosols.  Hence, only a few studies have suggested that 
WSOCs can react with metal ions and mineral aerosols (Mochida et al., 2003, 2007; Sullivan et 
al., 2007).  However, these studies employed indirect methods that cannot show any direct 
evidence of the formation of metal oxalate complexes in aerosols. 

In this study, we applied X-ray absorption fine structure (XAFS) spectroscopy to show 
the presence of metal oxalate complexes in aerosols, coupled with IC and inductively coupled 
plasma atomic emission spectrometry (ICP-AES) analyses to determine the ratio of metal 
oxalate and noncomplexed oxalate species. XAFS data consists of X-ray absorption near edge 
structure (XANES) and extended X-ray absorption fine structure (EXAFS), which enables us to 
determine chemical species of each element in aerosols directly (e.g., Takahashi et al., 2006; 
Higashi and Takahashi, 2009).  In the XAFS analysis, size-fractionated aerosol samples were 
collected during 2002 in the winter (from January to February) and summer (from July to 
August) in Tsukuba, Japan.  Based on our results, it was possible to obtain the ratio of 
metal-complexed and noncomplexed oxalate species in the aerosols.  In this study, Ca K-edge 
XANES and Zn K-edge XANES and EXAFS were performed to demonstrate the presence of 
metal oxalate complexes. The ratio determined in this study can contribute to the precise 
evaluation of the influence of oxalic acid and other DCA on the hygroscopicity and CCN 
activity of aerosol particles.   
 
 
2 Materials and methods 
2.1 Aerosol samples and characterization 

The aerosol samples examined in this study were collected in Tsukuba (a city 
approximately 60 km northeast of Tokyo: 36.06°N, 140.14°E) in Japan during the winter (21 
January to 12 February) and summer (28 July to 13 August) of 2002 (Kanai et al., 2003) as a 
part of the Japan–China joint “Asian Dust Experiment on Climate Impact” project (Mikami et 
al., 2006).  In this study, size-fractionated aerosol samples were collected using a low-volume 
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Andersen-type air sampler (AN-200, Shibata, Tokyo). The flow rate of the sampler was 
stabilized at 28.3 Lmin−1 to achieve the ideal size separation of the aerosols. The sampler had 
eight stages and a back-up filter.  The particle diameter was classified by the aerodynamic 
diameter as follows: >11.0 μm (sampling Stage 0), 11.0–7.0 μm (Stage 1), 7.0–4.7μm (Stage 2), 
4.7–3.3 μm (Stage 3), 2.1–3.3 μm (Stage 4), 2.1–1.1 μm (Stage 5), 1.1–0.65 μm (Stage 6), 
0.65–0.43 μm (Stage 7), and <0.43 μm (back-up filter).  The filters used for Stages 0–6 were 
Advantec PF050 polyflon filters (diameter=80 mm; Advantec, Tokyo, Japan).  A polyflon 
filter was used because these filters do not contain any major elements nor do they react with 
any acid gases during sampling.  The filters used for Stage 7 and the back-up filters were 
Tokyo Dylec 2500QAT-UP quartz filters (Tokyo Dylec, Tokyo, Japan).  The filters were 
weighed before and after sampling with a reading precision of 10 μg after stabilizing the weight 
under constant humidity in a desiccator.  A sample mass >1mg was preferable when 
measuring the sample weight using a microbalance, and thus, the sampling period depended on 
the aerosol concentration in the atmosphere.  Three-dimensional air mass back trajectories 
were calculated at 1000 m height using the Hybrid Single-Particle Lagrangian-Integrated 
Trajectory (HYSPLIT4) model (Draxler and Rolph, 2003). 
 
2.2 Water soluble components in the aerosol samples 

Bulk chemical analysis of the water soluble components (WSCs) in the aerosol was 
conducted using the procedure used by Kanai et al. (2005).  A 1/8 section of the filter was 
soaked in a Teflon beaker containing 200 μL of ethanol and 5 mL of MQ water.  The WSCs 
were leached by subjecting the solution to an ultrasonic treatment for a period of 30 min.  The 
water soluble fraction was then recovered as a filtrate after filtration through a 0.20 μm 
hydrophilic polytetrafluoroethylene filter.  The solution containing various extracted ions was 
used to determine the quantity of major anions (Cl−, NO3

- , SO4
2- , and C2O4

2-) and cations (Na+, 
NH4

+, and K+).  The WSCs were measured using IC (IC7000, Yokogawa, Japan, relative 
precision =2%) employing Shodex IC YK-421 and Shima-pack IC-SA1/-SA1(G) columns for 
the cations and anions, respectively.  The eluent composition was a mixed solution containing 
24 mM of boric acid, 5 mM of tartaric acid, and 1 mM of 2,6-pyridine dicarboxylic acid for the 
cations and 14 mM of NaHCO3 for the anions.  The flow rate of the elutant was 1.0 mLmin−1 
for both cations and anions. A part of the extraction solution was used to determine the 
concentration of the water soluble fraction of Zn2+, Ca2+, and Mg2+ using ICP-AES (SEIKO 
EG&G, SP 500). 
 
