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Abstract

Mercury is closely associated with volcanic environments such as Islas Galápagos. Isla
Santa Cruz, one of the oldest Galápagos islands, has undergone intense land-use transfor-
mations that have likely affected mercury cycling. A pre-transformation mercury baseline
is approached here with a unique collection of 40 soil profiles (114 samples) collected
in 1962 during the geopedological survey performed by researchers at Ghent University
(Belgium). The influence of soil properties and bioclimatic conditions is assessed by com-
bining mercury analysis, vibrational spectroscopy, elemental analyses (Fe), and chemical
weathering data, using covariation analysis and structural equation modeling (SEM). In
the 1960s, Isla Santa Cruz soils were enriched in mercury (36–679 ng g−1) with concen-
trations in line with those of other volcanic soils, but no differences between topsoils and
subsoils were found. Mercury content correlated with soil components (organic matter, Fe)
and degree of chemical weathering. The SEM model (R2 0.87, SRMR 0.09) indicated that
primary minerals (negative) and altitude (positive) have the largest controls, suggesting
that bioclimatic conditions and mineral weathering drive the mercury spatial distribution.
Our results establish a reference state for Isla Santa Cruz, and additional research may help
to understand the potential impacts of land-use changes on the mercury cycle in the island.

Keywords: volcanic soils; Galapagos Islands; mercury; soil properties; structural equation
modeling

1. Introduction
Isla Santa Cruz is geologically one of the oldest islands of the Galapagos archipelago

with the highest population concentration and the largest area of human-impacted soils [1].
The archipelago is situated in an active volcanic region, but Isla Santa Cruz is located
on the remnants of non-active volcanoes [2]. The local geology is primarily character-
ized by volcanic rocks, consisting of magnesium-rich alkaline basalts with aphanitic and
plagioclase-porphyritic structures, associated with interbedded submarine sediments [3,4].
The characteristics of soils of Isla Santa Cruz primarily derive from the weathering of rela-
tively recent pyroclastic deposits at different altitudes, climatic conditions, and vegetation
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composition. These variations result in an altitudinal soil distribution defined by distinct
bioclimatic zones [2]: the high altitude, very humid, and temperate zone is characterized by
Andisols; the intermediate altitude, wet, and warm zone contains Inceptisols and Alfisols;
and the low elevation, dry to very dry warm zone consists of Alfisols, Mollisols, and
Entisols [5].

The existing body of research on the soils of Isla Santa Cruz has focused on identifying
the processes governing local pedogenic development. The main factors controlling pedoge-
nesis are climate and altitude [6]. For instance, the evaluation of different weathering indices
revealed that soils at higher altitudes in humid zones are significantly more weathered than
those at low elevations in arid coastal areas [7,8]. Similarly, key soil parameters—such as
secondary Al, Fe, and Si contents or soil organic carbon (SOC) stocks—appear to be strongly
governed by these climatic and altitudinal conditions [9,10]. However, physical properties
of parent materials also modulate these effects; specifically, there is evidence that high-
porosity scoria is subject to accelerated weathering compared to dense lava, although the
latter parent material supports thicker soil formation [11–13]. Additionally, under humid
conditions, soil age serves as a critical determinant of physicochemical and microstructural
evolution across the soil developmental sequence, with progressive weathering marked by
decreasing pH, electrical conductivity, soil organic carbon, cation exchange capacity, and
water retention alongside increasing clay content and bulk density [14–16]. Furthermore,
recent studies on heavy metal retention dynamics reveal that soil sorption capacity for
copper and cadmium correlates with elevation gradients yet decreases with soil age—with
the youngest soils exhibiting the highest retention capacity [17,18].

Volcanic regions represent an important natural source of mercury to the atmosphere, but
mercury concentrations in volcanic soils reflect both geogenic inputs from parent material and
mercury deposited from the atmosphere [19–21]. In volcanic soils, total mercury commonly
decreases with depth and is strongly influenced by soil organic matter, as well as by Al- and
Fe-bearing phases that can enhance its retention during soil development [21–25]. Because
part of the mercury stored in these soils may be inherited from volcanic parent material,
conservative lithogenic elements such as Al, Ti, Zr, and Sc have been used to distinguish
lithogenic from externally supplied mercury [24–26]. Studies of volcanic soils further indicate
that pedogenic processes, including weathering, formation of metal–humus complexes, and
accumulation of poorly crystalline Al and Fe phases, can substantially modify its distribution
and retention [21,24]. In addition, changes in climate, vegetation, land use, and fire regimes
can alter terrestrial mercury inputs, storage, and remobilization, potentially changing both
the magnitude of mercury stored in soils and its subsequent release to the atmosphere
and other environmental pools [27,28], posing poorly constrained health risks to humans
and ecosystems.

