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RESUMEN

El presente informe se basa en el articulo cientifico titulado “In situ measurement
of trace sulfide concentrations in marine coastal waters using diffusive gradient
thin film passive samplers”, publicado como parte de una investigacion que tiene
como objetivo desarrollar, calibrar y evaluar el desempefio de muestreadores
pasivos desarrollados localmente (“in house”) empleando un procedimiento de
sintesis de yoduro de plata (Agl) en una matriz no toxica (agarosa), para la
cuantificacion de sulfuros disueltos en ambientes marino-costeros del sistema de
surgencia peruano, permitiendo una medicion precisa, continua y de bajo costo,
incluso en condiciones andxicas y con alta carga organica. Esto demuestra la
utilidad de los muestreadores pasivos como una alternativa innovadora para
estudios oceanograficos sostenibles en el tiempo frente a los métodos tradicionales
existentes, superando las limitaciones como la interferencia quimica, la necesidad
de manipulacion anaerdbica y el alto costo de los dispositivos comerciales
empleados para la medicion de sulfuro disuelto. Ademas, de representar una
alternativa operativa y sostenible para el monitoreo del ciclo del azufre, esta
innovacion abre un camino hacia la transferencia tecnoldgica nacional
contribuyendo asi a una red de monitoreo sostenible y auténoma frente a los

desafios del cambio climatico y la gestion de ecosistemas vulnerables.

PALABRAS CLAVE
SULFUROQOS, GRADIENTE DIFUSIVO EN PELICULA DELGADA (DGT),
ZONAS MARINO COSTERAS, MONITOREO DE BAJO COSTO,

TRANSFERENCIA TECNOLOGICA.



ABSTRACT

The present report is based on the scientific article entitled “In situ measurement of
trace sulfide concentrations in marine coastal waters using diffusive gradient thin
film passive samplers”, published as part of a research project aimed at developing,
calibrating, and evaluating the performance of locally developed (“In house”)
passive samplers using a silver iodide (Agl) synthesis procedure in a non-toxic
matrix (agarose) for the quantification of dissolved sulfides in marine-coastal
environments of the Peruvian upwelling system, enabling accurate, continuous, and
low-cost measurement even under anoxic conditions and with a high organic load.
This demonstrates the usefulness of passive samplers as an innovative alternative
for sustainable oceanographic studies over time compared to existing traditional
methods, overcoming limitations such as chemical interference, the need for
anaerobic manipulation, and the high cost of commercial devices used to measure
dissolved sulfide. In addition to representing an operational and sustainable
alternative for monitoring the sulfur cycle, this innovation paves the way for
national technology transfer, thus contributing to a sustainable and autonomous
monitoring network to address the challenges of climate change and the

management of vulnerable ecosystems.

KEYWORDS

SULFIDES, DIFFUSIVE GRADIENT IN THIN FILM (DGT), COASTAL

ZONES, LOW-COST, TECHNOLOGY TRANSFER.
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ARTICLE INFO ABSTRACT

Keywords: The diffusive gradient in thin film technique (DGT) represents an in situ passive sampling method designed to

Diffusive gradient in thin film (DGT) various

ding sulfides, for detection at low concentrations. While DGT appli-

Sulfides
Trace concentration levels = 2

cations for sulfides have been studied in freshwater, this research extends its use to marine environments. A

Low-cost marine observatory detatied

for calibrating, and field-deploying DGT samplers to

measure sulfides in lhe low micromolar range in marine wme:s The in-house DGT samplers developed in this

study with more h binding gels and smaller silver iodide
particles {0.51 = 0.34 um] P to dal all i imaging enabled accurate quanti-
fication of sulfide in the gels, the method's reliability for detecting trace-| level sulﬁdes
in marine environments. Comparative analysis showed in-house and cial y in

sulfide Field along the coast revealed significant vertical and

spatial sulfide gradients. In the Callzo coastal area (12°S) (July-August 2022), concentrations ranged from 0.03
to 0.45 M across a 35 m depth profile. In Paracas hay (138 S) (March-April 2023), a shallower coastal station,

concentrations ranged from 1.17 to 6.46 pM,
utility of DGT samplers as cost-effective tools for

cycle. The findings

flecting d benduc These results highi: the
1] bling studies of the ocean sulfur
of DGTs in marine and coastal water column research.

the growing

1. Introduction

The sulfur cycle in the ocean is a key biogeochemical process, with
sulfate serving as a significant reservoir (Sievert et al, 2007). In low
oxygen zones, primary production and export of organic matter drive
the sulfur cycle. The oxidation of organic matter, together with sulfate
reduction and sulfid mainly g sulfides (HS ) and other
reduced sulfur i di such as hydrogen sulfide (H8), thiosulfate
(S;03 ) and sulfite (SO3 ) (Callbeck et al., 2021). The transformation of
inorganic sulfur, through the reductive and oxidative pathways of the
marine sulfur cycle, produces nitrite and ammonium, which are critical
substrates for anammox and nitrification processes (Canficld et al,
2010; Callbeck et al, 2021). This process influences the fixation of
carbon (Fike et 21, 2015) and nitrogen (Callbeck et al., 2021) in anoxic

zones, reinforcing the formation of sulfur plumes and potentially
enhancing phosphate release from sediments (Heijs ot a1, 2000; Lomnitz
et al., 2016; Wu et al., 2019). Furthermore, in anoxic sediments, dis-
solved sulfide significantly affects the distribution and mobility of trace
metals like iron by forming stable metal sulfide complexes (Di Toro
et al., 1990; Gao ct al., 2015; Wu et al., 2019).

Recent studies indicate that sulfur cycle activity intensifies in highly
productive, low-oxygen areas (Dugdale et al., 1977; Callbeck et al.,
2021). The Humboldt Current ecosystem is one of the most productive
ocean regions in the world due to nutrient-rich upwelling. It features a
shallow oxygen minimum zone, resulting from high primary production,
carbon export, and organic matter remineralization (Wooster and Gil-
martin, 1961; Codispoti and Packard, 1980). Organic matter degrada-
tion through sulfate reduction leads to hydrogen sulfide (H,S)

* Corresponding author at: Direccion General de Investigaciones en Oceanografia y Cambio Climatico, Instituto del Mar del Perd, Esquina Gamarra y General Valle

S/N, Callao 07021, Peru
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formation, which accu in anoxic sedi: and can occasionally
diffuse into the oxic layer (Jorgensen, 1982; Chavca, 2018; Callbeck
ctal, 2021). Large sulfide plumes along the Peruvian coast cause fish
and invertebrate migrations and mor| , due to HaS toxicity even at
low concentrations (Copenhagen, 1953; Levin et al., 200% Bagarinao,
1992; APHA, 1985; Wang and Chapman, 1999). Therefore, monitoring
sulfide concentrations (Ha$ + HS + §% ) is crucial for environmental
protection, as well as for oceanographic, and biotoxicological research
(Radford-Knoery and Cutter, 1993; Li et al,, 2022a, 2022h).

Various analytical methods have been developed to quantify sulfide
¥ (Cline, 1969; Shanthi and
et al, 2009 Bowles et al., 200
t al, 2010), fluorescence (Toda et al, 2011, 2012; Wu a
201%; Leal et al., 2021), chemilumineseence (Huang et al., 20(
iu and Han, 2016), chromatography (Tang and Sant-
1 and Benoit, 20013 Small and Hintelmann, 2007), and
atomic fluorescence spectroscopy (Jin et al, 2007). However, these
methods often require complicated handling, which can lead to oxida-
tion, volatilization, and loss of sulfides (Toda et all 20115 Li et al,
20224, 2022b). To overcome these challenges, various in situ methods
have been developed, each presenting advantages and limitations (Tang
2000). For example, in sitt detection techniques such as
cathodic stripping voltammetry (Ciglenecki and Cosovié, 1996; Cigle-
necki et al 2005) are susceptible to electrode fouling, causing anoma-
lous readings (Mylon and Benoit, 2001). Sensitive sulfide microsensors
with in situ pumps and profilers have also been developed (Kihl et al.,
1998; Meyer et al., 2018; Schunck et al., 2013), but they require con-
stant calibration to compensate for oxide formation on the sensor sur-
face (Kihl et al., 1998). These challenges emphasize the difficulty of
accurately measuring trace levels of sulfides in oceanic waters.