 
2.3 XAFS measurements 

Calcium (Ca) K-edge XANES experiments were performed at Beamline 9A (Takahashi et 
al., 2006, 2009) at the KEK Photon Factory in Tsukuba, Japan.  Beamline 9A has Si (111) 
double-crystal monochromators. The beam size was smaller than 1×0.5 mm2 at the sample 
position.  The aerosol samples located on each filter appeared as a dark spot (spot size= 0.5–2 
mm), and were directly exposed to the incident X-ray beam.  The entire beam path of 
Beamline 9A was filled with He gas to suppress any X-ray absorption and scattering from air. 
The energy of the Ca K-edge XANES was calibrated by defining the peak maximum of the 
XANES data of CaCl2·2H2O at 4038.1 eV. For the aerosol samples, fluorescence yield (FL) 
mode was employed to record the Ca K-edge XANES spectra. The CEY mode was used to 
obtain XAFS for reference materials, since the mode is not affected by overabsorption effect for 
concentrated sample (Manceau et al., 2002; Takahashi et al., 2009).  The FL-XANES data 
were measured mainly for aerosol samples using a Lytle detector or a 19-element Ge solid state 
detector, since the mode is more sensitive that can be applied to natural samples. We confirmed 
that the two modes gave identical spectra when the samples were prepared appropriately to each 
mode (Takahashi et al., 2008, 2009).  In the FL mode, the sample was placed at an angle of 



 4

45° to the incident beam. The Ca K-edge XANES spectra were recorded using a step size of 
0.25 eV and a count per step of 0.5 s. 

The zinc (Zn) K-edge XANES and EXAFS data were measured at Beamline 12C at the 
KEK-PF in Tsukuba, Japan. Beamline 12C also had a Si (111) double-crystal monochromator 
and the beam size <1×0.5 mm2 at the sample position.  The energy of the Zn K-edge XANES 
was calibrated by defining the peak maximum of Zn metal foil at 9660.7 eV.  The 
transmission and FL modes were employed to measure the Zn K-edge XANES and EXAFS 
data of the reference materials and samples.  In the FL mode, the aerosol sample was placed 
at an angle of 45° from the incident beam, and the fluorescent X-rays were measured using a 
19-element Ge solid state detector.  Supplementary data for Zn K-edge XAFS were also 
obtained at Beamline BL01B1 in SPring-8 (Hyogo, Japan), which has a similar set-up to that of 
Beamline 12C in Photon Factory.   

The fitting of the spectra of natural samples to those of the reference materials was 
conducted using a least-squares fitting method.  To estimate the goodness-of-fit in fitting the 
XANES and EXAFS spectra, the R value in the energy region for the fitting was 

R   22 )(/))()(( EIEIEI calcalS  

where Is and Ical are the normalized absorption of the aerosol samples and the calculated values, 
respectively. The energy range for fitting the Ca K-edge XANES was 4030–4060 eV for Stages 
5–7, while for the Zn K-edge XANES the energy range was 9650–9680 eV.  The fitted range 
of the Zn K-edge EXAFS was from k = 2 to k = 6–7.5Å −1, where k is the photoelectron wave 
vector. The error for each fraction of the end members obtained from the XANES fitting was 
calculated using the Athena XAFS analysis software package (Ravel and Newville, 2005). 

All the Ca and Zn standard materials used for fitting the spectra in this study were of 
analytical grade, and were obtained from Wako Pure Chemical Industries Ltd. (Osaka, Japan) or 
the Kanto Chemical Co. Inc. (Tokyo, Japan). 
 
 
3 Results and discussion 
3.1 Characterization of the aerosol samples 

The results of backward trajectory (HYSPLIT4) analysis suggested that the air mass in 
winter in Tsukuba was transported through northeastern China, Korea, and Japan possibly 
subject to the influences of (i) anthropogenic aerosols from the mega cities in the three countries, 
(ii) mineral aerosols from arid area in northeast part of China (Mikami et al., 2006), and (iii) sea 
salts from Japan Sea (Fig. S1).  In summer, the air mass mainly came from Pacific Ocean, but 
can also be affected by anthropogenic aerosols from industrial area in Japan, since the trajectory 
passed through Tokyo and Osaka.  The seasonal trend is a typical for the air mass around 
Japan, and the chemical composition of the aerosols reflects the source of the air mass (Var et 
al., 2000). 

Two peaks in the aerosol mass distribution were observed in the fine (particle size around 
0.7 μm) and coarse (2–6 μm) modes in both winter and summer (Fig. 1).  Most of the aerosols 
with finer fractions (<2 μm) may be secondary aerosols from anthropogenic sources.  These 
aerosols were formed by the conversion from the gas phase to particles to form agglomerates of 
smaller sized particles (Seinfeld and Pandis, 2006).  On the other hand, the coarse fraction 
mainly consisted of mineral aerosols transported from continental deserts, soil components, and 
sea salts (Seinfeld and Pandis, 2006). 

The size-segregated chemical compositions also reflect the sources.  Briefly, relative 
composition of sulfate to Na+ showed that more than 95% of sulfate is of non-sea salt origin 
(nss-sulfate; Table S1), most of which should be anthropogenic.  The concentration of 
nss-sulfate was calculated as (e.g., Uematsu et al., 2010) 

[nss-SO4
2-] = [total SO4

2-]aerosol – ([SO4
2-]/[Na+])seawater × [Na+]aerosol  
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where molar ratio of ([SO4
2-]/[Na+])seawater was 0.051 (Bruland and Lohan, 2003).  Thus, the 

aerosols samples in the both periods are affected largely by anthropogenic activities.  The 
concentration of Na+ in summer was approximately three times larger than that in winter, 
suggesting that aerosol samples in summer was affected by Pacific Ocean to a larger degree 
than in winter.  These results agreed well with the back trajectory analysis (Fig. S1). 
 
3.2 Size distribution of the WSCs in the aerosols 

The formation of oxalate in the aerosols can be deduced from the chemical composition 
of the WSCs of the size-fractionated samples (Fig. 1 and Table S2) (Yao et al., 2002).  The 
size distribution of oxalate is usually similar to that of sulfate, as the in-cloud process is 
important for the formation of both oxalate and nss-sulfate (Yao et al., 2002; Warneck, 2003).  
The peak in sulfate concentration occurs at 0.8 μm in both winter and summer, whereas the 
concentration of sulfate is higher in summer than in winter (Figs. 2 and 3).  It is well 
established that the peak in sulfate particle size is formed by an in-cloud process noted as 
droplet mode (Yao et al., 2002; Seinfeld and Pandis, 2006).  Similarly, ammonium in both 
seasons is formed in the droplet mode (Figs. 2 and 3).  These results suggest that most of the 
sulfate is in the form of the ammonium salt in the finer particles, which is evident in the sulfur 
K-edge XANES data for the samples taken at Tsukuba (Takahashi et al., 2006). 