On Isla Santa Cruz, major changes in vegetation cover and land use occurred during
the last six decades. In 1961, 94% of unprotected areas were covered by native vegetation,
compared with only 7% in 2018, following extensive agricultural expansion [29]. These
profound land-cover changes, together with ongoing climate change, have the potential to
alter the biogeochemical soil conditions controlling mercury retention and mobilization.
In this investigation, we take advantage of a unique collection of archived soil samples
collected in 1962, during a Belgian (Ghent University) geopedological survey, prior to
most of the documented land-cover transformations, to investigate the processes control-
ling mercury distribution under largely pre-transformation conditions. Establishing this
baseline provides a foundation for future assessment of how subsequent land-use and
vegetation changes have affected mercury dynamics in volcanic soils on Isla Santa Cruz. In
this investigation, we aimed to determine the role of soil components, chemical weathering,
and environmental conditions (i.e., bioclimatic zones) in the spatial and vertical changes in
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mercury soil content, through the application of statistical modeling (structural equation
modeling, SEM).

2. Material and Methods
2.1. Location, Bioclimatic Zones, and Sampling

Isla Santa Cruz is located in the Galapagos Archipelago (Ecuador) (Figure 1). The
geographical and geological context of the island has been described in detail in previous
publications [8,9]. Generally, the geology is composed of marine sediments covered by
volcanic materials formed by tholeiitic and alkaline basalts [30], which were characterized
as lava flows, scoria, and ash (tephra) deposits [6]. As summarized by Wilson et al. [31], the
oldest volcanic materials (Platform Series) were emplaced between 1.62 and 1.16 Ma, while the
more recent materials (Shield Series) were emplaced between 271 and 74 ka. From the coastal
platform to the higher elevations (Cerro Crocker, 855 m a.s.l.), an intense rainfall gradient
(500–2000 mm) develops in the windward slopes of the island, favored by the trade winds
and oceanic currents [32,33]. This gradient determines contrasted changes in bioclimatic
conditions with elevation configuring five main zones [34,35]: the arid zone (AZ, <100 m
a.s.l.), the transition zone (TZ, 100–240 m a.s.l.)), the Scalesia zone (SZ, 240–400 m a.s.l.), the
brown zone (BZ, 400–500 m a.s.l.), and the Miconia/Upland zone (MZ, >500 m a.s.l.). As
indicated in the introduction, at low altitude, Entisols, Alfisols, and Mollisols predominate,
Inceptisols and Alfisols predominate at intermediate altitude, and Andisols predominate at
high altitudes [5].

Figure 1. Map of Islas Galápagos indicating the position of Isla Santa Cruz in the center of the
archipelago with the approximate location of the sampling soils, based on Stoop et al. [6,7]. The
read dots correspond to the sampling sites. The figure was created by the authors using IA for color
transformation and Wikipedia for map-based forms.

The soils were sampled on the windward slopes of the island in 1962, in the context
of a Belgian (Ghent University) geopedological survey. A detailed soil description, based
on the field notes of the Belgian survey, can be found in Taboada et al. [8]—also in the
Supplementary Materials of that publication. In this study, we used 40 of the sampled soils
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(114 samples): 7 soils from the AZ (16 samples), 16 soils from the TZ (52 samples), 9 soils
from the SZ (26 samples), and 9 soils from the BZ (20 samples). No soils were sampled
in the MZ. Here, we use the term “topsoil” to refer to soil samples that were originally
coded as A horizons, and “subsoil” for those coded as B or C horizons (see Supplementary
Materials in [8]).

The original soil samples were stored in a cool, dry, dark place at Ghent University
(Belgium). In 2006, the soil collection was subsampled, under the supervision of Prof.
Georges Stoops and in agreement with one of the co-authors (AMC). Samples were taken
to the Soil Science Department of Universidade de Santiago de Compostela (Spain), dried
at 35 ◦C for two weeks and subsequently milled (using a Retsch MM101 mill) to very fine
powder (<50 µm), and kept in sealed Eppendorf tubes, in a dry, cool, dark place under our
(AMC) supervision.

2.2. Data from Previous Investigations

In volcanic soils, mercury is mainly associated with organic matter and iron com-
pounds. Chemical weathering results in the formation of highly reactive compounds—both
crystalline and of low crystallinity. Thus, for this investigation, we used data on Fe content,
as well as chemical weathering indices obtained from the Supplementary Materials of a
previous investigation [8–10]. As four of the chemical indices were highly correlated [8],
here we selected data for two of them: the weathering index of Parker (WIP) and the
silica–titania index (STI). These two indices are well-established bulk-geochemical param-
eters used to quantify the intensity of chemical weathering and elemental mobility in
rock-to-soil chronosequences [36]. Specifically, WIP assesses the loss of mobile alkali and
alkaline earth cations relative to their oxygen bond strengths because it tracks the depletion
of basic cations during weathering, and its value decreases as the degree of weathering
increases. Values lower than 20 are taken as an indication of strong weathering intensity.
STI assesses the degree of desilication relative to immobile titanium dioxide accumulation
during advanced chemical alteration [37]. In volcanic soils, the rapid chemical weathering
also implies the release and loss of Si; thus, the STI accounts for this process, and the values
decrease as weathering intensity increases [8].