The diffusive gradients in thin film technique (DGT) (Davison and
Zhang, 1994) is a robust technique used to determine dissolved free
metal ions and labile metal complexes, which represent potentially
bivavailable metal forms (Davison and Zhang, 1994; Harper et al., 2000;
Zhang and Davison, 2001; Twiss and Moffett, 2002; Degryse et al., 2003;
Dunn et al, 2003; Gimpel et al., 2003; Li et al,, 2019). Furthermore, it

and Santsch
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and application of DGT technique for marine waters to detect trace
sulfide concentrations is mostly undocumented, despite existing appli-
cations in contact with marine sediments (Robertson et al, 2008; Rob-
ertson et al., 2009; Pages et al., 2011; Kankanamge et al., 2020) where
sulfide concentrations are elevated (Table 1), Passive DGT samplers used
for sulfide preconcentration include a binding gel containing silver io-
dide (Agl) particles that react with sulfides in the medium (Teasdale
et al., 1999; DeVries and Wang, 2003; Robertson et al., 2008; Robertson
et al, 2009), and a diffusive gel made of agarose or polyacrylamide.
Sulfides accumulate in the binding gel depending on exposure time, DGT
surface area, sulfide concentration, and their diffusion properties ac-
cording to Fick law through the diffusive gel. In the presence of sulfides,
Agl reacts with them to become AgsS, leading to a color change from
white to dark brown in the binding gel as a function of sulfide amounts,
which can be analyzed by computer densitometry to estimate sulfide
concentration (Teasdale et al,, 1999 DeVries and Wang, 2003; Motelica-
Heino et al, 2003). DGT samplers are easy to use and provide advan-
tages such as capturing dissolved sulfide (Teasdale et 21, 1999) and
stabilizing the silver sulfide (Ags8) complex to prevent further reox-
idation and volatilization losses (Teascdale et al., 19949 Rearick, 2004).
The detection limit can be increased with longer deployment times and/
or thinner diffusion layers (Zhang and Davison, 1995; Teasdale et al,
1999). DGT samplers are also efficient across a wide range of pH values
(Zhang and Davison, 1995, 1999; Gimpel et al., 2001; Rearick, 2004).
Despite of these advantages, most DGT calibration and accuracy studies
have mostly focused on freshwaters, with limited research on mea-
surement validation and application for marine environments (Vrana
et al., 2005).

In this study, we present the synthesis procedure and characteriza-
tion of Agl particles in non-toxic agarose binding gels, avoiding the use
of acrylamide and other compounds in their traditional preparation, as
well as the preparation of non-toxic agarose diffusive gels. In-house DGT
samplers were prepared, calibrated in the laboratory using both fresh
and marine waters and deploved in the field to measure diluted sulfide
concentrations (within the low micromolar range) in coastal marine
waters depth profiles, Finally, we conducted a comparative study be-

represents an alternative and promising technique for in sin
ment of dissolved sulfide which has been successfully applied across
warious environments, mostly in fresh waters (Naylor et al., 2006; Ding
et al, 2012; Ma et 2017) and sediments (Teas 1., 1999;
ng, 2003 Widerlund and Davison, 2007). Validation

le et

DeVries and W

tween in-h DGT samplers and commercial DGTE Research samplers

(Zhang and Davison, 1995), evaluating their performance both in the
laboratory and in the field in two different areas of the Peruvian coast.

Table 1
Development of binding agents in diffusive gradient thin film techniques (DGT) for sulfides and sampler application medium.
Sampler application Target Type of Type of procedure Analytical Applied condition References
medium analyles adsorbents technigues
In laboratory S{VI, Sulfate] Chelex A formuta patented by DGT HR-ICPMS pli: 4.7-6.0 Garmo et al. (2003
Research Lid.
S =+ HS Agl A formula patented by DGT cin DeVries and Wang (200%)
Research Lid
S-11) Zr-Agl Particle sequestration cin pH: B.8-9.3 I L (2012)
2400
Sediment parewaters Sulfide Agl Precipitated i P (2011
Sulfide Agl Precipitated i 355 = 6.4 % al. (20200
LOI 550 (Joss-on-
ignition])
Sulfide Agl Precipitated D
Sediment Hi8 = HS™ + Agl Precipitated D —4-8°C
st pH: 7.0
Sulfide Agl Precipitated i <0.25 m depth at bow
ticle
Sulfide Agl Precipitated i
Freshwater/sediment ST} ZrieAgl Particle sequestration cin
Sulfide Agl Particle seruestration o
S[-11} Agl Particle sequestration i

HRE-ICPMS: High-resolution inductively Coupled Plasma Mass Spectrometry.
CIlx Computer-imaging densitometry.
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2. Material and methods

2.1. Reagents

Agarose (BioReagent, for molecular biology, under EEO A9539),
Silver nitrate (AgNOs, EMSURE ACS, 150, Reag. Ph Eur.), Potassium
lodide (KI, =99 % EMSURE, IS0, Reag. Ph Eur), Sodium sulfide
(NaaS-9H20 > 98 % ACS Reagent — Sigma, Aldrich), Sodium chloride
(NaCl, 99.99 % Suprapur EMSURE, 130, Reag. Ph Eur.), Potassium ni-
trate (KNOs, > 99.0 % EMSURE, 1SO, Reag. Ph Eur), Phosphate buffer
(0.1 M - pH: 7.00) (from sodium phosphate dibasic heptahydrate ACS
reagent, 98.0-102.0 % and sodium phosphate monobasic monohydrate
ACS reagent, =98 5g).

22 DGT gels fabrication and assembloge

The agarose diffusive gel was made according to the procedure of
Wang et al, 2016, The solution was immediately poured between two
glass plates 200 » 60 mm and 2 mm thick, also preheated at 70 °C and
separated by a 0.75 mm Teflon spacer and clamped (see Supporting
Information, Fig. S01). The plates were then allowed to cool for 60 min
at room temperature. They were then immersed in a flat container with
500 mL of MilliQ water and carefully pulled apart to remove the gel
sheet, which was cut with a 24 mm circular punch. The diffusive binding
gels were placed in a Faleon tube filled with MilliQ water at 4 °Cfor 24 h
before use.

The optimized procedure for the synthesis of Agl binding gels was
adapted from Ren et al., 2021 Briefly, the formation of Agl particles was
carried out through the mixing of a 23 mM solution of silver nitrate
(AgNOs) and a 28 mM solution of potassium fodide (KI). We dissolved
separately in two 40 mL amber glass vials 0.056 g of AgNOs and 0.066 g
of KI in 18 and 17 mL of MilliQ water respectively. To complete the
synthesis of Agl particles, 0.3 mL aliquots of the KI solution were added
every 30 5 to the AgNO, solution under low stirring conditions at roem
temperature. Once the final volume reached 35 mL, 0.525 g of agarose
was added and allowed to stir for 10 min. The vial was then placed in a
75 “C water bath on a magnetic stirrer for 35 min at 100 rpm to achieve
complete dissolution of the agarose. A glass ball was placed on top of the
EPA vial during this step, to minimize water loss. The temperature in the
water bath system was reduced to 70 ° C(See supplementary information
Fig. 502). Then the Agl solution with melted agarose was pipetted with a
tip preheated to 70 °C (covered with aluminum foil), between two glass
plates also preheated at 70 “C and separated by a 0.5 mm Teflon spacer
held with clamps. The same steps as for the diffusive gels were applied
for punching out the binding gel disks. Additionally, the binding gels
were rinsed 10 times with MilliQ water bin in a Falcon tube and agitated
gently by hand to remove reagent impurities. The binding agent was
distributed relatively homogeneously without visible sedimentation of
Agl particles. Binging gels were stored in 30 mM NaCl at 4 °C before use.