In the oxalate size distribution, however, the peak is shifted towards coarser particle size 
than that of sulfate in summer (Figs. 2 and 3).  A similar shift has also been observed by Yao 
et al. (2002) and Mochida et al. (2003, 2007).  Oxalate in aerosols can be formed by several 
mechanisms: (i) oxalic acid particles can be captured in preexisting aerosols, such as sulfate 
aerosols, after the formation of an oxalate aerosol in the gas to particle conversion process 
(condensation mode); (ii) oxalate species can be formed in in-cloud processes; (iii) oxalate can 
form in the aqueous phase at the surface of the aerosol particles.  In these processes, 
photooxidation is important that can produce oxalate from its precursors such as unsaturated 
hydrocarbons and volatile organic compounds (VOCs) with OH radical or O3 (e.g., 
Satsumabayashi et al., 1990; Sullivan and Prather, 2007).  Among the three processes, the 
process (i) cannot explain the high concentration observed around a particle size of 1.6 μm that 
shifted towards coarser particle size only in the summer, because the maximum surface area of 
the (secondary) aerosols had a particle size <1 μm (Seinfeld and Pandis, 2006).  The second 
and third processes can explain the shift towards a coarser particle size by: (a) evaporation of 
oxalic acid in the finer particle sizes, which would result in an increase in the relative amount of 
oxalate in the coarser particles (Yao et al., 2002); and (b) a heterogeneous reaction of oxalic 
acid with coarser particles, such as mineral dusts (Yao et al., 2002; Mochida et al., 2003; 
Mochida et al., 2007, Russell et al., 2002; Sullivan and Prather, 2007), particularly if it is 
alkaline aerosols.  Further discussion regarding the shift in particle size will be given in Sec. 
3.6.  

The size distribution of Cl− and NO3
− was similar in each period (Figs. 2 and 3), and the 

correlation coefficient between Cl− and NO3
− for various particles in each period was high 

(Table S3).  Moreover, the size distribution of these ions was different between winter and 
summer.  The peak in Cl− and NO3

− was found in the finer particle size in winter, but larger 
size in summer.  Thus, Cl- in the coarser mode in summer reflects the composition of sea salts 
(NaCl), while NO3

- resulted from the uptake of HNO3 gas by NaCl particle with water shell 
(Zhuang, 1999).  Consequently, their correlation coefficient (R2) was very high (> 0.9).  This 
result is also consistent with the backward trajectory analysis (Fig. S1). 

On the other hand, distribution of these ions into finer particles resulted from the gas to 
particle conversion of NH4Cl and NH4NO3, respectively (Seinfeld and Pandis 2006),  

NH3 (gas) + HCl (gas) → NH4Cl (particle) 
NH3 (gas) + HNO3 (gas) → NH4NO3 (particle) 

These chemical reactions depend on the surrounding environment, because Cl− and NO3
− ions in 
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the aerosols are likely to be affected by the ambient conditions, such as the RH (%), temperature, 
and photochemical factor (Oum et al., 1998; Zhuang et al., 1999; Yao et al., 2003; Seinfeld and 
Pandis, 2006; Thornton et al., 2010).  Moreover, the origins of HCl (gas) and HNO3 (gas) are 
mainly anthropogenic (Kaneyasu et al., 1999; Seinfeld and Pandis, 2006), showing that 
anthropogenic air masses affected the composition of aerosols in Tsukuba during winter in our 
samples.  

A peak in the size distribution of Ca2+ and Mg2+ ions was observed in the coarser particle 
size in each period (Figs. 2 and 3), suggesting that the source of these ions was mainly natural, 
such as mineral dust from soil and arid areas and sea salt particles (Seinfeld and Pandis, 2006).  
The correlation coefficient of Ca2+ and Mg2+ ions with Na+ was relatively high (Table S2).  
However, the enrichment factor normalized by sea salt (EFss) for Ca2+ suggested that its source 
was not only sea salt but also from other sources such as soil particles.  In contrast, EEss of 
Mg2+ is around or under 1, which is lower than that of Ca2+, suggesting that sources of Mg2+ was 
mainly sea salt (Fig.S2). 

Tsukuba was affected by anthropogenic air mass in both seasons (Fig. S1).  Zinc ion is 
included in anthropogenic aerosols (Kauppinen and Pakkanen, 1990; Manoli et al., 2002; 
Adachi and Tainosho, 2004; Councell et al., 2004; Rauch and Pacyna, 2009), and has an 
important role on the formation of metal oxalate complexes due to its high stability constant 
with oxalate.  

Among various heavy metals (Co, Ni, Zn, Mo, and Cd), concentration of Zn was larger 
than the other metals by more than an order of magnitude in the aerosols collected in Tsukuba 
(Ohta et al., 2003).  The size distribution of Zn2+ ions was similar to the total oxalate 
distribution (Fig. 4).  The peak in the size distribution of Zn2+ ions in the aerosols was found in 
the droplet mode in both periods.  Hence, the source of Zn2+ ions in the aerosols can be mainly 
anthropogenic, such as from the exhausts of motor vehicles, tire wear, brake wear, biomass 
burning, coal burning, and incineration (Kauppinen and Pakkanen, 1990; Manoli et al., 2002; 
Adachi and Tainosho, 2004; Councell et al., 2004; Moffet et al., 2008; Rauch and Pacyna, 
2009). 
 
