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Abstract

Data on microplastic contamination in pristine caves are rare, thus limiting our under-
standing of its pervasiveness in intact underground ecosystems. Here, we quantified
microplastics in sediments from two newly discovered, extremely remote caves (Maucci
and Luftloch) and compared them with a frequently visited cave (Trebiciano), all three of
which are hydraulically connected to the Reka/Timavo River in the Classic Karst (NE
Italy). Sediment samples were collected along river-to-slope transects and analyzed
for microplastics using density separation and µFT-IR spectroscopy. Average contam-
ination levels were comparable across caves, ranging from 84.7 to 105.9 items kg−1

(dry weight). Fibers and fragments dominated, with similar polymer spectra across
sites—polypropylene (PP, 29–42%), polyethylene (PE, 19–27%), and polyethylene tereph-
thalate (PET, 33–46%). Microplastic abundance systematically increased with elevation, up
to ~4–12× from river-proximal to high-bench sediments. Polymer-resolved trends reflected
density-coupled, flood-driven sorting with low-density PP and PE accumulated on higher
benches and denser PET depleted aloft, indicating slackwater retention at flood crests and
re-entrainment of lower benches during recession. These findings suggest that indirect
riverine inputs of microplastics outweigh direct human contamination and provide the first
baseline for pristine Timavo caves—serving as reference sites for background microplastic
levels in the Classic Karst and similar karst systems worldwide.

Keywords: microplastics; karst; caves; pristine environments; Timavo River; sediment
contamination; flood dynamics; polymer sorting

1. Introduction
Plastic production has soared from approximately 288 million tons in 2012 to more

than 430 million tons in 2024 and comprises up to 80% of global anthropogenic waste [1].
Even if plastic production ceased today, the environmental concentration of plastic debris
would increase for decades due to the long lifetime of plastic objects and the long-lasting
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degradation of plastic waste [2]. While macroplastics (items > 5 mm) represent the most
evident outcome of plastic release in the environment, the more elusive form of pollution
related to smaller particles, namely microplastics (particles ranging from 1 µm to 5 mm)
and nanoplastics (particles smaller than 1 µm) [3–6], has raised wide concerns due to
its pervasiveness. One major issue lies in the toxicity of plastic polymers and additives,
which can include chemicals and heavy metals [7,8]. These small and tiny plastic particles
not only persist in the environment, but can also enter the food chain, affecting both
wildlife and human health [9–11]. Evidence suggests they may accumulate in lungs
and digestive systems, potentially causing oxidative stress, neurodegenerative disorders,
immune dysfunction, and altered gut microbiota [12,13]. Moreover, they can act as carriers
for pollutants such as pesticides, persistent organic pollutants, and antibiotics, further
amplifying their harmful impacts on ecosystems and human health [14–16].

Microplastics (MPs) have been detected in almost every habitat on Earth [17–19]. They
are transported by winds, ocean currents, and rivers, spreading everywhere from open sea
to remote islands and polar ice [20–23]. In terrestrial environments, rivers are crucial in
transporting MPs, carrying these particles into the soil, groundwater, and underground
systems such as aquifers and natural caves [24,25]. Karst aquifers and caves form through
long-term dissolution of carbonate rocks by groundwater and are highly susceptible to con-
tamination as fractures allow water to move rapidly underground [26–28]. Thin soil cover
in karst regions offers little natural filtration, so that pollutants such as landfill leachates,
sewage, and agricultural runoff can easily penetrate the subsurface [29]. Analogously,
sinking rivers may act as direct vectors of MPs and other contaminants into aquifers and
underground caves, extending the reach of plastic pollution to these apparently isolated
environments [30–32].

Natural caves host fragile subterranean ecosystems with unique species [33,34]. They
represent valuable natural laboratories for multidisciplinary research, require strict conser-
vation due to their extreme vulnerability [35,36], and are essential for the water supply of
local human populations [37–39]. Hence, quantifying MP pollution in these environments
and understanding the role of the potential sources of contamination are crucial steps
to implement effective management strategies to mitigate ecological impacts of MPs and
ensure public health. To date, however, assessments of MP pollution in caves are sparse [40]
and mostly focused on show caves, where the introduction of MPs can be predominantly
attributed to the presence of infrastructures and tourism [41]. Very few attempts have
been made to quantify MPs in truly pristine caves, thus limiting our comprehension of
background levels of MP pollution in subterranean systems and the possible role of indirect
sources of contamination over and beyond direct human frequentation [42,43].