The DGT were assembled using piston-type plastic holders and caps
abtained from DGTE Research (Zhang and Davison, 1995) that have a
window area diameter of 20 mm. The samplers were assembled by
depositing the binging gel at the surface of the piston first. The diffusive
gel was added to the binding gel, followed by a 25 mm Suporf PALL
hydrophilic polyethersulfone (PES) filter with a pore size of 0.45 pm and
a thickness of 140 pm. The sampler was then sealed with a plastic cap.
In-house DGT samplers were kept in a small zip lock bag filled with a few
drops of MQ/30 mM NaCl. All samplers were stored at 4 °C before use.

2.3, Characterization of the binding gel by image microscopy

The determination Agl particle size distribution in the agarose
binding gel was performed using an enhanced dark field microscope
(Olympus BX51 Cytoviva). The binding gels were cut in pieces, placed
between glass slides and observed in il immersion (objective <60).
Obtained images were processed using the Image) software (Fiji version

Marine Chemistry 271 (2025) 104521

1.0). Images were converted into grayscale, pixel scaled, and threshold
to only account for signals from particles in focus. Particles were auto-
matically detected using the Fiji “analyze particle” function (filtering
out the particle touching the edge of the image). The number of particles
per mm” (particle density) in the images was estimated based on these
results. The minimum Ferret's distance was used as a proxy of the
tracked particles” diameter for both in-house (n = 1628 particles) and
commercial samplers (n = 690 particles). Average particles” diameter,
associated confidence interval and histogram of particle size distribution
within the gels were calculated using XLStat (version 2023.3.0).

2.4, Calibration of DGT samplers

Commercial and in-house DGT samplers were exposed to known
sulfide concentrations ranging from 4 to 200 pM for 4 hin 1 L airtight
plastic vessels filled with MilliQ) waters containing 0.01 M KNOs pre-
viously purged with Argon for 40 min to achieve anoxia in the system,
and without headspace and buffered to pH 7.00 with 0.1 M phosphate
buffer. Both commercial and in-house DGT samplers were implemented
in triplicate at each concentration. Sulfide concentrations exposed dur-
ing calibration were verified before and during the 4 h of exposure by
spectrophotometry following procedures established by Grasshoff et al.
(1999). The vessels were placed on a magnetic stirrer set at 220 rpm,
throughout the purge and exposure time. The concentration of sulfide in
the solution was adjusted to the desired value using a primary standard
solution, prepared daily using sodium sulfide (NayS) in a 250 mL Nal-
gene container filled with MilliQ water previously purged with argon for
40 min without headspace. The concentration of the primary standard
salution was prepared in way so that the velume of standard solution
added to the plastic vessels was less than 1 % of the total volume (1 L).
For DGT exposure in seawater, a volume of surface water from Callao
Bay (~19.3 °C, 34.627 psu, and pH = ~7.80) was filtered and purged
with argon for 50 min. The same calibration procedurne described above
was used. Finally, for the estimation of sulfides in the samplers,
boundary layer diffusion was considered negligible during calibration,
as all solutions were continuously stirred.

2.5. Binding gel imaging

After exposure, DGT plastic supports were separated to recover the
binding gels with plastic tweegers. The binding gels were placed wet
between two 0.2 mm thick sheets of transparent vinyl. A Xerox Versalink
7025 PCL6 flatbed scanner was used to obtain a JPEG image at 300 dpi.
The image files were then transformed into 8-bit grayscale images ac-
cording to Teasdale ef al, 1999, using Image] software, giving a reso-
lution of 256 shades of gray in RGB color ranges; from white (255) to
deep black (0) at a vertical and lateral resolution of 85 pym of the imaging
process as described by DeVries and Wang ). The RGB value of
cach binding gel obtained with image J was spatially integrated over the
binding gel surface area.

2.6, Sulfide concentration estimutes

Sulfide concentration estimates in the binding gels were determined
by relating the grayscale intensity to the amount of sulfide accumulated
in the gel. The accumulated mass of sulfides per unit area (M/A) can be
determined in Eq. (1), based on the known concentration of sulfides
exposed in the calibration solution, the exposure time in seconds (1), the
thickness of the diffusive layer (diffusive gel and the membrane filter) in
cm (Ag) and the diffusion coefficient of the analyte in the diffusive gel in
em® s~ YD) (Davison, 2016). Diffusion coefficient values were obtained
from tables from DGT Research Lid. Finally, MsA is plotted against the
grayscale intensity of the binding gels for the different calibration so-
lutions (Fig. 4) and fitted using a non-linear function (Eq. (2))
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M
Coor =528 )
y = In(a) + bin(x) 2)

Diffusive boundary layer diffusion was considered to be negligible
during laboratory calibration since all solutions were continuously
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3. Results and discussion
3.1. Characterization of synthesized binding gels
The detection of sulfide concentration by DGT is based on the color

change of the Agl binding gel from white to dark brown in the presence
of dissolved sulfides (HS + HaS). It is essential to get a homogeneous

stirred, and during fieldwork since DGTs were § i d by
wave action inducing vertical oscillations of the morring in shallow
coastal waters.

2.7. Field deployments

For field d (See )l y information Fig. S03),
both in-house and commcmal DGTs (the latter assembled considering
only the DGT Research binding gel) were deployed at different depths in
the bay of Callao, North of Lima, and in Southern Pisco - Paracas
(¥ig. 1a) between July-August 2022 and March-April 2023 respectively.
In Callao Bay, DGTs were deployed at station EO at approximately 35 m
depth, located on the north side of San Lorenzo Island (Fig. 1b), with

ranging L 13.8 and 15.2 °C, with dissolved oxygen
contents between 0.15 and 3.83 mL-L !, average salinity of 34.940 psu
and a pH between 7.68 and 8.10 during the deployment time. At station
EM (10 m deep), located in the central part of the Paracas - Pisco Bay

distribution of reactive Agl particles in the binding gel to get more
precise, reproducible, and accurate sulfide measurements. In this way,
the synthesis process is particularly important. In this study, we adapted
a procedure for the synthesis of Agl(s) using AgNO3 and K1 from Ren
2021, differing from previous methods, where successive im-
mersions of the binding gel were carried out in solutions of AgNO3 and
4 1499). Unlike the method proposed by DeVries and
13), which achieved greater homogeneity of Agl in the binding
gel, but required significantly higher amounts of AgNO4 and excessive
concentrations of KI, our approach minimizes the need for extensive
rmsmg while still achieving a umform distribution of Agl particles,
hesis time and g the use of harmful solutions such

as polyatrylamndc TEMED, and ammonium persulfate (APS).
By slowly adding the KI solution at a sufficiently high concentration
into a warm and well-stirred AgNOs(s) solution, we were able to better
control the formation of smaller Agl particles within the low

et al,

le et al.,

(¥ig. 1c), temperatures between 19.0 and 19.4 °C and an ge dis-
solved oxygen of 0.2 mL-L ™! at the bottom were recorded during
deployment. This area, located south of Lima, is characterized by the
presence of sulfide plumes (Callbeck et al.. 2021; Ohde, 2018; Schunck
et al. 2013).