3.3 Ca oxalate in the finer particles 

XAFS measurements at the Ca K-edge were carried out to demonstrate the presence of 
Ca oxalate (CaC2O4·H2O) complexes in the aerosols.  From their stability constants, Ca ions 
are the dominant divalent metal ion in aerosols that can form stable oxalate complexes (Table 1). 
Figure 5 shows the spectra of aerosol samples and Ca species used to fit the sample spectra.  
The fractions of Ca species obtained from the fitting are shown in Table 2, and the results of the 
XANES spectra of various Ca species are shown in Fig. S3.  Based on these results, it is 
suggested that Ca oxalate was observed in the finer particles as 0.43–2.1 μm and 0.65–2.1 μm 
during the winter and the summer, respectively.  The XANES fitting showed that the Ca 
oxalate fraction among the total Ca concentration was 10–60% (Fig. 5 and Table 2).  The peak 
in the size distribution of the total oxalate occurred in this particle size range, where Ca oxalate 
is the main Ca species.  In this range, the molar concentration of Ca2+ ion was lower than that 
of the total oxalate concentration, supporting the presence of Ca oxalate in this particle size. 

Gypsum (CaSO4·2H2O) and Ca nitrate (Ca(NO3)2·2H2O) were also observed in the same 
particle size range, and the XANES spectrum of Ca oxalate was similar to that of gypsum and 
Ca nitrate (Fig. S3).  Assuming that gypsum and Ca nitrate were the end members of Ca in the 
aerosols in the fitting, then the sample spectra could not be fit, especially around 4047 eV (Fig. 
S4).  On the other hand, the spectra could be fitted perfectly, even around 4047 eV, by 
assuming that Ca oxalate was one of main Ca species (Fig. S3).  This result confirms that Ca 
oxalate is the main Ca species in the finer particles. 

In the coarser particles (>2.1 μm), the Ca species determined from the fitting were calcite 
(CaCO3), gypsum (CaSO4·2H2O), and anhydrite (CaSO4) in both periods (Fig. S3 and Table 2). 
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However, the XANES spectra of the finer particles could not be fitted using these three 
components (Fig. S4).  This result also suggested the presence of Ca oxalate in the finer 
particles.  Gypsum and anhydrite can be formed from sea salt particles or from a reaction of 
calcite and SOx gas at the particle surface in the atmosphere (Buseck and Pόsfai, 1999; 
Takahashi et al., 2009).  Calcium nitrate can be formed from the reaction of calcite and NOx 
gas (Krueger et al., 2003; Li and Shao, 2009). 

Sullivan et al. (2009) suggested that the hygroscopicity and CCN activation property of 
oxalic acid can be reduced by reacting with Ca2+ in aerosols. Generally speaking, chemical 
species with low water solubilities are not hygroscopic, which results in the low CCN activity.  
Thus, Ca oxalate has low hygroscopicity and CCN activity due to the low solubility (0.617 
mg/100g; Table 1).  Similar characteristics can be extended to other metal oxalate complexes 
such as Zn and lead (Pb) oxalate due to their low water solubilities (Table 1).  Formation of Zn 
and Pb complexes can be important considering their high abundances in anthropogenic aerosol 
particles (Espinosa et al., 2001; Manoli et al., 2002; Hao et al., 2007).  To quantify the role of 
oxalic acid on the CCN activity of aerosol particles, the ratio of oxalic acid and total metal 
oxalate complexes such as Ca oxalate is important, which will be determined in Sec. 3.5 in this 
study. 
 
3.4 Zn oxalate in the finer particles 

Although the formation of Ca oxalate was suggested in the previous section, it is still 
necessary to confirm the results using independent data from other metal ions.  Among the 
various divalent cations that can form stable complexes with oxalate (Table 1), Zn K-edge 
XAFS data was examined to show the formation of Zn oxalate, or other metal oxalate 
complexes, because: (i) Zn is the second most abundant divalent cation in the aerosol samples, 
and (ii) the stability constant of Zn oxalate is large and its water solubility is low (Table 1). In 
addition, (a) for other cations such as Pb and copper (Cu), it was not possible to obtain good 
quality spectra for the speciation analysis due to their low concentrations and (b) our system 
using hard X-ray cannot be applied to Mg.  Thus, we confined our XAFS measurements to Ca 
and Zn 

The Zn species in the aerosols at Tsukuba during the winter and summer were measured 
using Zn K-edge XANES and EXAFS spectra.  Various XANES and EXAFS spectra of 
standard materials for Zn are shown in Fig. S5.  The XANES spectra were obtained for particle 
sizes of these samples (Fig. 7), while EXAFS spectra were obtained only for the finer particle 
sizes (Fig. 8) where the Zn concentration was high, since high concentration is essential to 
obtain high quality EXAFS spectra.  Based on the fitting of the XANES spectra (Table 3), Zn 
oxalate (ZnC2O4· 2H2O) in the aerosols was observed in the finer particles that also contained 
Zn sulfate (ZnSO4· 7H2O).  On the other hand, the Zn species in the coarser particles were Zn 
chloride (ZnCl2· 2H2O), Zn carbonate (ZnCO3), and Zn sulfide (ZnS), the details of which, 
including the sources of these species in the coarser particles, will be described elsewhere.  In 
this study, the variation of Zn species from finer to coarser particle size is important, because 
the effect of oxalate formation should be more marked in the finer particle sizes.  Zinc oxalate 
was not needed to fit the spectra of the coarser particles, but was essential to fit the XANES 
spectra of the finer particles. 