In this study, we contributed to filling this gap by investigating MP contamination of
sediments in two newly discovered caves from the Classic Karst (NE Italy), namely the
Maucci cavern and the Luftloch cave, connected to the Timavo river. The river, located in
the Classic Karst region (between NE Italy and Slovenia), originates on Mount Snežnik
(Croatia), flows for 54 km aboveground before sinking into the karst, flowing underground
for 34 km, and finally emerging on the Italian coast in the Gulf of Trieste (NE Adriatic
Sea) [44,45]. Both caves, which belong to the complex underground flow of the Timavo
River, had remained untouched by direct human activity since their discovery between
2022 and 2024, and offered a unique opportunity to establish baseline MP levels in cave
sediments. Specifically, we (i) quantified MPs in cave sediments in the two pristine caves;
(ii) analyzed MPs in sediments along a river-to-slope gradient, from areas close to the water
flow to areas less affected by flooding, to understand whether seasonal hydrological varia-
tions influence MP deposition; (iii) compared MP contamination between the two pristine
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caves and a third cave in the same region connected to the Timavo River underground
system, which has a long history of human frequentation.

2. Materials and Methods
2.1. Study Area

Sediment samples were collected from three caves located in the morphokarst unit of
the Classic Trieste Karst in the northeastern part of the Italian peninsula, namely, Trebiciano
Abyss (45.6858◦ N, 13.3808◦ E, WGS84), Maucci cavern (45.6853◦ N, 13.8335◦ E, WGS84),
and Luftloch cave (45.6911◦ N, 13.8268◦ E, WGS84), hereafter referred to as non-pristine
cave (NPC), pristine cave 1, and 2 (PC1, PC2), respectively (Figure 1). All three caves are
hydrologically connected to the underground Timavo River and are aligned along its path,
with PC1 and PC2 located progressively downstream from NPC.

 

Figure 1. Study area (downside inserts) and planimetric survey of the known Timavo underground
system in the Classic Trieste Karst, northeastern Italy (45.6852◦ N, 13.8336◦ E, WGS84). Red ar-
eas indicate the mapped course of the Timavo River and its caves. The purple line marks the
Italy–Slovenia state border. Black circles highlight the speleological sites under study: Trebiciano
Abyss (non-pristine cave, NPC), Maucci Cavern (pristine cave 1, PC1), and Luftloch Cave (pristine
cave 2, PC2). Blue arrows indicate the main flow direction of the underground Timavo River within
the cave system.

PC1 is considered one of the most remote caves in the whole Classic Karst area, which
poses extreme challenges to access. It is located 3 m a.s.l. (around 300 m belowground) and
accessible only to expert cave divers through an underwater passage of >200 m horizontal
and 50 m vertical extension along the Timavo river, starting from the Trebiciano Abyss
(NPC). Discovered during the 2022 Timavo System Exploration mission, the cave has a vast
chamber approximately 160 m long, 50 m wide, and >60 m high, where the Timavo River
flows among boulders and into a terminal lake. The cave has been reached only twice,
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preserving a pristine environment virtually absent of human impact. The sampling was
made on the second exploration on 11 August 2024.

The entrance of PC2 is located at an altitude of 312 m a.s.l. The access to the cave
requires descending a series of pits, narrow passages, and meanders using speleological
progression techniques. The cave descends to a final chamber where the Timavo River
flows at 3 m a.s.l. The chamber measures approximately 100 m in length, 30 m in width,
and about 50 m in height, with a floor composed of large boulders and sand. The first
access to this chamber was made on 3 March 2024, and the sampling was made during the
second descent on 27 July 2024.

The NPC has its entrance at an altitude of 341 m a.s.l. The final chamber hosts a visible
stretch of the underground Timavo River [46]. The chamber measures approximately
100 m in length, 100 m in width, and 100 m in height. Discovered in 1841, it has been
intensely visited, and due to its historical and scientific significance the cave has been
equipped with fixed rigging to facilitate repeated access for both scientific speleological
and hydrogeological investigations and non-expert recreational frequentation. Sampling
was carried out on 6 August 2024.

The three caves lie within the Classical Karst plateau, a NW–SE-oriented anticlinorium
composed of Cretaceous–Paleogene limestones and dolomites locally capped by Eocene
flysch [47]. Chamber “walls” in NPC, PC1, and PC2 consist of massive shallow-marine lime-
stones [46], while the floors are mantled by unconsolidated, mixed carbonate–siliciclastic
sands and fine gravels interpreted as young flood-derived deposits periodically reworked
by the underground river [39,44]. Hydrologically, the caves belong to the Reka–Timavo
karst system, in which the Reka River sinks at Škocjan (Slovenia) and flows for ~40 km
underground (straight-line distance) before re-emerging at the Timavo springs near San
Giovanni di Duino (NE Italy) [46,48]. Long-term monitoring along this conduit system
shows an average Timavo discharge at the springs of ~30 m3 s−1, with historical flood
peaks reaching up to ~150–160 m3 s−1 and water-level fluctuations often exceeding 100 m,
with rising and recession rates up to ~10 m h−1 during major events [46,48,49]. Although
no site-specific hydrological records are available for PC1 and PC2, their alignment along
the same master conduit and their comparable base levels to NPC strongly suggest that
these chambers experience similar flood pulses, which periodically inundate the floors and
redistribute sediments along the river-to-slope gradient. This interpretation is consistent
with the known flood dynamics of the Reka–Timavo epiphreatic system.