2.3. Mercury Analysis

Total mercury concentrations were determined using a DMA-80 analyzer (MilestoneTM

SpA, Sorisole, Italy), which combines thermal decomposition and gold-trap amalgamation
with cold-vapor atomic absorption spectrometry (CV-AAS). The instrument is housed
within the EcoPast Research Group facilities at the CRETUS Institute, Universidade de San-
tiago de Compostela, Spain. Approximately 25 mg of homogenized sample was weighed
for each measurement. Analytical quality assurance and quality control procedures in-
cluded the analysis of two certified reference materials (CRMs), one procedural blank every
two samples, and sample replicates. The CRMs comprised NIST SRM 1547 (Peach Leaves;
certified Hg concentration: 31 ± 4 ng g−1) and BCR-277R (Estuarine Sediment; certified Hg
concentration: 128 ± 17 ng g−1), yielding recoveries of 105.6% and 104.2%, respectively.
Duplicate analyses were performed for 33% of the samples, with a mean coefficient of
variation of 5%. The method detection limit was 3.3 ng g−1.

Studies conducted on archived soils have shown that mercury concentrations in
mineral and organic soils are stable even after long storage times [38]. This is consistent
with the strong binding of mercury to soil components, as is discussed in Section 4.1.

2.4. Vibrational Spectroscopy (FTIR-ATR)

Before the mercury analysis, all samples were analyzed by vibrational spectroscopy in
the Mid-infrared (MIR) range (4000–400 cm−1). Spectra were acquired using an FTIR-ATR
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instrument (Fourier Transform Infrared—Attenuated Total Reflectance) (Cary 630, Agilent
Technologies Inc., Santa Clara, CA, USA), located at the EcoPast Research Group laboratory,
Faculty of Biology, Universidade de Santiago de Compostela, Spain. Spectra were recorded
at a resolution of 4 cm−1, averaging 100 scans per sample to maximize spectral quality
and reduce the signal-to-noise ratio. Spectral processing was conducted with Orange Data
Mining software v3.39.0, including baseline correction and standardization [39]. FTIR-ATR
provides information simultaneously on inorganic and organic components.

2.5. Statistical Methods

Covariation between elements (Fe, Hg) and weathering indices was assessed by correla-
tion analysis (i.e., Pearson “r” coefficient). To determine the main factors involved in mercury
content in these soils, we applied structural equation modeling (PLS-SEM) using SmartPLS
software (version 4.1.1.5) [40]. PLS-SEM enables the use of several proxies for each latent
variable (LV, both predictors and response) and avoids multicollinearity. PLS-SEM requires a
relatively low sample size; it is very efficient with non-normal distributions and is adequate
for explanatory and predictive purposes. In the models, proxies for the LV were retained
only when their loadings were 0.9 or greater. Direct effects of the predictors on the response
latent variable (i.e., Hg), as well as interactions between predictors (i.e., indirect effects), are
also calculated. The sum of direct and indirect effects determines the total effect, providing a
weight value for each predictor on the response variable. As a first step to define the SEM
model, we calculated the correlation between mercury and absorbances for each wavenumber
(i.e., correlation spectrum with “r” Pearson coefficients; see Section 3.3 below). MIR regions
of the spectrum showing moderate-to-large positive and negative correlations with mercury
were selected for the model, together with supporting data on elemental composition and
weathering indices (Fe, WIP, and STI). To check the validity of the model, the SmartPLS
bootstrapping function was used so path coefficients and total effects of the predictor LVs
were only retained when found to be significant (p < 0.05).

3. Results
Here we first briefly describe elemental (Fe content) and chemical weathering (WIP

and STI) data from previous investigations, followed by presentation of the new data
obtained within this study (MIR data and Hg data).

3.1. Iron and Weathering Indices

Iron concentrations showed large variations (Figure 2). The lowest values were found
in soils from AZ, and the largest in soils from BZ; the soils from TZ and SZ showed
intermediate values. Significant differences (p < 0.001) between bioclimatic zones were
found for topsoils and subsoils. For topsoils, the sequence was as follows: AZ < TZ = SZ
< BZ; and for subsoils, the sequence was as follows: AZ < TZ < SZ = BZ. No significant
(p = 0.07) differences between topsoils and subsoils were found. Iron was correlated with
altitude, but the correlation was higher for subsoils (Table A1).

The intensity of chemical weathering followed a similar pattern to Fe, with increasing
intensity with altitude. Greater variability was found for WIP, which reflects depletion of
basic cations, than for STI, which is related to Si mobility in volcanic soils. These indices
showed no significant differences between topsoils and subsoils (p = 0.167 and p = 0.983,
respectively). WIP and STI also showed significant differences between bioclimatic zones for
topsoils (p < 0.001) and subsoils (p < 0.001), with the following sequences: BZ < TZ = SZ =
AZ, WIP in topsoils; BZ = SZ = TZ < AZ, WIP in subsoils; BZ < SZ = TZ < AZ, STI in topsoils;
and BZ < SZ < TZ < AZ, STI in subsoils, respectively. Correlation between these chemical
weathering indices was not significant for topsoils and only moderate for subsoils (Table A1).
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Both indices were negatively correlated with Fe, meaning that increased chemical weathering
is accompanied by increases in iron content. Despite this, STI was not significantly correlated
with Fe in topsoils. Again, correlation coefficients were higher for subsoils.