76.5°W

76°W

mic range. These particles were homoge-
neously dtspuscd in the binding gel after the addition of 1.5 % agarose
at 75 “C. Microscopy images of the binding gels are shown in Fig. 2. The
results confirmed that Agl particles produced by this procedure are
distributed relatively homogeneously and that their average diameter is
significantly smaller (0.51 + 0.34 pm) than commercial DGT binding

Lat: 13° 49.20'5

Long: 76° 16.53' W
Deployment: 6 days
Duration: Mar - Apr 2023
Depth: 10 m

San Martin
harbour

Atenas

Paracas

Fig. 1. (a) Location of Lima - Callao and Pisco - Paracas Bays on the Peruvian coast. (b) Position of station E0 within the Bay of Callao located in the northern part of
San Lorenzo Island in red circle (c) Position of station EM; within the central part of Paracas Bay - Pisco in red triangle.
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In house binding gel
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Commercial binding gel

{C} 600
Average Diameter
» 500 0.51 £0.34 ym
g e Particle density
5 300 7.4x10'? particles/mm?

§20

£
Z 10

Average Diameter
1.0+ 0.78 ym

Particle density
3.1x107" particles/mm#

Diameter (ym)

Fig. 2. Enhanced dark-field microscopy images of the in-house binding gel (a) and of commercial binding gels from DGT Research (b). Estimated distribution, density

and average diameter of Agl particles (c).

gels (1.0 £ 0.8 pm), roughly by a factor 2 (Fig. Za). Furthermore, the Agl
particle density (Fig. 2¢) was twice as high in the in-house gel (7.4 =
10" particles-mm®) compared to the commercial binding gels (3,1 =
10" particles-mm®). This increase in particle density within the gel re-
sults from a different size distribution, closer to the nanometer range in
the in-house gel, thus increasing the specific surface area of the particles,
and improving their reactivity with sulfides within the gel. The
improved synthesis procedure detailed in this study is therefore ex-
pected to result in a more sensitive binding gel with greater pre-
concentration  potential, facilitating the measurement of sulfide
concentrations at low concentration levels over long deployment
periods.

3.2 Calibration and performance of in-house DGT samplers in MQ water
and seawater

In-house DGT samplers were exposed in triplicate for 4 h to 8
different concentrations of sodium sulfide, ranging approximately from
4 to 200 pM, in MilliQ water. Calibration in filtered seawater was also
performed for 4 h with 4 different concentrations of sodium sulfide
within the same ranges. The grayscale intensity was measured for each
gel using the imaging software as detailed in the Methods section, A
calibration curve, similar to those reported by (Teasdale et al. 1999)
and (DeVrics and Wang, 2003) was plotted (Fig. 3). The logarithmic
relationship between greyscale intensity and accumulated sulfide in-
dicates that the densitometric measurement is more sensitive at low
sulfur concentrations and less sensitive at high concentrations, indi-
cating that after 4 h of exposure the Agl in the gels possibly reaches
saturation, a hypothesis that could be resolved in subsequent studies,

In-hotise DGT samplers exposed to filtered seawater at four different
concentrations fitted on the same trend as those obtained in MilliQ) water
(Fig. %) suggesting that our in-house DGT samplers performed

200
)
=I=
- 150
o
5]
+
<
100
=
2 y = 8378109857
2 2
E R =09752
&2 50
g O Seawater
& Ml water
z
a
a T T T T T
] 100 200 300 400 500 600

Accumulated sulfide [nmol.cm™]

Fig. 3. Calibration curve of grayscale average (0-255) with cumulative sulfide
mass per unit area over 4 h of exposure in natural filtered seawater (white
cirele) and MilliQ water (black circls).

identically in both fresh and seawater. The average precision (n = 3) was
1.1 % in MilliQ water and 3.4 % in seawater.

Given that the DGT technique is based on a kinetic build-up process,
the actual working range of the calibration curve can be optimized by
adjusting the exposure time or the thickness of the diffusion gel. A
shorter or longer exposure period can be used relative to the expected
concentration. In practice, the minimum deployment time should not be



K. Diaz et al.

less than 1 h, and the maximum deployment time varies from weeks to
months depending on the binding capacity of the gel and the limiting
biofouling (#ha

g and Davison, 1995),
3.3. Barch to batch binding gel reproducibility

To validate the reproducibility of the synthesis procedure, we pre-
pared two different batches on different dates (separated by 36 days).
For this purpose, two sets of in-house DGT samplers from each batch
were assembled and immersed for 4 b in Milli-Q water (0,01 M-0.69
0cm) and filtered seawater, both enriched with sulfides (average con-
centration 182 + 2 pM). The estimated sulfide concentrations deter-
mined for the in-house DGT sampler were 182 + 2 pM and 180 = 4 pM
for MilliQ water and 177 + 2 pM and 185 = 2 M for filtered seawater,
for the two batches respectively.

The sulfide concentration estimates by the in-house DGT samplers
showed nearly identical results relative to direct measurements per-
formed by spectrophotometry (Fig. 4). The concentrations of sulfides
estimated by DGT for each batch were 179 = 4 pM (batch 1) and 183 =
3 puM (batch 2) with a difference between them of 3 pM (less than 2 %).
This result suggests again that the in-house DGT samplers performed
identically in both MQ and seawater. Moreover, a similar measurement
performance is observed between two independent production batches
separated by more than a month. Furthermore, even though two groups
were estimated for significance measurements showing a slight differ-
ence in batch 2. The % variation among batches prepared on different
dates (separated by more than a month) was below 3 %, providing
precise determinations even after several weeks of storage before use.
Values obtained among the different batches were nearly identical to
direct sulfide measurements, thus providing relatively accurate de-
terminations in both MQ and seawater.

3.4. Comparison between in-house and commercial DGT samplers

The performance of the commercial samplers obtained from DGT®
Research was compared with that of the in-house DGTs by exposing both
sets to MilliQ water spiked with sulfides over a concentration range of
4-200 pM. The overlap in the distribution in particilar among the two
slope values and their associated uncertainty demonstrate that the
meastirements obtained by both sets of DGTs were in relative good

220

Batch 1
200 | Batch 2
180 < -

160 -
140 -

120 -

100 -
B0 -

=
=2
~
#
=
=

182 + 2 yM

60 -

40

Estimated sulfide in water [uM]

204

Billic seawater

Fig. 4. Estimated sulfur concentration for in-house DGT samplers in different
exposure media (M water, seawater) for two different production batches of
binding gel). The solid line represents the Average + SD sulfide concentration
in solution measured by spectrophotometry. The letters (a, b) correspond to the
groups formed by the Tukey test, where a are groups with no significant dif-
ference and b with significant difference.
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agreement across a wide concentration range. This suggests that our in-
house DGT samplers can be used alternatively relative to commercial
DGT (Fig. 5). Furthermore, the detection limits for both samplers
demonstrate a clear similarity in their measurement ranges, as well as
the robustness of the method to trace concentrations over long deploy-
ment times compared to other commonly used methods (Table 2). The
distribution of sulfide values obtained in both cases were very good,
within the range of the acceptable limit for experiments involving pas-
sive samplers, as pointed out by Teas

le et al. (1999) and DeVries and

4.5, Field applications

During July-August 2022 and March-April 2023, commercial and
in-house DGT samplers were deployed in the coastal areas of Callao and
Paracas Bay (Fig. 1). These areas are characterized by high organic
carbon content and high sulfate reduction rates (5 et al., 2004)
with a permanent oxygen minimum zone (Callbeck o 21
Velarde et al., 2019). This environment occasionally leads to significant
sulfur accumulation, which can cause water discoloration (Schunck
et al., 2013; Sommer et al., 201 Ibeck et al., 20 allbeck et al.,
2021), locally referred to as “white water plume” (Ohde et al 2007;
! 2014). Overall, the deployments show that both
in-house DGT and commercial DGT samplers detected similar biogeo-
chemical depth gradients of sulfides, showing relatively similar values at
both the lower end (0.1-0.2 pM) and the upper end concentrations (68
pM).