2.2. Sampling Design

The sampling strategy followed a river-to-slope transect, designed to assess potential
variations in MP accumulation with increasing distance from the Timavo River. In all caves,
the chambers contain sandy slopes that rise away from the riverbed, providing a natural
gradient influenced by the river flow. Three sampling stations were therefore identified
along a linear transect on these slopes: a proximal station, directly and consistently influ-
enced by the river flow, hereafter referred to as the “low” station; an intermediate station,
located halfway along the slope and reflecting occasional submersion conditions, hereafter
referred to as the “medium” station; and a distal station, located at the far end of the slope
and only affected by the river flow during extreme flooding events, hereafter referred to as
the “high” station.

In PC1, the transect extended for about 50 m from the river margin across the central
portion of the visible chamber (Figure 2a). A comparable transect (~50 m) was traced in the
NPC, starting from the siphon where the river enters the chamber (Figure 2b). In PC2, due
to the smaller size of the chamber the transect covered about 30 m (Figure 2c). Sampling
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stations, however, were consistently arranged along the depositional gradient rising from
the river, ensuring comparability across caves.

Figure 2. Cross-sectional cave profiles showing elevation-based sampling points in (a) Maucci Cavern
(PC1), (b) Trebiciano Abyss (NPC), and (c) Luftloch Cave (PC2). Red dots indicate sediment sampling
stations classified as low (L), medium (M), and high (H), based on river water level. Blue arrows
indicate the main flow direction of the underground Timavo River within the cave system. Cave
surveys by P. Guglia, modified from original maps available through the Speleological Cadastre of
Friuli Venezia Giulia (https://catastogrotte.regione.fvg.it/).

2.3. Sampling

Given the extremely limited accessibility of the pristine caves (characterized by tight
passages, vertical drops and, in PC1, a ~40 m sump dive), glassware, bulk sediment
collection, and extensive sampling were unsafe and infeasible. We therefore used pre-
cleaned 50 mL polypropylene conical centrifuge tubes (Falcon®, Merck group, Darmstadt,
Germany) and constrained per-station volumes. At each station, duplicate 50 mL tubes
were filled with surface sediments, yielding six sediment samples plus three field blanks
per cave (nine tubes in total). For PC1, all tubes were pre-filled with ultrapure water to
withstand the ~40 m dive. Once in the cave chamber, tubes used for sample collection were
emptied and refilled with sediments. Samples were brought to the surface, checked for
integrity, and stored at 4 ◦C until processing.
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2.4. Microplastic Extraction and Identification

Sediments were processed with a saturated NaCl solution and separated in a funnel
through three consecutive extraction cycles [50]. Extracts underwent mild oxidation with
30% hydrogen peroxide (w/v) (Merck group, Darmstadt, Germany) to remove organic
matter. The digested supernatants were then filtered onto Anodisc® aluminum oxide
membranes (0.2 µm pore size; Whatman, lot A21184266, Merck group, Darmstadt, Ger-
many) and dried at 40 ◦C. Filtered residues were first examined under a stereomicroscope
(10–80×, Nikon SMZ-800N, Nikon, Tokyo, Japan). Particles displaying clear cellular or
organic structures were excluded, and all remaining particles > 10 µm were individually
analyzed by µFT-IR (Nicolet™ iN™ 10 MX, Thermo Fisher Scientific, Waltham, MA, USA)
following established procedures [51,52]. Spectra were collected using a liquid nitrogen-
cooled MCT-A detector (7800–650 cm−1) (Thermo Fisher Scientific, Waltham, MA, USA)
and processed through the OMNIC™ Picta™ software v. 1.9interface. Polymer identifi-
cation was based on spectral library matching, with a minimum acceptance threshold of
>80%. Confirmed MPs were subsequently classified by polymer type, shape, size, and color
according to standard criteria [53,54].