Figure 2. Altitudinal variations in iron (%) content and chemical weathering indices (WIP, weathering
index of Parker; STI, silica–titania index). Topsoils (A horizons), grey circles; subsoils (B and C
horizons), orange circles. Bioclimatic zones: AZ, arid zone; TZ, transition zone; SZ, Scalesia zone; BZ,
brown zone (after [34,35]). Data obtained from Taboada et al. [8].
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3.2. Mid Infrared (MIR) Vibrational Spectroscopy Characterization

The MIR spectra of the topsoil and subsoil samples, grouped by bioclimatic zone,
are represented in Figure 3. The spectra are quite similar but also show some differences
between bioclimatic zones. Intense absorbance was found in the 1200–800 cm−1 region,
moderate absorbance in the 3800–2800 cm−1 and 600–400 cm−1 regions, weak to moderate
absorbances in the 1800–1300 cm−1 region, and very weak absorbances in the 800–600 cm−1

region. Most absorbances can be assigned to clay minerals: kaolinitic clay (kaolinite and
halloysite), gibbsite, smectite, and probably talc (Table A2). Kaolinitic clay is present in
all soils, regardless of the bioclimatic zone, although the typical OH vibrations in the
3700–3600 cm−1 region tend to decrease from the TZ to the BZ and from topsoils to subsoils
(Figure 3). Gibbsite was only found in soils from SZ and BZ, with its typical absorbances
better expressed in topsoils than in subsoils—in the BZ in particular. Variations in smectite
and talc content are more difficult to assess since vibrations of these clays overlap both
with those of kaolinitic clay and gibbsite. Distinguishing these minerals requires further
studies and is part of an ongoing investigation.

Figure 3. Spectra of the analyzed soil samples ordered by bioclimatic zone, with indications of
wavenumbers of some of the main absorbances. Colors are used with the purpose to enhance
visualization. Bioclimatic zones: AZ, arid zone; TZ, transition zone; SZ, Scalesia zone; BZ, brown
zone (after [34,35]).

A more detailed inspection of the spectra using second derivative analysis also sug-
gested the presence, in low amounts, of primary silicates as plagioclase (anorthite), Na-
feldspar (albite), olivine (most likely fayalite), pyroxene (augite, diopside, and enstatite),
and quartz (Table A2). Quartz was only identified (1165, 798, 777 cm−1) in soils of the SZ
and BZ. Clay adsorbed water (1633 cm−1) was present in all samples, and this band broad-
ened and increased in absorbance from the AZ to the BZ, accompanied by an increase in
the band centered at 1400 cm−1. Second derivative spectra also showed a greater diversity
of vibrations, corresponding to aliphatics (2960, 2920, 2850, 1400–1250 cm−1), carbonyl
(1730–1720 cm−1), carboxylic (1700–1680 cm−1), and aromatic (1650–1550 cm−1) bonds, all
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assigned to organic matter (OM) compounds. The increase in OM vibrations is evident in
the topsoils and less so in the subsoils, with the exception of the soils on the BZ.

3.3. Mercury Content

Mercury concentrations varied by an order of magnitude, from a minimum of 36.4 ng g−1

to a maximum of 678.8 ng g−1. Average concentrations in topsoils and subsoils increased from
the AZ to the SZ and stabilized at the BZ (Table 1). Differences for both soil compartments (i.e.,
topsoils and subsoils) were highly significant (p < 0.001): AZ < TZ < SZ = BZ. Nevertheless,
mercury concentrations in samples taken at increasing depths were highly correlated with
those of the upper soil sample (r 0.93–0.97, p < 0.001; Figure A1).

Table 1. Average (avg), standard deviation (std), minimum (Min), and maximum (Max) mercury
concentrations in topsoil and subsoil samples of soils of Isla Santa Cruz, by bioclimatic zone. AZ:
arid zone; TZ: transition zone; SZ: Scalesia zone; BZ: brown zone (after [34,35]).

Topsoil AZ TZ SZ BZ

Avg ± std 48.0 ± 5.7 281 ± 121.9 504.0 ± 53.8 514.3 ± 130.5
Min–Max 42.7–57.4 92.0–458.4 414.0–567.7 290.2–678.8

N 6 33 12 12
Subsoil

Avg ± std 56.9 ± 13.5 235.6 ± 113.5 487.7 ± 97.6 494.4 ± 112.2
Min–Max 36.4–80.4 56.7–442.7 332.2–643.3 322.5–628.4

N 7 26 12 8

Figure 4 shows that mercury concentrations increase with altitude, following a pattern
that can be fitted to a quadratic function (r = 0.87, p < 0.01). Mercury was also correlated
with iron content (topsoil r = 0.53, p < 0.01; subsoil r = 0.72, p < 0.01) and degree of chemical
weathering (STI, topsoil r = −0.75, p < 0.01; subsoil r = −0.85, p < 0.01) (see also Table A1).