In Paracas Bay, during the months of March and April 2023, DGTs
deployed above the sediment surface suggest a benthic production of
sulfide. The highest value was observed at two meters from the bottom,
reaching values greater than 8.00 pM for the commercial samplers and
6.5 pM for the in-house DGT samplers (Fig. ba). These ranges in sulfide
concentrations were similar to those recorded in 2009 during the largest
sulfide event off the Peruvian coast (Schunck et al., 2013). Likewise, the
increase in sulfides in Paracas Bay may have been subjected to perma-
nent anoxic conditions typical of the season and the regional hydrody-
namics of the bay during deployment times (Aguirre-Velarde et al,
2019; Flores et al., 2023), facilitating the diffusion of sulfide from the
sediment into the water column.

For Callao Bay, samplers deployed between July to August 2022

Aguirre-Velarde et al.,

260
240
220 v= (1034 £ 0.122)x
200 RY = 0.9846
180
=

160

 y=1.008 + 0.067}x
RT=0,9945

Sulfide concentration estimated by DGT sampler
(M) {aw £50) (n
2

an

&

a0 Alnhouse DGT samplers

0 # Commercial samplars
o

a 4D B 80 13 120 140 180 1RO 200 220
Sulfide concentration in Millick water (uh)

Fig. 5. Comparison between sulfide accumulation (pM) in commercial sam-
plers (DGTE Research) and in-house DGT samplers exposed for 4 h at 25°C, as
a function of dissolved sulfide concentrations in MilliQ water measured by
spectrophotometry. The solid lines show the straight line function of each
sampler and the dotted lines show the upper and lower bounds of the slopes
determined by their 95 % uncertainty.
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Table 2
Limits of detection (LoD) and limits of quantification (LoQ) of blanks for DGT
methods for sulfides compared with spectrophotometrie methods.

Methots for sulfides  Standard Limits of Limits of
deviation (SD) (n detection quantification
= 3) (Lol (LaQ)

In house DGT 0.074° 0.223° 0744

sampler 0.001° 0.003 0.009

Commercial 0.114° 0.341° 1138
sampler 0.001" 0.002 0.007

Spectrophotometry 0,049 0.148 0.494

“ For a 4-four exposure time.
" Fora 27-days exposure time.

were exposed for a longer time (27 days) (See supplementary informa-
tion Fig. 504) with a full vertical profile, compared to those in Paracas
Bay. Despite these differences, a gradient in sulfur concentrations was
still evident. Both passive samplers detected sulfide concentrations up to
the first six meters of the water column from the bottom, with values
reaching 0.11 pM. The in-house samplers recorded concentrations of
0.44 pM, while the commercial samplers detected around 052 pM
(¥ig. ob). Off Callao, sulfide concentrations were lower compared to
Paracas bay, probably related to a local ventilation effect on the coast
(Ohde, 2018) that causes oxygenation of the water column, inhibiting
the formation of sulfide-enriched waters.

4. Conelusion
This study presents a comprehensive procedure for the synthesis of

Mgl binding gels which provide sensitive, reproducible, and quantitative
measurements of sulfides in both MilliQ) and seawater media.

Paracas
8.0 -
8.5 -
E
£ -
5 9.0 '.
a
9.5 -
¥ |
100 - @)
T T T T T
0 2 4 6 8

Estimated sulfide in sampler [uM]
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Comparison between in-house DGT samplers and commercially avail-
able DGT research samplers, conducted both in the laboratory and in the
field in coastal marine waters, showed strong agreement between the
two. However, synthesis in the procedure for the elaboration of binding
gels in inchouse DGT samplers allows obtaining gels with a smaller
diameter in the Agl particles, with the advantage of a non-toxic DGT
preparation procedure compared to commercial samplers employing
agarose crosslinked polyacrylamide (APA), allowing more labs to make
their own sulfide DGTs. This study demonstrates the potential of DGT
samplers to quantify, with high precision and accuracy, sulfides at trace
levels and the assessment of sulfide DGT in seawater for long-term ap-
plications, highlighting the feasibility of using this method to investigate
low and high sulfide concentrations in marine environments. It also
highlights the advantage and efficiency of this innovative and low-cost
in situ tool to explore and document the sulfur cycle in the ocean and
coastal areas. This tool would be particularly useful to monitor the
impact of sulfide compounds, in particular Hs$ in eutrophicated coastal
environments affected by seaweed production and decomposition.
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1. DISCUSION

2.1. Limitaciones de los métodos convencionales para la deteccion de

sulfuro disuelto frente a la técnica de gradiente difusivo.

El sulfuro de hidrogeno (H2S) es un compuesto clave en los sistemas marinos
anoxicos y en regiones influenciadas por condiciones de bajo oxigeno y una alta
productividad organica, como es el caso de zonas costeras y areas que se encuentran
bajo la influencia de eventos de afloramiento o surgencias; como la zona frente a la
costa peruana (Thamdrup, B. y Canfield, D., 1996; Jargensen, B. y Nelson, D.,
2004; Schunck et al., 2013). El sulfuro de hidrégeno es producto de la
remineralizacién de la materia organica por sulfato reduccién. Este proceso es el
resultado de la respiracion microbiana que utilizan el sulfato (SO42) como aceptor
de electrones, en vez del oxigeno o nitrato, generando sulfuro disuelto (Jargensen,
1982; Canfield, 1991). La acumulacion de sulfuro en la columna de agua, conocido
como “eventos sulfurosos”, puede inducir efectos adversos, incluyendo mortalidad
de la fauna y alteraciones en la red trofica debido a la elevada toxicidad de este
compuesto (Levin et al., 2009; Schunck et al., 2013). Estos eventos ocurren en la
costa de PerU y representan un aspecto de interés dado su impacto en los
ecosistemas y en las actividades, generando importante pérdidas econdémicas

(Schunck et al., 2013).

La deteccion precisa de compuesto de sulfuros disueltos, como el sulfuro de
hidrogeno (H2S) y el ion sulfuro (HS") representa un desafio técnico y analitico para
la quimica ambiental y la biogeoquimica, debido a la alta reactividad y volatilidad
de estos compuestos (Cline, 1969; Zhang et al., 1998). Este desafio se torna mas

complejo en ambientes marino-costero donde las condiciones fisicoquimicas
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cambian rapidamente y en donde los procesos de oxido-reduccién son altamente

dindmicos (Diaz, R. y Rosenberg, R., 2008).

Los métodos convencionales que histéricamente han sido utilizados para
cuantificar sulfuros disueltos, como los de espectrofotometria por azul de metileno
(Grasshoff et al., 1999; APHA, 2017), la cromatografia, las técnicas basadas en
luminiscencia o fluorescencia y los electrodos selectivos para iones muestran
limitaciones significativas relacionadas con la sensibilidad, interferencias quimicas,
robustez en ambientes dindmicos debido a su manipiulacion anaerdbica estricta

(Bura-Naki¢ et al., 2007).

Por ejemplo, el método ampliamente utilizado por colorimetria con azul de
metileno, estd sujeto a interferencias por presencia de compuestos reductores o
materia organica disuelta que alteran la formacion del complejo coloreado. De igual
forma, las técnicas cromatogréaficas aunque ofrecen una mejor resolucién analitica,
requieren de complejos procedimientos de pretratamiento, incluyendo filtrado,
acidificacion y conservacion con agentes estabilizantes, como el acetato de zinc,
que pueden distorsionar las condiciones originales de equilibrio entre especies de

sulfuro (Bura-Nakic¢ et al., 2007).

En el caso de estas tecnicas que requieren la recoleccion, transporte y
preservacion de muestras, un aspecto critico es mantener el proceso en condiciones
libre de oxigeno hasta su analisis, ya que el sulfuro en presencia de oxigeno genera
subproductos como tiosulfato (S203%) o sulfato (S0+%), lo que conlleva a una
subestimacion de los niveles reales de sulfuro disuelto presentes in situ
especialmente en niveles traza (Jergensen, B. y Nelson, D., 2004). En ambientes

marino-costeros como el sistema de surgencia peruano, donde la presencia de
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sulfuros disueltos pueden variar rapidamente a diferentes profundidades de la
columna de agua, estd limitacion metodologica se convierte en una barrera para
estudios de dinamica biogeoquimica y monitoreos que permitan una deteccion

temprana de eventos sulfurosos.