2.5. Quality Control

To enhance the validity, reproducibility, and comparability of this study, we adhered
to the checklist developed by [55]. Details on how each point of the checklist was addressed
are provided in the Supplementary Materials (Table S1). All analyses, excluding the
chemical characterization, were performed under a microplastic-free glove box. The hood
is equipped with a nanomaterial trap for incoming air entering the work area, a double air
filtration system in the working chamber using two H14 absolute filters, and a manometer
protected by an absolute filter to ensure correct operating pressure. The hood also features
a control panel for managing process parameters. Field controls included a 50 mL Falcon
tube filled with ultrapure microfiltered water, which was left open for the same duration
as sediment sampling to assess airborne contamination (3 field blanks per cave, 9 in total).
Laboratory controls were implemented by replacing plastic materials with glass and metal
equipment wherever possible. During the chemical analyses, experimental blanks (negative
controls) were analyzed using pre-filtered deionized water (0.45 µm; n = 5; 100 mL) to
monitor potential contamination from indoor sources. Researchers wore nitrile gloves and
cotton coats, and all open containers were covered with aluminum foil. Work surfaces and
materials were cleaned with ethanol and MilliQ water to minimize contamination. Blank
controls were conducted on MilliQ water, 30% H2O2 (Merck group, Darmstadt, Germany),
absolute ethanol (VWR Chemicals, Milan, Italy), and NaCl solution (NaCl + MilliQ water,
Carlo Erba, Milan, Italy) to assess procedural contamination.

2.6. Sediment Characterization

Sediment samples for water content, grain size, and SEM–EDS analyses were collected
at the same stations used for microplastic sampling by retrieving three 50 mL Falcon® tubes
per site (high, medium, low) on 19 November 2025 in the Trebiciano Abyss (NPC). Water
content was determined by weighing subsamples of homogenized sediment (20 g), drying
them at 41 ◦C for 24 h, cooling them in a desiccator, and reweighing: water content (%)
was calculated using the equation

(
Wwet − Wdry

)
/Wwet × 100. For grain size distributions,

sediments were pre-treated with a 2:8 (v/v) H2O2 solution for 48 h at room temperature to
promote disaggregation and partial removal of organic matter, then wet-sieved at 63 µm.
The <63 µm fraction was characterized using a laser diffraction granulometer (Mastersizer
Hydro 2000 G, Malvern Panalytical, Malvern, UK) to estimate pelitic size classes (1–4 µm
and 4–63 µm). The >63 µm fraction was oven-dried at 105 ◦C and dry-sieved through a
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certified mesh stack (1400–62 µm, Giuliani Tecnologie, Turin, Italy), and then the mass
of each size class was recorded to derive relative percentages [56]. The mineralogical
information of the sediment was assessed using Scanning Electron Microscopy coupled
with Energy-Dispersive Spectroscopy (SEM–EDS; Scientific Phenom ProX, Thermo Fisher
Waltham, MA, USA) [57]. For each sampling point the sediment was homogenized and
quartered inside large Petri dishes (Ø ≈ 140 mm). For each location, 25–30 sediment grains
were randomly selected and analyzed through EDS point analyses. Based on their semi-
quantitative elemental compositions, the analyzed grains were evaluated to distinguish
siliciclastic materials from possible carbonate components [58].

2.7. Data Analysis

After normalization to a sediment mass per replicate of 0.0472 kg dry weight (40 mL
of sediment, with average density across samples of 1.18 g mL−1), MP abundances were
expressed as items per kilogram (items kg−1). For each sampling station, the two field
replicates were treated independently, and values are reported as mean ± sample standard
deviation (SD). Field blanks were processed alongside samples and treated identically.
Given the limited number of field blanks, sediment samples, and the heterogeneity of
blank composition, we avoided generic field blank subtraction. Instead, we applied a
targeted, one-to-one correction restricted to exact matches between blanks and sediment
samples—defined as the same cave × station, polymer, color, and shape [59]. For each
matched field blank particle, one particle with the same attributes was removed from
the corresponding sample data. All other particles recorded in field blanks were not sub-
tracted. Blank results are reported separately as absolute counts per blank and composition
(polymer, shape, color) to ensure transparent QA/QC reporting.

A two-way analysis of variance (ANOVA) was carried out to test for differences
in MP abundance between caves and among stations along the river-to-slope gradient.
The design for the analysis consisted of two factors, cave (3 levels, PC1, PC2, and NPC,
fixed) and station (3 levels, high, medium, and low, fixed and crossed to factor cave), with
n = 2 for each combination of factors. Prior to analysis, the assumptions of normality
and homogeneity of variances were tested with the Shapiro–Wilk test and the Cochran’s
C-test, respectively.

All data analysis, handling, calculations, and figure production were performed with
the software R version 4.4.2 [60] and RStudio v. 2024.12 [61], using the packages ‘tidyverse’,
‘ggplot2′, and ‘GAD’ [62–64].