Figure 8 and Table 4 show the fitting of the EXAFS data in k space and the Zn speciation 
data, respectively.  The fitting results of the EXAFS data are more reliable than that of the 
XANES data, because EXAFS spectra are dependent on the neighboring atoms, interatomic 
distances, and coordination number, which are sensitive to the Zn speciation.  The ratio of Zn 
oxalate to total Zn species (= [Zn oxalate]/[Zn]total) obtained from the XANES and EXAFS 
fitting were similar (Tables 3 and 4, Fig. S6), which suggests the presence of Zn oxalate, 
particularly in the finer particle region.  Moreover, the [Zn oxalate]/[Zn]total ratio in each 
period clearly increased with decreasing particle size (Tables 3 and 4, Fig. S6). This result 
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shows that Zn oxalate was mainly formed in the aqueous phase at the particle surface, which is 
caused by the increase in [surface area]/[volume] ratio with decreasing particle size, though 
heterogeneous uptake on aerosol particles cannot be ruled out.  This result corresponds to the 
scanning transmission X-ray microscopy data, which suggests that the formation of organic 
aerosols in Asian aerosols occurs at the particle surface (Maria et al., 2004), and Russell et al. 
(2002) also detected carboxylic acids as particle coatings.  In addition, the increase in the 
fraction of Zn oxalate may reflect that the concentration of free oxalate was higher in the finer 
particles, because the concentrations of Ca2+ and Mg2+ ions (= competitive ions) decreases with 
decreasing particle size.  This means that free oxalate in the finer particles can react with Zn2+ 
ions. 
 
3.5 Noncomplexed and metal-complexed oxalate species in the aerosols 

In this section, the ratio of metal oxalate complexes to total oxalate or noncomplexed 
oxalate species will be discussed.  For this purpose, the concentration of Ca and Zn oxalates 
were determined by multiplying: (a) the total concentration of Zn and Ca obtained from 
ICP-AES data, and (b) the oxalate complex fractions of these ions obtained from XAFS data. 
On the other hand, the concentration of total oxalate (i.e., the sum of noncomplexed and metal 
complexed oxalate species) was quantified using IC.  The total concentration of oxalate, Ca, 
and Zn could be obtained using this method despite the low solubility of Ca and Zn oxalate 
complexes in the water extraction procedure, because these complexes were completely 
dissolved in our experiments, as we added an excess of water in the water-extraction procedure. 
For example, the total weight of the aerosols (in the 1/8 cut filter) was <1 mg, or the Ca oxalate 
on the filter was <0.025 mg assuming that the Ca in the sample was 5 wt% and the fraction of 
Ca oxalate among the total Ca was 50 mol%.  Note that the concentration of Ca and the 
fraction of Ca oxalate assumed in the calculations were larger than the values measured in our 
samples.  On the other hand, the solubility data (Table 1) showed that the amount of Ca oxalate 
that could be dissolved in 5 mL of the MQ water employed in this study was 0.035 mg, which 
was larger than the 0.025 mg.  Thus, the Ca oxalate in the aerosols could be completely 
dissolved in 5 mL water in our experiments.  A similar case can be discussed to validate the Zn 
oxalate data. Thus, we can obtain the concentrations of the total oxalate, Ca, and Zn in the 
samples using our water extraction procedure. 

The {[Zn oxalate]+[Ca oxalate]}/[oxalate]total ratio, determined as described above, is 
important to evaluate whether or not oxalate species contribute to the increase of hygroscopicity 
of aerosols.  As discussed in the introduction and in Sec. 3.3, noncomplexed oxalic acid in 
aerosols can contribute to enhancement of the CCN activity and can have a cloud lifetime effect 
(Pang et al., 2001; Grahan et al., 2004; Kanakidou et al., 2005; Lohmann and Leck, 2005; IPCC, 
2007; Chan et al., 2008; Hallquist et al., 2009; Sullivan et al., 2009), whereas Ca and Zn 
oxalates do not have this potential because of their low hygroscopic and insoluble natures 
(Table 1).  In winter, Ca and Zn oxalates accounted for about 60% of the total oxalate in the 
size ranges 1.1–2.1 μm and 0.65–1.1 μm, while the values were 60–80% in the summer (Fig. 9).  
The sum of the Ca and Zn oxalate fractions in the 0.43–0.65 μm range among the total oxalate 
concentration was approximately 30% in both periods (Fig. 9).  The fraction of Zn oxalate 
among the total oxalate concentration under 0.43 μm in winter was low, while that in summer 
was very high (Fig. 9).  Calcium oxalate in the 2.1–3.3 μm range in summer could not be 
detected because of the low [oxalate]/[Ca] ratio. 

Similar to the case of Ca and Zn oxalates, it is possible that other metal oxalate complexes 
are present in the aerosols.  The size distribution of Mg in the aerosols was similar to that of 
Ca.  The concentration of Mg was approximately 10–90% and 10–20% of Ca in the summer 
and winter, respectively (Table S3).  Although Mg oxalate is more soluble than Ca oxalate, it 
is much less soluble than K and Na oxalates.  Thus, it is possible that complexation with Mg 
also contributes to make oxalate species more insoluble or less hygroscopic than noncomplexed 
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oxalate species.  Other metal oxalate species, such as with Pb2+ and Cu2+ ions supplied from 
anthropogenic sources, can be formed considering their high stability constants with oxalate 
ions (Table 1) in finer particle size ranges.  Some other metal ions that were not measured may 
also form metal oxalate complexes in this particle range, because some anthropogenic metals in 
the aerosols are usually rich in finer particles (e.g., Espinosa et al., 2001; Manoli et al., 2002; 
Hao et al., 2007). 

In summary, considering Ca2+, Zn2+, and other metal ions in the aerosols and the 
formation of their metal oxalate complexes, most of the oxalate in the aerosols can exist as 
metal oxalate complexes, but not as noncomplexed oxalate species.  Thus, it is possible that 
oxalic acid in the aerosols cannot contribute to the increase of the CCN activity in the 
atmosphere.  These results indicate that any other dicarboxylic acids, such as malonic and 
succinic acids, can also form metal complexes in aerosols because of their high stability.  
These may absorb a lesser amount of water than noncomplexed acids, which suggests that a 
reevaluation of the indirect cooling effect originated from dicarboxylic acids in aerosols is 
required. 
 