Otras alternativas como los electrodos selectivos permiten superar los
problemas descritos en relacion al oxigeno dado que las mediciones de sulfuros
disueltos se realizan in situ, sin embargo, su aplicacion en ambientes marino-
costeros ha demostrado ser limitada debido a la alta susceptibilidad a interferencias
iGnicas por cloruros, amonio y compuestos organicos volatiles (Bura-Nakic¢ et al.,
2007). Ademas, estos electrodos requieren calibraciones frecuentes y una
proteccién fisica para evitar el deterioro durante inmersiones prolongadas,
especialmente en zonas con alta turbulencia o alta carga de materia particulada
(Fleming, H., y Wingender, J., 2010). La alta necesidad de mantenimiento frecuente
y los problemas por bioincrustacion reducen su operatividad en campafias de largo
plazo, generando un costo elevado que disminuye la sostenibilidad de estas

mediciones en el tiempo.

Esta realidad metodoldgica ha llevado a plantear la necesidad de soluciones
alternativas que permitan una medicion precisa, continua y no invasiva del sulfuro
disuelto en aguas naturales, especialmente en aquellos ambientes dominados por
condiciones de poco o ausencia de oxigeno o de alta carga de materia organica.
Frente a esta problematica, la técnica de Gradiente Difusivo en Pelicula Delgada
(DGT, por su sigla en inglés), desarrollada originalmente para metales traza, se
muestra como una herramienta alternativa de alto valor para la cuantificacion de

sulfuros disueltos en ambientes naturales. Esta técnica emplea un gel aglutinante
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con yoduro de plata (Agl) que al reaccionar con el sulfuro disuelto forma un
compuesto altamente estable, desarrollando una coloracion caracteristica (Zhang,
H. y Davison, W., 1995; Teasdale et al., 1999). Esta técnica ha sido validada en
estudios con agua dulce y sedimentos marinos (Robertson et al., 2008; Robertson
et al., 2009). Su alta sensibilidad y especificidad, permite alcanzar limites de
deteccidn a niveles de traza dependiendo del tiempo de exposicion y espesor del gel
difusivo. La ventaja clave que distingue al DGT de otros métodos convencionales
es su capacidad para operar de forma completamente pasiva, sin necesidad de
reactivos liquidos, energia externa 0 manipulacion durante la exposicion (Davison
y Zhang, 1994). Ademas, al tratarse de una técnica integrativa, permite capturar una
sefial compuesta a lo largo del tiempo de exposicion, lo que resulta importante en
ambientes marino-costeros donde las condiciones de sulfuros disueltos pueden
variar a diferentes escalas temporales (Davison y Zhang, 2012). A nivel técnico los
muestreadores DGT también ofrecen ventajas durante el muestreo en campo, ya
que pueden ser desplegados durante dias o semanas sin ninguna intervencion, su
disefio compacto, ligero y portéatil lo vuelven en un instrumento robusto, y el
procedimiento post muestreo es relativamente simple basado en un analisis de

imagen por computadora (Teasdale et al., 1999).

Sin embargo, los muestreadores DGT emplean como matriz la Poliacrilamida
Reticulada de Agarosa (APA) y resina del tipo Chelex, los cuales, permiten la
difusion controlada de analitos, como metales o especies redox, hacia una fase
receptora donde ocurre su captura (Zhang, H. y Davison, W., 1995). Estos
materiales, requieren un control estricto sobre la concentracion de indicadores como

el persulfato de amonio y catalizadores como el tetrametiletilendiamina (TEMED)
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(Teasdale et al., 1999) cuyas variaciones pueden generar geles con diferente
porosidad o capacidad de difusion, que pueden afectar directamente la precision del

DGT.

Ante estos problemas, en esta investigacion se optimizo la preparacion del gel
aglutinante a partir de la sintesis de reaccidn entre el nitrato de plata (AgNO3) y el
yoduro de potasio (KI) en una matriz alternativa no tdxica (Agarosa), logrando
particulas de yoduro de plata (Agl) de tamafio 0.51 + 0.34 um, para hacerlo
compatible con los requerimientos fisicoquimicos de los principios técnicos del
DGT, y de esta forma obtener valores representativos de sulfuro disuelto en la
columna de agua. Ademas se valido la técnica DGT para sulfuros in situ en

ambientes marinos en la costa de Pera.

Al constrastar los resultados obtenidos con métodos convencionales se
demuestra que no solo es comparable en términos analiticos, sino que supera
ampliamente a los métodos clasicos en robustez, sensibilidad y aplicabilidad para
estudios en condiciones de campo llegando a medir condiciones en trazas (< 0.1
uM). Los despliegues en la Bahia de Callao y la Bahia de Paracas fueron exitosos
permitiendo validar perfiles verticales de sulfuro disuelto ofreciendo una alternativa
econdmica ideal para estudios sostenibles en regiones costeras. Ademas, las
pruebas en laboratorio con diferentes matrices indican su utilidad en ambientes de
acuicultura o controlados, lo que permite un monitoreo continuo con un minimo

impacto y una mayor precisién respecto a métodos tradicionales.
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2.2.Muestreadores DGT in house para la deteccidn de sulfuros disueltos en
ambientes marino-costeros en Peru presente y futuro.
El estudio comparativo entre muestreadores comerciales, distribuidos por DGT

Research Ltd (https://www.dgtresearch.com/), y los fabricados in house,

representan uno de los aportes mas relevantes de la investigacion. Los
muestreadores comerciales para sulfuros disueltos, para agua y sedimentos basados
en la técnica DGT, se destacan por su fiabilidad y estandarizacién, sin embargo su
alto costo unitario entre 80 a 150 USD, dependencia de materiales para la
preparacion y requerimientos especificos para su almacenamiento de los geles,
dificulta en gran medida su adquisicion y uso, ademas de su limitada aplicacion en
ambientes marino-costeros. Por otro lado, los muestreadores DGT in house
descritos en la investigacion, fueron disefiados, fabricados, ensamblados y
calibrados completamente en Perud. Para la fabricacion de los geles difusivos se
emplearon insumos no téxicos como la agarosa, ademas se logré una sintesis
controlada y rapida, en menos de 24 horas, para la generacion de particulas de
yoduro de plata (Agl) homogéneamente distribuidas en una matriz de agarosa
logrando una solucion econémica, disponible y robusta para los despliegues en

campo.

Asimismo, a través de un enfoque experimental y una validacion cruzada con
pruebas en laboratorio y aplicacién en ambientes reales (Bahia de Callao y Paracas),
que demostro que los muestreadores DGT in house alcanzaron una precision
analitica comparable a los muestreadores comerciales, con diferencias menores al
10%, e incluso en ambientes naturales como Callao y Paracas demostraron un 95%

de precision con desviaciones estandares menores al 5% entre replicas, reflejando
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significativa en el rango de concentracion de sulfuros disuelto en entornos

ambientales altamente anoxicos.

Ademas, los muestreadores DGT in house mostraron un respuesta mas estable
que los muestreadores comerciales, posiblemente debido a la mejora incorporada
de una distribucion mas homogénea de las particulas de Agl en el gel aglutinante.
Esto se logré con un método de sintesis basado en un técnica denominado solucion
—solucidn, agregando gota a gota el KI al AgNOs bajo agitacion controlada, lo cual
gener0 particulas de tamarfio promedio mas pequefio (~0.51 pum frente a ~1.0 um en
muestreadores comerciales) aumentanto la superficie reactiva y la capacidad de

preconcentracion de sulfuros disueltos.