3. Results
3.1. Overall MP Abundance in Cave Sediments

A total of 430 particles were identified as suspected MPs. After chemical characteri-
zation, 80–85% of targeted particles resulted as non-plastic items (e.g., natural inorganic
debris, cellulose). A total of 84 items across the three investigated caves were identified
as true MPs. Mean (±SD) estimated abundances of MPs were 84.7 ± 58.4 items kg−1

(dry weight) in NPC, 105.9 ± 53.6 in PC1, and 91.8 ± 51.3 in PC2 (Table 1). The polymer
composition showed slight variation among the caves, with PET being the most abundant
polymer in NPC (45.8%) and PP the dominant polymer in PC1 and PC2 (40.0% and 42.3%,
respectively) (Table 1). The relative abundance of fibers and fragments was similar in
all caves, as well as the distributions of particles among colors (Table 1). Particle size
ranged from ~25 to 300 µm, with mean values substantially homogeneous among caves
(Table 1). ANOVA did not detect significant differences in the abundance of MPs among
caves, irrespective of the river gradient, indicating comparable average contamination
levels in cave sediments (Table 2, Figure 3).
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Table 1. Mean (±SD) concentrations (items kg−1, dry weight), polymer composition (polypropylene,
PP; polyethylene terephthalate, PET; polyethylene, PE), particle shapes (filament, fragment), color
distribution (white, blue, black), and mean particle size (µm) for NPC (Trebiciano Abyss), PC1
(Maucci), and PC2 (Luftloch). Values are averaged across samples within each cave; percentages
indicate relative abundances within each cave.

NPC PC1 PC2

MPs (items kg−1) 84.7 ± 58.4 105.9 ± 53.6 91.8 ± 51.3
PP 29.2% 40% 42.3%
PE 25% 26.7% 19.2%

PET 45.8% 33.3% 38.5%
Fibers 54.2% 53.3% 42.3%

Fragments 45.8% 46.7% 57.7%
White 45.8% 30% 46.2%
Blue 33.3% 36.7% 34.6%
Black 20.8% 33.3% 19.2%

size (mean ± SD, µm) 134.6 ± 62.8 151.8 ± 66.9 132.3 ± 64.1

Table 2. Results of ANOVA on MP abundance testing for differences among caves and stations. For
SNK tests, all pairwise comparisons were significant at p < 0.01.

Source of Variation d.f. SS MS F p

Cave = Ca 2 1047.0 523.5 3.50 0.075
Station = St 2 43,540.0 21,770.0 145.23 0.000

Ca × St 4 748.0 187.0 1.25 0.357
Residuals 9 1347.0 149.7

SNK tests for factor station low < medium < high

Figure 3. Mean microplastic abundances (items kg−1, ±SD, n = 2) in sediment samples collected
at three river-to-slope stations (low, medium, high) in pristine (PC1 and PC2) and non-pristine
(NPC) caves.

https://doi.org/10.3390/microplastics5010024
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3.2. Within-Cave Gradient of MP Distribution

ANOVA consistently detected a significant increase in the abundance of MPs among
stations along the river-to-slope gradient (Table 2) in all caves. In PC1 and PC2, mean
concentrations of MPs at high stations resulted ~4× greater than those recorded at low
stations, whereas this increase was ~12× in NPC (Figure 3).

Polymer profiles showed idiosyncratic patterns in relation to the river-to-slope gra-
dient, although inspection of the graphs in Figure 4a seems to suggest a general decrease
in PET, coupled with a decrease in PP-PE particles, from low–medium to high stations
in all caves. Color patterns were broadly consistent across caves, with colored particles
dominating at all stations in all caves, except for the high stations of PC2 and NPC where
white particles were more abundant (Figure 4b). The relative abundance of fragments
and fibers (the only two types of particles recorded in the cave sediments) at different
stations were consistent between PC1 and PC2, showing an increase in fragments from
low to medium–high stations, while the opposite occurred in NPC (Figure 4c). Finally,
mean particle size and ranges of variability largely overlap across caves and along the
river-to-slope gradient, except for the medium station of PC2 where lower-size particles
were recorded (Figure 4d). Data on MPs at each station within caves are summarized in the
Supplementary Materials (Table S2).

 

Figure 4. Microplastic characteristics in cave sediments across elevation stations (low–medium–high,
indicated on the x-axis) for the three investigated systems (PC1, PC2, NPC). (a) Polymer composition
(PP, PE, PET) expressed as the percentage of particles per station. (b) Color distribution (black, blue,
white). (c) Shape distribution (fragments, fibers). (d) Mean particle size (µm, log scale) with error
bars showing ±SD.

3.3. MPs in Blank Samples

Across all field blanks (n = 9), nine particles were detected (Table 3). For PC1, no
particles were detected in field blanks, while for NPC and PC2 only one and two particles
per station were recorded, respectively. A total of four exact particle matches (same station,
polymer, color, and shape) were identified between field blanks and sediment samples:
one particle in all stations of PC2 and one particle in the high station of NPC. Therefore,
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estimates of MPs per sample in these stations were corrected by subtracting an equivalent
value of items kg−1 from the corresponding MP category.