3.6 Implications for oxalate species in the aerosols 

The size distribution of oxalate reflects the possible formation pathways of oxalate in 
aerosols: (i) particulate oxalate formed by gas to particle conversion captured by preexisting 
aerosols, (ii) oxalate formed in an aqueous phase on the particle surface, and (iii) oxalate formed 
by reactions in in-cloud processes, (iiii) oxalate can be formed by the photooxidation process. 
Previous studies have supported that a chemical reaction in an aqueous phase, such as in-cloud 
or on a particle surface, leads to the formation of oxalate (Warneck, 2003; Grahan et al., 2004; 
Lim et al., 2005; Carltona et al., 2007).  If oxalate ions are dissolved in an aqueous phase with 
other metal ions, then metal oxalate complexes can precipitate depending on the solubility of 
each complex.  For example, cloud water contains oxalate, Ca2+, Na+, and Mg2+ ions (Löflunda 
et al., 2002).  In this case, Ca and Mg oxalates would precipitate, but Na oxalate would not; 
this would be controlled by their solubility (Table 1).  Similarly, NH4

+ ions are also present in 
an aqueous phase on the particle surface and in-cloud droplets, but ammonium oxalate 
((NH4)2C2O4) does not precipitate because of its highly soluble nature and the low stability 
constant of the complex. 

In our XAFS study, Ca oxalate was found in the droplet mode, suggesting that Ca oxalate 
in this particle range formed by evaporation of cloud droplets (in-cloud process).  When cloud 
droplets evaporate, the low solubility species precipitate preferentially with the evaporation of 
the water.  In addition, there is also a possibility that oxalate complex is formed in an aqueous 
phase on the particle surface, as has been suggested for Zn.  The distinct difference between Ca 
and Zn lies in their source, natural and anthropogenic, respectively.  Being different from Zn, 
which is distributed in the finer fractions, Ca is chiefly supplied as mineral dust and/or sea salt 
in the form of calcite and gypsum, mainly in the coarser particles (Takahashi et al., 2009).  As 
a consequence, the abundance of Ca in the finer region is relatively low.  However, if Ca is 
present as small particles of minerals in the finer particle size region, then it is likely that oxalic 
acid can dissolve Ca2+ ions out of these Ca minerals to form Ca oxalate on the particle surface. 
This mechanism can explain the shift in the oxalate peak in the size distribution to larger sizes 
in summer, because the abundance of Ca in the coarser particle size range is larger in the 
summer. 

Zinc oxalate can be the main oxalate species considering its high concentration in 
aerosols and the large stability constant of the oxalate.  In our XAFS study, the 
[Zn-oxalate]/[Zn]total ratio increased with the decreasing particle size, suggesting that Zn 
oxalate was rich at the particle surface.  Thus, the fraction of Zn oxalate among the total Zn 
concentration depends on the surface condition of the particulate Zn and the concentration of 
other competing ions, such as Mg2+ or Ca2+. 
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The speciation of oxalate depends on the concentrations of various metal ions. For 
example, in a remote marine atmosphere, Ca and Mg oxalates can become the main metal 
oxalate species in aerosols because: (i) a remote marine atmosphere is not affected by air 
pollution without heavy metal ions, such as Zn2+, Pb2+, and Cu2+, which have high stability 
constants with oxalate (Table 1); (ii) free oxalate is produced in a marine atmosphere by 
photochemical oxidation of precursor organic compounds (Kawamura and Sakaguchi, 1999; 
Warneck, 2003); and (iii) Ca2+ and Mg2+ ions are abundant in sea salts.  On the other hand, in 
an atmosphere containing anthropogenic compounds, Zn oxalate can be the main species, 
because the concentration of Zn2+ ions is high and its complex with oxalate is stable. 
 
 
4 Conclusions 

In our study using XAFS spectroscopy, the fraction of the sum of Ca and Zn oxalate 
complexes among the total oxalate concentration was 20–80%. Considering the presence of 
other metal ions, such as Mg2+, Pb2+, and Cu2+, the concentration of free oxalic acid can be 
much lower than that expected. Therefore, the contribution of oxalic acid to hygroscopicity of 
aerosol particles must have been overestimated. Thus, the present study may claim reevaluation 
of the potential of oxalic acid to increase the CCN activity of aerosols, because most of the 
oxalic acid in the aerosols can exist as metal oxalate complexes. Similar to oxalic acid, other 
WSOCs, such as malonic and succinic acids, can transform to metal complexes in aerosols. 
Therefore, in discussing the hygroscopicity and related effects of organic aerosols, it is 
necessary to evaluate the contribution of the complexation of dicarboxylic acids with metal 
ions. 
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Figure captions 

 

 

Fig. 1. The size distribution of the aerosol mass during winter (January 21 to February 

12, 2002) and summer (July 28 to August 13, 2002) at Tsukuba, Japan. 

 

Fig. 2. The size distribution of WSCs in aerosols in winter at Tsukuba: (a) anions and (b) 

cations. 

 

Fig. 3. The size distribution of WSCs in aerosols in summer at Tsukuba: (a) anions and 

(b) cations. 

 

Fig. 4. The size distribution of Zn in aerosols during winter and summer at Tsukuba. 

 

Fig. 5. Calcium K-edge XANES spectra (open circles = samples, lines = fitting) of finer 

particles during winter and summer at Tsukuba with those of the standard materials 

used for fitting. 

 

Fig. 6. The experimental hygroscopic properties of oxalic acid and a Ca oxalate complex. 

 

Fig. 7. Zinc K-edge XANES spectra (open circles = samples, lines = fitting) of finer 

particles during winter and summer at Tsukuba with those of the standard materials 

used for fitting. 