Figure 4. Mercury content in the soils of Isla Santa Cruz; relationship to altitude, iron content, and
chemical weathering (STI). Grey circles: topsoils (A horizons); orange circles: subsoils (B and C
horizons). Bioclimatic zones: AZ, arid zone; TZ, transition zone; SZ, Scalesia zone; BZ, brown zone
(after [34,35]).

MIR absorbances also showed large positive and negative correlations to mercury content
(Figure 5), and the shape of the correlation spectra is almost identical for topsoils and subsoils.
Large positive correlations were found for the 3400–2800 cm−1 region (maxima, r > 0.80,
in the 3090-2965 cm−1 region; Figure A2), in the 1700–1340 cm−1 region (r > 0.70), and at
587 and 477 cm−1. Most of these vibrations can be related to aliphatic, carbonyl, carboxylic,
and aromatic bonds of the soil organic matter. Moderate to large negative correlations were
found in the 1130–600 cm−1 region (minima at 1122, 962, 868, 822, 784, 766, 706, 684, and
641 cm−1), and at 503 and 453 cm−1 (Figure A2). Negative correlations are related to both
secondary (kaolinitic clay, gibbsite, and smectite) and primary (olivine, pyroxene, feldspar,
and plagioclase) silicates (Table A2).
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Figure 5. Correlation spectrum of mercury concentrations with MIR absorbances in topsoil and
subsoil samples. Wavenumbers of absorbances with high correlation (positive: >0.5; negative: <−0.5)
are also indicated.

3.4. Structural Equation Modeling (SEM) of Soil Mercury Content

Next, we build a SEM model using mercury content as a latent response variable (LV)
and selected soil properties as predictor LVs (clay, iron, organic matter, and primary mineral
content together with soil weathering indices, and altitude—the inner model). As indicated
in Section 2, we iterated the model and, in each run, eliminated those components and
interactions (i.e., paths) that were not significant after bootstrapping analysis. In the final
model, the following LVs were retained: altitude, degree of weathering, primary minerals,
and soil organic matter content (Figure 6A). Each of the LVs were represented by one or
more proxies (the outer model), which were retained only if their loadings were greater
than 0.9: altitude (Alt), log-transformed to account for the non-linearity of the relationship
to mercury; degree of chemical weathering (Weath), Fe content, and STI; primary minerals
(Pmin) and MIR vibrations (960, 864, 823, 701, 684, and 501 cm−1); and organic matter
compounds (OM) and MIR vibrations of organic compounds (3090, 2922, 2911, 2855, 1700,
1661, 1590, 1463, 1439, 1420, 1405, and 1377 cm−1).

The model was run for the full set of samples (complete model, Figure 6A) and
for the topsoils and subsoils separately (segregated models, Figure A3). The complete
model explained 87% (R2 0.87, SRMR 0.09) of the variance of soil mercury concentrations
(Figure 6B). Alt showed a large significant interaction with OM and a large negative inter-
action with Weath, and a low interaction with Pmin (Figure 6A). OM showed a moderate
negative interaction with Weath but a large negative interaction with Pmin. Interactions
between predictor LVs accounted for 88% of the variance in Pmin, 59% of the variance of
Weath, and 40% of the variance of OM. The path coefficients suggest that the largest direct,
negative effect on mercury concentrations was exerted by Pmin, followed by OM content,
and Weath. Alt had only a minor direct effect on soil mercury concentrations. Total effects,
which account for the direct and indirect effects (i.e., controls due to interactions between
predictors), also indicate that the largest negative effect corresponded to Pmin, and the
largest positive effect corresponded to Alt; while the Weath (negative) and OM content
(positive) had moderate effects.

The separate models for topsoils and subsoils showed a similar performance to that of
the complete model (Figure A3). The model for topsoils accounted for 86% of the mercury
variance (R2 0.86, SRMR 0.07), and that of the subsoils accounted for 88% of the mercury
variance (R2 0.88, SRMR 0.08). Direct path coefficients to the Hg LV were quite similar in
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both models, but the path coefficients of the interactions differed slightly between topsoils
and subsoils. For subsoils, Alt showed a slightly lower effect on OM content and Weath,
while OM content showed a larger effect on Weath and a lower effect on Pmin, when
compared to topsoils. Interactions between predictor LVs explained a lower proportion of
the variance of OM and Pmin, but a higher proportion of Weath in subsoils as compared
to topsoils.

Figure 6. (A) Inner model of the mercury concentrations in the volcanic soils of Isla Santa Cruz, and
(B) relationship between observed and expected (normalized) mercury concentrations. Response LV:
Hg, mercury concentrations; predictor LVs: Alt, altitude; Pmin, primary minerals; Weath, chemical
weathering; OM, organic matter. Bold numbers correspond to the direct path coefficients of the
predictor LVs, and the other values correspond to the path coefficients related to the interactions
between the predictor LVs. In (B), grey circles correspond to topsoil samples and orange circles
correspond to subsoil samples.