Table 3. Characteristics of microplastic particles detected in field blanks and comparisons with
cave sediment samples. Reported are particle shape, polymer type, color, and size (µm) for each
blank sample collected during fieldwork in Luftloch (PC2) and Trebiciano (NPC) caves. The “Match”
column indicates whether identical particles (same cave, station, polymer, color, and shape) were
also identified in corresponding sediment samples and subsequently subtracted from the dataset
(−10.6 items kg−1 per matched particle).

Cave Station Shape Polymer Color Size (µm) Match

Luftloch High Fiber PE Black 83.2 Yes
Luftloch High Fiber PET Blue 45.4 No
Luftloch Low Fiber PE Black 204 No
Luftloch Low Fiber PE White 223.7 Yes
Luftloch Medium Fiber PE White 125.1 Yes
Luftloch Medium Fiber PP Black 71.3 No

Trebiciano High Fragment PET White 103.9 Yes
Trebiciano Low Fiber PET Blue 101.2 No
Trebiciano Medium Fiber PP Blue 261 No

3.4. Sediment Characterization

The overall analysis of the sediment along the NPC transect indicates that deposits
are composed exclusively of sand (0.0625–2 mm), with the fine fraction representing only
a negligible component of the total mass (0.35–0.08 wt% in the <62 µm class). The pelitic
matrix analyzed by laser granulometry shows a silt-dominated composition, with fine
silt (4–63 µm) representing both the major component and smaller proportions of 1–4 µm
particles (Supplementary Materials Tables S2 and S3). Bulk SEM–EDS averages from the
three sampling levels (high, medium, low) showed a nearly identical elemental composition,
dominated by Si (≈30%) and O (≈46%), with minor Al (≈4%) and trace K, Na, Mg, and Fe.
Calcium concentrations were consistently below 1%, confirming the absence of carbonate
particles (Supplementary Materials Table S4). This composition indicates a homogeneous
siliciclastic sand with no substantial cave-derived carbonate contribution. At the low
station, water content was 7.9%. The pelitic fraction (<63 µm) was dominated by fine silt,
with 77.4 ± 0.1% in the 4–63 µm class and 18.1 ± 0.2% in the 1–4 µm class. The >63 µm
fraction consisted predominantly of medium–coarse sand, with the 710–355 µm classes
accounting for 58.8% of the total (13.4% at 710 µm; 24.0% at 500 µm; 21.4% at 355 µm), while
the <62 µm fraction from sieving represented only 0.17% of total mass. At the medium
station, water content was lower (4.5%). Within the pelite the finest particles decreased,
with 9.8 ± 0.1% in the 1–4 µm class and 70.6 ± 1.8% in the 4–63 µm class. The sandy
fraction was dominated by fine–medium sand, with the 250–180 µm classes representing
59.1% of the sample (33.2% at 250 µm; 25.9% at 180 µm). Finer size classes (90–62 µm)
were minor (2.1% and 0.38%, respectively), and the <62 µm sieved fraction accounted for
0.076%. At the high station, water content was 7.0%. The pelitic fraction showed a further
reduction in the finest component, with 6.4 ± 0.4% in the 1–4 µm class and 51.0 ± 2.6% in
the 4–63 µm class. The >63 µm fraction consisted mainly of fine sand, dominated by the
125–180 µm classes, which together constituted 52.9% of the sediment (29.6% at 125 µm;
23.3% at 180 µm). Very fine sand (90–62 µm) contributed an additional 26.4% (16.4% at
90 µm; 10.0% at 62 µm), while the <62 µm sieved fraction represented 0.35%.
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4. Discussion
MP contamination in superficial sediments was consistent across the three investi-

gated caves at ~94 items kg−1 on average, which sits well below the mean contamination
level reported for cave sediments worldwide (~1394 items kg−1, [40]). On a regional scale,
recent assessments in the karst system of NW Italy estimated ~1.6–8.7 × 103 items kg−1

in surface sediments along touristic paths within several show caves [41,65], whereas in
the Italian Classic Karst (NE Italy), where the present study was carried out, cave sedi-
ments in persistent contact with groundwater flow were found to contain approximately
1000–2000 MPs kg−1 [66], with synthetic microfiber amounts up to ~1150 items kg−1 [67].
Contamination levels comparable to those found in the present study were recorded in the
Slovenian Classic Karst, where 0–10 items kg−1 were estimated in sediments from caves
generally exposed to rapid throughflow and weak sediment trapping [27,43].

Several factors could affect anthropogenic microparticle accumulation and estimation
in cave sediments, leading to the observed discrepancies across studies. First, the timing of
sampling and the type of sampled sediment deposits could strongly influence estimates
of MPs contamination. For example, cave sediments collected during a flooding event in
Cliff Cave (Missouri, USA) contained 8423 ± 166 items kg−1 [68], underscoring the effect of
hydrodynamism on contamination. Moreover, due to the intrinsic difficulties of fieldwork
in cave environments, most of studies rely on a limited sample size and poor sampling
designs, which may often prevent an adequate quantification of spatial heterogeneity in
MP distribution and lead to spurious high contamination levels [69]. Other methodological
aspects, such as differences in extraction protocols or chemical analysis, could contribute to
varying contamination estimates among studies [40]. Several surveys, for instance, quan-
tified MPs in sediments including air-borne items (e.g., natural/regenerated microfibers)
using UV fluorescence with targeted spectroscopic confirmation. This approach may lead
to higher total particle counts compared to studies strictly based on polymer-verified
MPs [43].