Por lo tanto, los muestreadores DGT in house no solo representa una alternativa
igual de fiable, cientificamente validada y con una alta reproducibilidad y ademas
con caracteristicas mejoradas y que dado su menor costo amplia el acceso de esta
tecnologia para el monitoreo de sulfuros disuelto en ambientes marino-costeros, en

forma autosuficiente y sostenible en el tiempo.

2.3. Aplicacion de muestreadores DGT para la estimacion de sulfuro

disuelto en ambientes marino-costeros.

La investigacion presentada demuestra una contribucion pionera en el
monitoreo in situ para estudiar la varibilidad vertical del sulfuro disuelto en
ambientes marino-costeros en Peru mediante el uso de muestreadores pasivos DGT.
En particular la investigacion se centr6 en la validacion en campo de los
muestreadores en dos zonas costeras la Bahia de Callao (12°S) y la Bahia de Paracas
(14°S), caracterizadas por un alto contenido de carbono organico y elevadas tasas

de reduccion de sulfato (Flores et al., 2024), en presencia de una Zona de Minimo
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de Oxigeno (ZMO) que favorecen la ocurrencia de eventos sulfurosos; en efecto,
este tipo de habitat frecuentemente da lugar a la acumulacién significativa de
sulfuro disuelto, lo que puede provocar descoloracion del agua, conocida

localmente como “pluma sulfurosa” o “aguas blancas” (Chauca, 2018).

En ambos ambientes, tanto los muestreadores DGT in house como los
comerciales detectaron gradientes verticales similares de sulfuro disuelto, con
concentraciones minimas (~0.1-0.2 uM) y maximas entre 6.0 y 8.0 uM. En la Bahia
de Paracas, durante marzo y abril de 2023, los DGT instalados por encima del fondo
indicaron produccion bentdnica de sulfuro mostrando un gradiente marcado en
relacién a las aguas superficiales (Diaz et al., 2025, p.7). Estos valores son
consistentes con los reportados en 2009 durante el evento sulfurosos mas extenso
registrado frente a la costa peruana (Schunk et al., 2013). Trabajos recientes en
Paracas de Flores et al. (2023) y Rioual et al. (2025), muestran cémo en verano las
condiciones de estratificacion, alta carga orgédnica y un bajo oxigeno natural
generan condiciones andxicas persistentes lo que favorece la difusion de sulfuros
disueltos desde el sedimento hacia la columna de agua, aspecto que la tecnologia

desarrollada registra adecuadamente.

En cambio, en la Bahia de Callao, los muestreadores desplegados entre julio y
agosto de 2022 y expuestos a un mayor periodo de tiempo, aunque igualmente
evidenciaron el gradiente vertical registraron concentraciones significativamente
menores. Es asi que, los sensores DGT in house registraron ~ 0.44 uM, mientras
que los comerciales detectaron ~0.52 uM. Estas concentraciones mas bajas, en
comparacion con Paracas, podrian explicarse por un efecto de mayor ventilacion

por un efecto local en Callao, siendo una bahia més abierta y ventilada, asociado a
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su conformacion y circulacion (Gutiérrez et al., 2008), que genera una mayor
oxigenacion del agua y podria evitar la formacion de plumas sulfurosas con la

persistencia y magnitud de Paracas (Schunk et al., 2013).

Los resultados del estudio sugieren que los despliegues de muestreadores DGT
en los ambientes marino-costeros estudiados permiten captar los gradientes
verticales de sulfuros disueltos alcanzando concentraciones de hasta 0.1 - 0.2 uM y
.en el caso del estudio, maximos de 8.0 uM; validando su capacidad para medir en
campo. Ademas en el caso de la Bahia de Paracas la concentracion elevada cerca
del fondo evidencia una liberacién activa de sulfuro por procesos microbianos,
reforzando el rol del sedimento y su acoplamiento con la columna de agua en la
dindmica del ciclo del azufre lo cual esta en concordancia con los trabajos de Flores
et al. (2023) y Rioual et al. (2025). En efecto la distribucion del sulfuro disuelto en
ambientes marinos esta fuertemente condicionada por la interaccion entre factores
fisicos como la estratificacion térmica y la circulacion de masas de aguas, factores
quimicos como la disponibilidad de sulfato y eventos de anoxia muy marcadas,
factores bioldgicos, como la produccion primaria y respiracién microbiana (Morel
y Price, 2003) y factores geomorfoldgicos como la configuracion de la bahia y la
profundidad de la columna de agua (Aguirre-Velarde et al., 2014). En este contexto
la capacidad de los muestreadores DGT permite monitorear los sulfuros disueltos
con una alta sensibilidad que permite trazar diferentes procesos en la columna de
agua a los cuales responde este compuesto: produccién, remineralizacion y

circulacién en ambientes costeros.

Los resultados de las pruebas en campo permiten, gracias a la posibilidad de

tener largos tiempos de exposicién como en el caso de Callao detectar contrastes
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entre diferentes zonas y eventos locales, por ejemplo por una doble accion de menor

hipdxia y ventilacion costera.

La posibilidad de un muestreo integrado en la columna a lo largo del tiempo
permite explorar la dinamica real de los sulfuros, especialmente al complementarse
con otros parametros como temperatura, salinidad, clorofila —a y oxigeno disuelto.
Esta estrategia de combinar mediciones in situ permite una vision integral de los
ecosistemas y su salud (Vaquer-Sunyer et al., 2008; Diaz, R y Rosenber, R., 2008;
Levin et al., 2009). La informacion obtenida puede fortalecer el desarrollo de
modelos numéricos mas precisos, evaluaciones de impacto ambiental, lineas base y

monitoreos de alerta o evaluacion vinculados a actividades como la acuicultura.

A largo plazo, la informacién generada por el empleo de muestreadores DGT
para sulfuros disueltos puede funcionar como alerta temprana de eventos
sulforosos, identificando la intensificacion de la productividad, el incremento o
cambios en la desoxigenacién costera, procesos que podrian intensificarse bajo
escenarios de cambio climatico. Ademas, el establecimiento de perfiles verticales
estandarizados de sulfuros disueltos podria permitir el seguimiento de cambios
interanuales en la extension de la zonas andxicas o la deteccion de eventos criticos

asociados a la mortalidad de habitat bentonicos o pelégicos.

Finalmente, estos resultados en campo nos han permitido pasar de un prototipo
tecnoldgico de laboratorio a una herramienta operativa de campo. En ese sentido
no solo se aporta conocimiento técnico y analitico, sino la posibilidad de poder
implementar observatorios ambientales lo que resulta clave para consolidar una red
de observacion ambiental de alta resolucion y sostenible en el tiempo. Un modelo

de desarrollo aplicable a multiples areas de investigacion para responder desafios
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emergentes de contaminacion costera, cambios climaticos y de expansion de zonas
anoxicas, consolidando un enfoque integral en la vigilancia de ambientes marino-
costeros. La correspondencia estrecha entre los resultados de muestreadores locales
y comerciales en campo respalda su uso como alternativa econémica, fiable, y

adecuada para monitoreos continuos en ecosistemas marino-costeros.