4. Discussion
The soil pedogenetic processes of the Isla Santa Cruz have been extensively discussed and

compared with those of other soils from volcanic areas in previous investigations [2,6–9,41,42];
the focus here is to discuss how the soil properties affect the mercury pool. Understanding the
processes that govern the extensive mercury pool in volcanic soils is crucial to better predict
how future climate, vegetation, and land-use changes might impact soil geochemistry and
mercury dynamics.

4.1. Mercury in Santa Cruz Volcanic Soils: Content and Accumulation Mechanisms

The soils of Isla Santa Cruz are enriched in mercury, considering the threshold of
100 ng g−1 commonly applied to separate background and enriched soils [43]. Only seven
topsoil samples and nine subsoil samples (11% and 17%, respectively) had concentrations
lower than the background threshold, and almost all corresponded to soils of the AZ. In
comparison, in an extensive study (>22,000 soil samples) on mercury content in topsoils of the
European Union [44,45], 91% of the samples had mercury concentrations below 100 ng g−1. In
Isla Santa Cruz, mercury concentrations of soils from the AZ are within the upper quartile of
this range, while those of soils from the other bioclimatic zones are in the upper 2% percentile
of the values recorded in topsoils of the European Union.

To our knowledge, Peña-Rodríguez et al. [21] is the only comprehensive investigation
on mercury content in volcanic soils. They analyzed 20 soils (94 samples) from seven
European countries (EU: France, Greece, Hungary, Iceland, Italy, Portugal, and Spain).
Almost half of the samples were also above the 100 ng g−1 threshold, and the range of
values (5–635 ng g−1) is comparable to that found in the present study. Considering the
whole set of mercury measurements in volcanic soils (those of [21] and ours, N = 198), Isla
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Santa Cruz soils have overall higher values: 44% of the samples from Santa Cruz were
in the upper quartile (397–899 ng g−1) but only 1% from the EU topsoils; in the second
quartile (165–395 ng g−1), the figures were 28% and 20%, respectively; in the third quartile
(57–165 ng g−1), they were 19% and 32%; and in the fourth quartile (5–56% ng g−1), 9%
and 46%, respectively. Despite this, high mercury concentrations were recorded in volcanic
soils of Italy, up to 7450 ng g−1 [46].

Our results indicate that mercury concentrations in subsuperficial soil samples are
highly correlated with those of the upper soil samples (Figure A1), suggesting mercury
fluxes at the surface of the soil control mercury accumulation in the subsoil. Mercury was
also correlated to altitude, iron content, and degree of chemical weathering. Correlation
with iron was moderate (Figure 4, Table A1) but in line with those of previous investigations.
Several investigations have already found correlations between mercury, organic matter,
and Fe in soils [24,25,47–50]. It has been shown that mercury can strongly bind to sulphur
groups [23,48,51–53], to nitrogen-containing compounds, and even to phenol and carbonyl
groups [54–57] of the OM, and be adsorbed/coprecipitate with Fe oxides [58–62]. Although
the OM MIR signal was of relatively moderate/low intensity, the correlation spectra for the
topsoils and the subsoils showed highly significant correlations to OM functional groups
(Figures A2 and 5): vibrations in the hydroxyl and aliphatic region (3500–2800 cm−1) and
the carbonyl/carboxylic/aromatic (1700–1550 cm−1) region showed correlation coefficients
larger than 0.75, suggesting their involvement in mercury binding in Isla Santa Cruz
volcanic soils.

Mercury can also be adsorbed onto clay minerals, smectites being more efficient than
kaolinite, gibbsite, and talc [24,63]. Despite the large abundance and diversity of clay
minerals present in the volcanic soils of Isla Santa Cruz, their MIR absorbances were found
to negatively correlate with mercury content. This indicates that, although they certainly
can adsorb mercury, they exert a minor role in the mercury variations in these volcanic
soils. In fact, soils from the AZ show large clay contents (Figure 3) but the lowest mercury
concentrations in all bioclimatic zones.

4.2. Factors Affecting Mercury Spatial Distribution

The SEM models suggest that the main factors controlling mercury cycling in Isla Santa
Cruz are the same across the soil compartments. No differences were found in the weights
of the predictor LVs (path coefficients to Hg) between the complete and segregated models
(Figure A1). Despite this, differences were observed in the coefficients of the interactions
between predictors when comparing the segregated models: a higher proportion of the
OM was explained in the topsoils, and a higher proportion of Weath (i.e., intensity of
chemical weathering) in the subsoils. This is an expected result, given the large differences
in vertical distribution of the OM between topsoils and subsoils, and indicates that OM is
the main governing factor in the topsoils, while chemical weathering is more important in
the subsoils.