A major problem with data on MPs in cave sediments, which probably underlies
the apparently high contamination levels and limits an adequate quantification of the
phenomenon, is that they are biased towards highly visited or show caves, with very few
assessments in more pristine cave environments [42,43,69]. At the time of sampling, PC1
and PC2 were essentially uncharted, both visited only twice in their history, including the
sampling campaigns for the present study. Only two studies have previously assessed
MPs in “pristine” (e.g., minimally visited, remote) natural caves. The first, carried out in
central Italy, sampled sediments in small/very small unexplored shallow caves directly
connected to the surface in which microparticles were dominated by natural/regenerated
microfibers with low or absent MPs, consistent with limited subsurface hydrologic delivery
and predominant aerial inputs [43]. The other truly comparable case study concerned
the isolated Ghar-e-Tangi cave (Pakistan) [42], where MP contamination in sediments
declined systematically with distance from the entrance and thus supported indirect in-
puts via surface runoff and atmospheric deposition, reporting similar contents of MPs
(37–99 items kg−1) as those found in this study for the two pristine caves PC1 and PC2
(92–106 items kg−1).

The assessment of MPs in sediments from the frequently visited NPC provided an
internal control within the examined karst system for exploring the role of direct human
frequentation on MP contamination. If human frequentation was the main source of con-
tamination, higher amounts of MPs and/or distinct compositional fingerprints would be
expected in the NPC with respect to PC1 and PC2, especially on low benches where human
visits concentrate, as documented for several show caves where sediments along tourist
routes exhibited greater MP amounts than less visited cave sectors [41,65]. Instead, MP
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contamination in sediments from the three investigated caves was broadly comparable in
terms of abundance of items, compositional fingerprints in polymer type (PP, PET, PE),
and shape of particles (fibers, fragments), irrespective of pristine and non-pristine environ-
mental conditions, reinforcing the hypothesis that higher visitation does not necessarily
translate into greater MP inputs [68]. Across the three caves, MP abundance increased
with increasing distance from the Timavo river along the river-to-slope gradient, up to
12 times higher at high (far from the river) than at low (close to the river level) sampling
stations. The gradient seemed to reflect flood frequency and sediment residence times
rather than local human activity, suggesting that the primary cause of contamination in
the investigated karst system could be ascribed to the Timavo river, which connects the
whole cave system. This interpretation is consistent with the basic sediment patterns
observed along the river-to-slope transect, where deposits consisted almost entirely of
siliciclastic sand with a minimal fine fraction (0.35–0.08 wt% <62 µm) and showed a simple
coarsening–fining trend from lower to higher positions. The Reka–Timavo catchment drains
a large sector of the Classical Karst characterized by mixed land uses, including urban areas,
dispersed settlements without full sewerage, agriculture, viticulture, and major transport
corridors. Previous assessments in the Slovenian and Italian sectors of the region have
identified wastewater effluents, road-derived contaminants, industrial discharges, landfills
and agricultural runoff as recurrent sources of groundwater pollution [70,71]. Because
karst terrains allow rapid infiltration and limited natural filtration, contaminants entering
the catchment are quickly transferred into subsurface conduits and transported over long
distances [68,69]. This supports the interpretation that the MPs found in all three caves
mainly derive from river-borne inputs delivered by the sinking Reka, rather than from local
cave-specific sources. This also explains why the two pristine caves (PC1, PC2), despite
lacking direct human access, showed MP abundances and polymer spectra comparable to
the frequently visited NPC. In this context, visitor-derived inputs are negligible relative
to upstream catchment contamination, and the relatively low MP loads observed likely
reflect both basin characteristics and hydrodynamic attenuations along the Reka–Timavo
pathway. Similar upstream-driven patterns have been documented in other karst systems,
where riverine transport dominates over local anthropogenic contributions, even in highly
visited caves.