 

Fig. 8. Zinc K-edge EXAFS spectra (open circles = sample, lines = fitting) of finer 

particles during winter and summer at Tsukuba with standard materials used for 

fitting: (a) 2.1–1.1, 1.1–0.65 and 0.65–0.43 m in winter, and 2.1–1.1 and 0.65–0.43 m 

in summer, and (b) 3.3–2.1 m in winter and summer. 

 

Fig. 9. Atmospheric concentrations of Ca oxalate, Zn oxalate, and total oxalate during 

winter and summer. 
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Table 1. Stability constant (log K) of oxalate with some metal ions at 25 C (Martell and 

Smith, 1977) and the solubility of the complexes in water (David, 1994). 

 

 Stability constant (T = 25 C)  Solubility 

 I = 0.10 M I = 0 M mg/100 g

K+ n.d. –0.80 33000*

Na+ n.d. n.d. 6300

Mg2+ 2.76 3.43 70

Ca2+ n.d. 3.00 0.67

Cu2+ 4.84 6.23 2.53

Zn2+ 3.88 4.87 0.79

Pb2+ 4.00 4.91 0.16

n.d. : no data;  

* : solubility in hot water; 

I : ionic strength (M) . 
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Table 2. Fraction of various Ca species at Tsukuba in winter and summer determined by 

XANES fitting (mol%). 

 

 

Season 

Particle 

diameter 

(m) 

 

Calcite 

 

Gypsum 
Ca 

oxalate 

Ca 

nitrate 

 

Anhydrite

Winter > 11 31%  2% 38%  4%   31%  4% 

 11–7.0 28%  1% 40%  3%   32%  3% 

 7.0–4.7 19%  1% 47%  3%   34%  3% 

 4.7–3.3 23%  1% 61%  3%   16%  3% 

 3.3–2.1  85%  0%   15%  0% 

 2.1–1.1  56%  4% 30%  3% 14%  2%  

 1.1–0.65  58%  3% 20%  4% 22%  2%  

 0.65–0.43  37%  3% 63%  3%   

Summer > 11 18%  1% 23%  3%   59%  3% 

 11–7.0  50%  3%   50%  3% 

 7.0–4.7  71%  3%   29%  3% 

 4.7–3.3  71%  3%   29%  3% 

 3.3–2.1  67%  4%   33%  4% 

 2.1–1.1  63%  3% 11%  2% 26%  2%  

 1.1–0.65  54%  1% 40%  2% 6%  3%  
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Table 3. Fraction of various Zn species at Tsukuba in winter and summer determined by 

XANES fitting (mol%). 

 

Season 
Particle 

diameter (m) 

Zn 

oxalate 

Zn 

sulfate 

Zn 

chloride 

Zn 

carbonate 

Zn 

sulfide 

Winter > 11   56%  2% 44  2%  

 11–7.0   59%  4% 41  4%  

 7.0–4.7   44%  3% 22  2% 34%  3%

 4.7–3.3   58%  2% 12  1% 30%  3%

 3.3–2.1  39%  2% 61%  2%   

 2.1–1.1 30%  2% 70%  2%    

 1.1–0.65 63%  4% 37%  4%    

 0.65–0.43 81%  3% 19%  3%    

 < 0.43 83%  6% 17%  6%    

Summer > 11   69%  2%  31%  2%

 11–7.0   72%  2%  28%  2%

 7.0–4.7   53%  3%  47%  3%

 4.7–3.3   94%  1%  6%  1%

 3.3–2.1 20%  2% 9%  2% 71%  1%   

 2.1–1.1 46%  2% 54%  2%    

 1.1–0.65 58%  4% 42%  4%    

 0.65–0.43 63%  3% 37%  3%    

 < 0.43 98%  6% 2%  6%    
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Table 4. Fraction of various Zn species at Tsukuba in the winter and summer 

determined by EXAFS fitting (mol%). 

 

Season 
Particle 

diameter (m) 
Zn oxalate Zn sulfate Zn chloride 

Winter 3.3–2.1 2%  1% 33%  3% 65%  2% 

 2.1–1.1 28%  2% 72%  2%  

 1.1–0.65 59%  4% 41%  4%  

 0.65–0.43 79%  4% 21%  4%  

Summer 3.3–2.1 26%  2% 41%  17% 33%  15% 

 2.1–1.1 38%  8% 62%  8%  

 0.65–0.43 51%  12% 49%  12%  
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Table S1. The concentration (nmol/m3) of non-sea salt sulfate (nss-sulfate) and total 

sulfate, and the ratio of [nss-sulfate]/[total sulfate] (%) in aerosols in (a) winter and (b) 

summer. 

  

(a) 

winter       

Size (m) nss-sulfate total SO4 nss-sulfate / total SO4

0.25  14.4  14.4  100  

0.54  43.5  43.6  100  

0.80  55.9  55.9  100  

1.6  23.9  24.4  98.2  

2.7  8.47  9.56  88.6  

4.0  3.03  4.70  64.5  

5.9  2.86  4.56  62.7  

9.0  1.48  2.69  54.9  

15  0.431  0.720  59.8  

Total 154  160  96.0  

 

(b)    

summer       

Size (m) nss-sulfate total SO4 nss-sulfate /total SO4

0.25  22.0  22.0  100  

0.54  95.0  95.0  100  

0.80  146  146  100  

1.6  117  117  100 

2.7  31.3  35.7  88.7  

4.0  7.10  12.4  57.5  

5.9  5.46 10.4  52.4  

9.0  3.96  6.39  62.0  

15  3.30  3.62  91.2  

total 431  449  96.1  



 

Table S2. The concentration (nmol/m3) of water soluble components in aerosols (a) 

winter, (b) summer, and (c) winter/summer. 