2.4. Limitaciones de los muestreadores DGT para la medicion de sulfuros
disueltos

Desde una perspectiva critica, es importante reconocer que el uso de la técnica
DGT para la determinacion de sulfuros en ambientes marinos conlleva limitaciones
que condicionan la interpretacion de los resultados. En primer lugar, aunque el
método permite cuantificar el sulfuro disuelto con alta sensibilidad, la técnica no
distingue entre diferentes especiaciones de azufre reducido presentes en la columna
de agua (H2S + HS  y otros subproductos tiosulfatados). Esto implica que la
informacion obtenida corresponde a un fraccién integrada de sulfuro total
disponible, sin resolver los cambios en la especiacion que dependen fuertemente de
parametros fisico-quimicos como el pH o complejos metélicos. En sistemas
marinos donde se generan gradientes redox pronunciados y procesos de oxidacion
microbianas, esta limitacion puede resultar especialmente significativa, ya que
pequefias variaciones en la especiacion pueden tener implicancias ecologicas y
biogeoquimicas importantes considerando formas de mayor toxicidad como es el
H.S. Para ello, uno de los siguientes avances aun mas innovadores para los
muestreadores DGT para sulfuros disueltos es el empleo de geles de silicona como
lo son el PDMS (polidimetilsiloxano), ya que las caracteristicas hidrofobicas de la

silicona permiten una difusividad selectiva para gases como lo son el sulfuro de
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hidrogeno (H.S). Esta propiedad es crucial para adaptar los muestreadores DGT in
house selectivo lo que puede representar un paso estratégico hacia la autonomia

tecnoldgica local en la investigacion de la biogeoquimica del ciclo del azufre

Asimismo, la cuantificacion basada en densitometria por iméagenes (CID)
presenta ventajas en términos de costo y accesibilidad, pero su desempefio puede
estar afectado por la saturacion del gel a concentraciones elevadas y por variaciones
en la homogeneidad dptica del material. Esto sugiere la necesidad de estandarizar
los tiempos de exposicidn, ya que las exposiciones cortas pueden subestimar la
acumulacién de sulfuro disuelto, mientras que las exposiciones prolongadas pueden

conducir a linealidades, es decir a una saturacion de los geles.

Ademas, los despliegues de los muestreadores en ambientes costeros, como los
estudiados en la investigacion, pueden introducir factores adcionales que deben ser
controlados como la colonizacién de biofouling en la superficie del filtro, lo que
puede generar una capa adicional que altere el flujo de sulfuro hacia los geles. Este
efecto tiende a aumentar con el tiempo y puede generar subestimacion de
concentraciones en los muestreadores. Estos aspectos abren un campo de
investigacion muy importante en las mediciones con sensores in situ y las
estrategias para prevenir o minimizar el efecto de las bioincrustaciones
(comunmente llamado “biofouling”), desde desarrollo de inhibidores (luz UV o
placas de cobre), limpiadores mecanicos (cepillos o raspadores) que cada vez se

reconocen como necesarios.

Aunque la técnica DGT representa una herramienta Util, econdmica y no
invasiva para el monitoreo de sulfuros disueltos, su aplicacion requiere considerar

cuidadosamente las condiciones ambientales, la duracion de los tiempos de
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exposicion y los procesos de acumulacion de biofouling para segurar medciones

comparables y confiables.

2.5.Estrategias de transferencia tecnoldgica del uso de muestreadores DGT

en el Peru
Uno de los aspectos mas prometedores del estudio es su potencial de
transferencia tecnologica: la fabricacion local de muestreadores DGT no debe
quedarse Unicamente en el ambito académico, sino que puede expandirse hacia

instituciones dedicadas al monitoreo marino.

La implementacion de esta tecnologia generaria beneficios cientificos,
econdmicos y sociales. Desde una perspectiva cientifica, se amplian las capacidades
para estudiar procesos de sulfatos reduccion en ambientes andxicos con alta
resolucion temporal. Desde lo econémico, se reducen significativamente los costos
de adquisicion en materiales para la preparacion de los geles. Finalmente, desde lo
social, se promueve la formacién de técnicos y cientificos, fortaleciendo la parte

analitica del pais.

En este sentido, los resultados expuestos en la investigacién, no solo se limitan
a presentar una innovacion metodolégica en la deteccion de sulfuros disueltos en
ambientes marino-costeros, si no que propone también un marco de trasnferencia
tecnoldgica enfocado en el contexto peruano. Este enfoque es particularmente
relevante dando que el Perd, al ser uno de los paises con mayor biodiversidad
marina y una de las zonas mas productiva debido a la influencia del ecosistema de
Humboldt, enfrenta desafios significativos en términos de monitoreo e
implementacion de vigilancia frente al cambio climatico y la expansion de una

permanente zona de minimo de oxigeno (ZMO).
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Por ello, la produccién local de muestreadores DGT de bajo costo, con una alta
sensibilidad y facil implementacién no solo representa una alternativa técnica a la
dependencia de equipos importados, si no que también abre la posibilidad de crear
un ecosistema de innovacién tecnoldgica, generando capacidades nacionales para
el monitoreo descentralizado, especialmente en regiones con acceso limitado a
laboratorios analiticos avanzados. Esta vision estratégica se alinea con los objetivos
del CONCYTEC vy con las iniciativas internacionales como los Objetivos de
Desarrollo Sotenible (ODS) en particular el ODS 14 sobre la conservacion de los

océanos.

Finalmente, este esfuerzo, debe ir acompafiado de capacitaciones practicas y
teoricas, que aseguren la comprensién del principio de funcionamiento del sensor,
su mantenimiento, sus limites analiticos y las condiciones necesarias para su
interpretacion adecuada. Estas actividades pueden articularse mediante convenios
interintitucionales entre universidades e instituciones de investigacion como el
Instituto del Mar del Perd (IMARPE) con intereses en la sostenibilidad del medio

marino.

I11. CONCLUSIONES Y RECOMENDACIONES

Como conclusion final podemos indicar que este estudio evalua y valida la
técnica de muestreadores DGT in house para la medicion in situ de sulfuro disuelto
en ambientes marino-costeros del Perd. Mediante el uso de geles aglutinantes no
toxicos de agarosa con particulas finas de Agl (~0.51 um), se ha logrado un método
econdmico, sensible y altamente reproducible, con deteccion efectiva en rangos de

0.03-6.46 uM. La técnica, respaldada por calibraciones tanto en agua de mar como
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Milli-Q, demostroé ser equivalente a métodos clasicos en términos de robustez
analitica. Ademas, su aplicacion en estudios de campo (Bahia de Callao y Paracas)
valido su capacidad para identificar gradientes verticales de sulfuros disueltos,
asociandolos con procesos bentonicos y zonas deficientes en oxigeno caracterizadas
por eventos sulfurosos. Asimismo, la investigacion ha generado un aporte
tecnoldgico significativo para el monitoreo sostenible y continuo del ciclo del
azufre, ofreciendo una herramienta operativa y replicable para la respuesta a
desafios emergentes de contaminacidn costera y desoxigenacion, consolidando su

relevancia dentro de la vigilancia ambiental en el contexto del cambio climatico.

Es importante considerar ademas, desde una perspectiva metodoldgica,
complementar el uso de la técnica DGT con mediciones fisico-quimicas, tales
como, temperatura y oxigeno disuelto, y adicionalmente medidas de pH y presencia
de metales traza, con el fin de comprender la especiacion del sulfuro en la columna
de agua lo que permitira interpretar con mayor precision la fraccion efectiva
disponible. Ademas, se recomienda optimizar los tiempos de despliegue en funcion
del ambiente de estudio; en zonas con alta produccion de sulfuro, se sugiere manejar
tiempos de exposicion mas cortos para evitar la saturacion del gel y perdida de la
no linealidad para las altas concentraciones. Mientras que en ambientes
oligotroficos con concentraciones bajas, los tiempos de exposicion prolongados

pueden garantizar niveles de acumulacion detectables.

En términos operativos, una de las recomendaciones mas relevantes es la
implementacion sistematica de estrategias para mitigar la formacion de biofouling
durante los despliegues en ambientes marino-costeros. Entres estas estrategias

destacan el uso de protectores fisicos, que impidan la incrustacion superficial de
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fouling en el filtro. Para fortalecer la aplicabilidad de la técnica en monitoreos de
largo plazo, se recomienda ademas desarrollar pruebas controladas que permitan
estimar el efecto cuantitativo del fouling sobre la difusién en los muestreadores

DGT, lo cual permitiria implementar correcciones analiticas mas precisas (Blondet

et al, in prep).
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