Although the flood hydrodynamics of the Timavo river are still widely debated [39],
the river-to-slope gradient in MPs can be explained by flood-pulse sorting. All three caves
exhibited a sand-dune sediment body with substantial relief. These dunes are the result of
sediment deposition by the river during floods, and the accumulation of MPs along the
river-to-slope gradient was consistent with observations from surface rivers where MP
deposition follows particulate deposition [72]. In the caves, recurrent inundation and shear
flush in proximity of the river (low stations) could continuously remove particles, whereas
at higher elevation along the river-to-slope gradient hydraulic shadows may act as traps,
accumulating particles delivered by floods and retaining them between events [73,74].
During the rising limb, MPs can be advected into the chambers with suspended sediment;
at the flood crest, the chambers enter a quasi-stationary (slackwater) state in which ponding
reduces near-surface velocities and shear over emergent benches, enhancing decantation
and retention on higher benches [74,75]. During the falling limb, hydraulic gradients
and shear intensify along the thalweg and lower benches, promoting re-entrainment
and export and thereby suppressing net deposition at low elevation. This mechanism is
consistent with observations at karst springs where, after flooding events, anthropogenic
microparticles increased and polymer types diversified [76]. Particle transport correlates
more strongly with turbidity/suspended sediment concentration than with discharge alone,
while sedimentary archives likewise show MP peaks during extreme flood periods and
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periodicities that mirror fluvial hydrology in sediment deposits [73,76]. For the Timavo
river, the absence of homogenization along the sand dune did not suggest that flooding
events could be intense enough to rework the entire sediment package but, rather, the
occurrence of localized flushing at low elevations and accumulation at higher elevations
within hydraulic shadows [74].

The dominance of PP, PE, and PET—three of the most widespread anthropogenic
polymers across environmental matrices [6,77]—together with their altimetric partitioning
supported a density-coupled, flood-driven transport. In our transects, PP and PE (low-
density, positively buoyant) dominate at high-bench stations, whereas PET (denser, non-
buoyant) is comparatively depleted aloft and relatively more represented on lower, river-
proximal benches [53,78,79]. This appeared to mirror the Timavo flood hydrodynamics,
with ponding/slackwater at crest stages stranding buoyant particles on emergent benches
and recession flows enhancing re-entrainment and export from low benches. Combined
with the fiber/fragment mix, this pattern was consistent with a wastewater-rich surface
reservoir feeding the karst network and with flood-pulse sorting that deposited MPs—like
sediments—preferentially on the upper parts of the dunes [40,68]. The prevalence of fine
microplastics (139.6 µm on average) was consistent with a shift toward smaller particles
following flood events and their subsequent accumulation in sediment [74,80].

5. Conclusions
This study provides the first quantification of microplastic (MP) contamination in

sediments from pristine, inaccessible, and non-frequented caves of the Classic Italian Karst.
It establishes a robust baseline for assessing background MP levels in subterranean environ-
ments and for evaluating the relative contribution of direct human inputs in comparison to
river-borne sources. Contamination levels were aligned with those found in the other, very
rare, studies carried out in truly pristine caves, suggesting that a background contamina-
tion of around ~102 items kg−1 could be expected in natural caves irrespective of human
presence. Concentration, polymer, and shape spectra of MPs found in sediments from
the two inaccessible, pristine natural caves (PC1, PC2) were comparable to those present
in the frequently visited cave (NPC). Consistently in all caves, which are connected by
the Timavo river, MPs showed a significant increase along a river-to-slope gradient from
low sediment benches close to the river flow to upper benches, indicating the river as the
major conveyor of MPs in the examined cave systems. Such findings highlighted negligible
direct inputs of MPs from human frequentation when compared with underground water
flow dynamics in cave systems, with important implications for future research in cave
environments and effective mitigation strategies. Sampling campaigns should target the
rising/peak/falling stages of water flow to resolve deposition–export asymmetries that
may affect contamination assessments. Also, as flow dynamic and sediment deposition
interact with the complex morphology and topography that often characterize cave envi-
ronments, hierarchical sampling designs at multiple spatial scales are recommended to
avoid biased point estimates of MP contamination. Finally, in karst regions where complex
hydrogeology combines with high levels of anthropization, monitoring strategies should
prioritize riverine sources of MPs and flood dynamics (timing, magnitude, and duration of
ponding) over human access controls in cave environments. In this view, specific moni-
toring programs and mitigation actions, such as managing surface riverine pollution and
assessing land-based plastic leakage in recharge areas, could help control potential contam-
ination of subterranean environments through surface waters. Caves and karst aquifers
are of high cultural, scientific, and societal relevance, sustaining underground biodiversity
and representing a basic hydric resource for human populations. Above all, this study
demonstrated that subsurface ecosystems can be more tightly connected to the surface,
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and therefore more sensitive to aboveground contamination, than previously recognized,
requiring more comprehensive management strategies which combine the reduction in soil
and riverine MP pollution to achieve an effective mitigation of the phenomenon in these
fragile and valuable environments.
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//www.mdpi.com/article/10.3390/microplastics5010024/s1, Table S1: Station-level microplas-
tic metrics; Table S2: Grain size distribution of sediments; Table S3: Laser granulometry;
Table S4: Sediment composition; Table S5: Cowger checklist; Table S6: Dataset.
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