(a) Winter (January 21 to February 12, 2002) 

Size (m) Oxalate Cl- NO3- SO42- Ca2+ Na+ NH4+ Mg2+ Zn2+ 

0.25 1.09 2.91 8.16 14.4 0.160 - 160 - 0.18 

0.54 2.02 8.07 19.9 43.6 0.312 - 435 - 0.71 

0.8 2.58 33.2 58.2 55.9 1.28 - 767 0.150 1.96 

1.6 2.12 11.1 20.8 24.4 2.62 8.75 104 0.680 2.58 

2.7 0.840 8.60 13.0 9.56 6.71 21.2 14.0 1.14 1.61 

4 0.330 10.2 9.04 4.70 5.03 32.5 - 0.830 0.520 

5.9 0.370 9.20 8.57 4.56 6.75 33.2 - 0.990 0.320 

9 0.201 5.47 4.05 2.69 4.49 23.7 - 0.420 0.130 

15 0.0623 1.41 1.03 0.720 1.55 5.65 - 0.122 0.0200 

          

(b) Summer (July 28 to August 13, 2002) 

Size (m) Oxalate Cl- NO3- SO42- Ca2+ Na+ NH4+ Mg2+ Zn2+ 

0.25 0.0983 0.280 0.442 22.03 0.0700 - 118 - 0.140 

0.54 1.17 1.11 1.28 95.0 0.270 - 475 - 0.460 

0.8 1.94 0.603 3.01 146 1.07 - 453 0.740 1.40 

1.6 2.78 1.27 5.44 117 2.55 8.18 245 2.30 3.07 

2.7 2.60 7.10 22.5 35.3 4.71 77.9 26.1 3.71 2.04 

4 1.14 12.5 29.5 12.4 5.84 103 - 3.60 0.730 

5.9 0.720 15.7 32.7 10.4 9.52 96.7 - 3.46 0.530 

9 0.460 7.76 22.6 6.39 8.61 47.3 - 1.74 0.310 

15 0.130 2.08 2.24 3.62 3.18 6.22 - 0.380 0.0600 

          

(c) Winter / summer     

Size (m) Oxalate Cl- NO3- SO42- Ca2+ Na+ NH4+ Mg2+ Zn2+ 

0.25 11.1 10.3 18.5 0.654 2.26 - 1.36 - 1.27 

0.54 1.73 7.24 15.5 0.460 1.14 - 0.914 - 1.54 

0.8 1.33 55.0 19.3 0.380 1.20 - 1.69 0.200 1.40 

1.6 0.763 8.73 3.82 0.208 1.03 1.07 0.425 0.300 0.840 

2.7 0.323 1.20 0.580 0.271 1.42 0.273 0.535 0.306 0.790 

4 0.290 0.813 0.310 0.380 0.861 0.320 - 0.231 0.720 

5.9 0.511 0.590 0.262 0.438 0.708 0.343 - 0.286 0.602 

9 0.436 0.705 0.180 0.421 0.522 0.500 - 0.244 0.406 

15 0.479 0.681 0.460 0.199 0.487 0.908 - 0.330 0.320 



 

Table S3. Correlation coefficient (R2) between some ions at various particle diameters. 

 

Winter         

 Oxalate Cl- NO3- SO42- Ca2+ Na+ NH4+ Mg2+ 

Oxalate 1.00        

Cl- 0.458 1.00       

NO3- 0.700 0.920 1.00      

SO42- 0.884 0.565 0.796 1.00     

Ca2+ 0.282 8.1210-3 0.0971 0.321 1.00    

Na+ 0.434 0.0370 0.196 0.434 0.850 1.00   

NH4+ 0.695 0.642 0.831 0.921 0.340 0.425 1.00  

Mg2+ 0.113 1.2710-3 0.0490 0.211 0.884 0.685 0.296 1.00 

Zn2+ 0.561 0.379 0.445 0.320 1.6010-5 0.0548 0.168 0.0621

         

Summer         

 Oxalate Cl- NO3- SO42- Ca2+ Na+ NH4+ Mg2+ 

Oxalate 1.00        

Cl- 0.0140 1.00       

NO3- 4.0310-4 0.943 1.00      

SO42- 0.432 0.333 0.287 1.00     

Ca2+ 0.0240 0.791 0.812 0.352 1.00    

Na+ 2.8210-3 0.913 0.951 0.303 0.650 1.00   

NH4+ 0.132 0.406 0.418 0.815 0.498 0.427 1.00  

Mg2+ 0.183 0.654 0.774 0.0790 0.507 0.814 0.292 1.00 

Zn2+ 0.899 0.025 6.7210-4 0.357 0.0160 1.4010-4 0.0608 0.170 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. The three dimensional backward trajectory analysis in sampling periods; (a) winter; 

(b) summer. The NOAA/ARL HYSPLIT model (Draxler and Rolph, 2003) was used for the 

calculation.  The trajectories started at the altitude of 1000 m above the sampling site in 

Tsukuba. 
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Figure S2. Enrichment factor normalized by sea salt particles for Ca2+ and Mg2+ in each period.  
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Figure S3. Calcium K-edge XANES; (a) Ca standard materials; (b) coarse 

particle samples (open circle: samples; lines: fitting) during winter and summer 

at Tsukuba with standard materials used for fitting. 

   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Fitting results of the samples with various standard materials. A 

circle and ellipses represent the regions of misfit. (a) fitting by Ca nitrate + 

Ca-oxalate + gypsum (dashed line), Ca nitrate + gypsum (triangle), and 

2.1-1.1 m in winter (circle). (b) fitting result (line) by gypsum (triangle) + 

anhydrite (triangle) with the spectrum of 1.1-0.65 m in winter (circle). 
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Figure S5. Zinc K-edge XANES (a) and EXAFS (b) for Zn standard 

materials. 
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Figure S6. Comparison of the fraction of Zn-oxalate resulting from 

XANES fitting and EXAFS fitting, which shows the consistency between 

them. 
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