The complete SEM model suggests that the content in Pmin (i.e., unweathered miner-
als) and Alt (altitude) have the largest controls on mercury content (Figure 7). The effect
of altitude is positive but non-linear, as mercury concentration increases from the AZ to
the SZ but flattens at the BZ. This may be due to a depletion of atmospheric mercury
with increasing precipitation with altitude and the formation of a permanent fog layer at
about 250 m of elevation, as described in Rial et al. [10]. Increases with altitude have also
been observed in previous investigations of mercury accumulation in soils in altitudinal
gradients [64], sometimes modulated by the formation of cloud layers [65]. Altitudinal
differences control the spatial distribution of the bioclimatic zones defined here and in
previous studies and, consequently, are associated with marked differences in vegetation
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composition. These vegetation differences may, in turn, influence mercury accumulation
and cycling in soils. Several investigations have shown that gaseous elemental mercury is
taken up by vegetation and subsequently transferred to the soil, predominantly through
litterfall [66–71], with soil mercury concentrations strongly correlated with mercury con-
centrations in litterfall [72]. In fact, mercury deposition through litterfall is considered
the largest source of mercury to forest soils, although the deposition fluxes decrease from
tropical to boreal areas [73]. This effect is more pronounced in topsoils compared to subsoils,
where mercury content is more dependent on OM content and other soil properties [74].

Figure 7. Standardized mercury concentrations and total weights of the drivers retained in the
complete SEM model accounting for 87% of the mercury variance in topsoil and subsoil samples of
Isla Santa Cruz. In each soil, samples from left to right are in depth order. Bioclimatic zones: AZ, arid
zone; TZ, transition zone; SZ, Scalesia zone; BZ, brown zone (after [34,35]).

The effect of Pmin (primary minerals) is linear, and it probably accounts for a relative
dissolution effect, as the wavenumbers retained in the SEM model correspond to olivine and
pyroxene minerals. A study of mercury in the topsoil horizons of European volcanic soils
revealed varying contributions of lithogenic mercury (i.e., Hg derived from the weathering
of volcanic parent material) to total soil mercury [21]. In contrast, Grimaldi et al. [24]
found much less variability in mercury content in highly weathered soils (volcanogenic
parent material) in Oxisols and Ultisols in French Guiana, whilst also observing that
lithogenic mercury becomes enriched as weathering progressed, pointing toward the fact
that weathering simultaneously controls long-term mercury and mineralogical composition
of these soils. In Isla Santa Cruz, soil mercury concentrations linearly decrease with
increasing absorbance of primary minerals (olivines and pyroxenes, Figure A2), suggesting
that for these soils the lithogenic mercury is negligible.

Weath (chemical weathering) and OM showed opposite, moderate weights. The
negative sign of the Weath path coefficient is due to the fact that the STI values decrease as
the chemical weathering intensity increases (STI and Fe loadings have opposite signs in
Weath), so the overall effect is an increase in mercury content as the degree of weathering
increases. Strong weathering in volcanic soils produce a large amount of highly reactive
secondary phases (both crystalline and of low crystallinity) [6,9,41], with a large capacity to
bind mercury—as described in the previous section.

The positive sign of OM indicates that it contributes to increasing mercury content
(Figure A2). The MIR bands retained in the model correspond to aliphatic (methyl and
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methene), carbonyl, carboxylic, and aromatic bonds, suggesting these are the most active
in mercury accumulation in the Isla Santa Cruz soils. Thus, the SEM model captured the
significant role of OM in mercury accumulation in volcanic soils.

Our results also point to interesting changes in the vertical distribution of mercury
in the soils. In AZ, there is no vertical differentiation between soil compartments, and all
factors show a similar distribution of weights. The low altitude is the main control, followed
by Pmin. In TZ soils, Pmin and Weath become progressively more important, their effects
varying with depth until the middle of the zone. In the second half of TZ, the effects turn
to be positive, in topsoils in particular, showing Alt a weak contribution. This trend levels
out in SZ soils, although vertical differentiation is not as clear as that of TZ soil located at
lower elevations. In the BZ soils, all the effects increase, and the vertical differentiation is
again evident. In many investigations, mercury content shows a significant decrease with
depth [24,25,48,69,75,76], but in volcanic soils sedimentary discontinuities due to volcanic
events result in complex mercury depth distribution profiles [21].

4.3. Land-Use Changes: Implications for the Mercury Cycling in Santa Cruz Soils

Land-use transformations have been shown to affect mercury cycling in forest soils.
Transformation from native forests to grassland or agricultural land use significantly in-
creases mercury mobility [77–81], due to a cascade of changes that affect mercury uptake
by vegetation, soil organic matter content and molecular composition [82], and, in volcanic
soils, changes in the evolution of the mineral phases and soil properties (e.g., [83]). As
indicated before, litterfall is the main mercury flux to soils and different plant species
contribute to different extents [64,74]. At a global scale, Wang et al. [84] estimated that trop-
ical/subtropical forests contribute to 32% of the total mercury storage, temperate/boreal
forests to 23%, grassland and steppe shrubland 28%, tundra by 7%, and desert and arid
shrubland 10%. Fires, which are more frequent in human managed areas, pose an addi-
tional risk to mercury mobilization [85]. Wildfires were found to decrease mercury content
by 88% in O horizons and up to 50% in the mineral soil [81].

The windward slopes of Isla Santa Cruz have been extensively transformed, as shown
in a recent study by Herrera et al. [29]. In their work on the history of land cover in Isla
Santa Cruz, these authors found that 94% of the non-protected area was covered by native
vegetation in 1961 but decreased to 7% in 2018, due to clearing for agricultural expansion
(67% of the area is covered with agricultural land and 26% by invasive species). Based on
what has been outlined above, this implies that major changes to the factors controlling
mercury cycling in the Santa Cruz soils already have occurred, with potential releases of
mercury from the topsoils and altered atmospheric elemental mercury uptake linked to
vegetation shifts. The extent of these effects and whether only topsoils were affected and
subsoils remained undistributed is still to be established. Our study provides a unique,
pre-transformation evaluation of mercury content and cycling that can serve as a reference
state for comparing post-transformation conditions.

5. Conclusions
Mercury concentrations in the studied volcanic soils of Isla de Santa Cruz (Galapagos,

Ecuador), collected in 1962, showed a large range of variation—19-fold (36–679 ng g−1)—and
increased almost linearly with altitude. Differences between bioclimatic zones were highly
significant. Concentrations at increasing depth in the soil were correlated to those of the
uppermost layer, implying that mercury fluxes at the soil surface (most likely dominated
by litterfall additions) controlled mercury accumulation in the subsoils. In agreement with
previous investigations, mercury was found to be correlated with iron, organic matter content
and quality (availability of aliphatic, carbonyl, carboxylic, and aromatic bonds), and degree
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of chemical weathering of the soil. These facts suggest that soil pedogenetic evolution also
played an important role in mercury accumulation. This assumption was reinforced by the
results of the structural equation modeling (SEM), which suggested that altitude (positive)
and the abundance of primary minerals (negative) had the largest controls on soil mercury
content. Altitude, in the windward slopes of the island, integrates several environmental
factors such as precipitation, temperature, vegetation communities, etc., all of which have
been previously found to be involved in soil mercury cycling. The abundance of primary
minerals is related to the degree of chemical weathering and soil pedogenesis.

Since this study was conducted on archived soil samples, our results and models
approximate the factors involved in soil mercury accumulation prior to the extensive land-
use transformations undergone in the windward areas of Isla Santa Cruz. Major changes
in the factors controlling mercury cycling (soil properties, pedogenetic evolution, and
vegetation composition) have certainly occurred since then, which may have resulted in
increased releases of mercury to the atmosphere and waters, posing unconstrained threats
to Isla Santa Cruz ecosystems today and in the future.
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MIR Mid infrared
STI Silica–titania index
WIP Weathering index of Parker

Appendix A

Figure A1. Correlation between mercury concentrations in the upper soil sample and samples taken
at increasing depth.

Figure A2. Cont.
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Figure A2. MIR absorbances showing the highest positive (methyl groups) and negative correlations
(primary minerals, i.e., pyroxenes) to mercury concentrations. Grey circles correspond to topsoil
samples and orange circles correspond to subsoil samples.

Figure A3. Segregated SEM models for (A) topsoils and (B) subsoils. Response LV: Hg, mercury
concentrations; predictor LVs: Alt, altitude; P min, primary minerals; Weath, chemical weathering;
OM, organic matter. Bold numbers correspond to the direct path coefficients of the predictor LVs,
and the other values correspond to the path coefficients related to the interactions between the
predictor LVs.

Table A1. Main MIR absorbances of the minerals identified by FTIR-ATR. Assignments based
on [86–99].

Mineral Wavenumber (cm−1)

Olivine
Forsterite—984, 867, 835, 610, 520, 501, 474
Fayalite—1003, 942, 852, 823, 554, 499, 460

Pyrioxene
Augite—1065, 962, 908, 862, 766, 671, 633, 503, 467, 461

Diopside—1066, 960, 908, 860, 673, 633, 503, 463
Enstatite—1051, 1001, 972, 945, 922, 895, 872, 725, 688, 644, 534, 496, 442
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Table A1. Cont.

Mineral Wavenumber (cm−1)

Plagioclase

Albite—1150, 1100, 1030, 988, 787, 764, 745, 723, 650, 608, 588, 530,
476, 463

Anorthite—1140, 1096, 1075, 1022, 990, 914, 772, 756, 727, 685, 669, 621,
604, 581, 567, 538, 484

Quartz 1165, 1082, 1051, 963, 797, 779, 729, 694, 517, 455

KaoliniteHalloysite 3694, 3652, 3620, 1114, 1029, 1005, 998, 935, 910, 788, 751, 678, 645, 527, 460

Gibssite 3620, 2652, 2469, 3375, 1021, 972, 800, 751, 666, 559, 523

Montmorillonite 3630, 3526, 3469, 3375, 1021, 972, 800, 751, 666, 559, 523

Talc 3677, 1017, 670, 536, 464, 425

Table A2. Correlation (Pearson coefficient) between the variables used in this study.

Topsoil Iron WIP STI Hg

Altitude 0.42 −0.46 −0.60 0.85
Iron −0.52 −0.20 0.43
WIP 0.26 −0.31
STI −0.74

Subsoil
Altitude 0.72 −0.53 −0.93 0.83

Iron −0.77 −0.79 0.67
WIP 0.58 −0.47
STI −0.80
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