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Abstract: In the continuum of the land-sea interface, sediment reservoirs are often considered sepa-
rately. Therefore, integrative research is necessary. This study focuses on sediments throughout the
tributaries-river—estuary-ria pathway of the Ulla-Arousa system, aiming to quantify trace element
contents, identify land sources, determine background levels, and assess sediment enrichment and
contamination states. The elements Al, As, Cr, Cu, Fe, Ni, Pb, Sb, U, and Zn were determined in
78 sediment stations. Two approaches were considered. First, background functions and enrich-
ment factors were estimated using Al or U as the reference element. Second, a statistical study
was conducted using distribution analysis, which helped identify trace element sources and their
influences throughout the basin. The results revealed two significant sources of trace elements. One
source is the amphibolite massif of the Arinteiro Unit, influencing the Brandelos (Cu) and Lafias (Fe)
tributaries. Another source is the Deza tributary (As, Sb). However, these alterations do not reach the
estuary, where anthropogenic sources (Cr, Cu, Ni) dominate. In the inner Ria of Arousa, only a light
Cr enrichment was observed. The integrated study of the Ulla—Arousa system provides valuable
patterns to understand and address heterogeneous land-sea systems.
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1. Introduction

In pristine rivers, trace elements naturally enter water bodies through erosive processes
involving surface rocks containing minerals, leaching from soils, and natural biological
material [1]. However, the advent of industrialization has led to a significant increase in
anthropogenic activities, disrupting natural biogeochemical cycles [2,3]. This disruption
is primarily caused by the intensive release of organic matter, fertilizers, and metals into
river environments from both treated and untreated municipal and industrial effluents [4].
These sediment contaminants are then transported from river basins to estuarine margins,
estuaries, and coastal ocean areas [5,0], directly altering natural processes due to human
activities [7-9].

Anthropogenic disturbances can also indirectly reduce riverine sediment transport,
with damming being the most influential factor in sediment retention [10]. Additionally,
aquaculture activities, port activities, fishing, industrial zones, and tourism contribute
to the overexploitation of water resources, disrupting river estuary—ocean dynamics and
material transport. Several studies demonstrate that human activities and changes in river
discharge can modify the biogeochemical conditions of coastal marine waters, as observed
in Spain [11-13], and the accumulation of sediments on the seafloor [14-16].

Surface sediments serve as a record of natural and anthropogenic processes, making
it ideal for assessing the health status of heterogeneous systems, such as the tributaries—
river—estuary-ria of the Ulla—Arousa continuum. Despite previous studies focusing on the
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anthropogenic impact on trace elements at various global scales, with an emphasis on large
global basins [3,17], rivers with lower flow received less attention, and sediment research
has been lacking in the Ulla River basin. Additionally, different sediment reservoirs in
heterogeneous systems, such as river-ria cases ([18] and references cited therein). For
example, some studies have exclusively focused on Ulla estuary sediments [19] or the Ria
of Arousa sediments [20,21] without considering the Ulla River or its tributaries.

Given that Galician Rias act as metal deposition boundaries [18], similar to other
coastal systems (e.g., [22-24]), understanding the origin and contents of trace elements in the
Ulla—Arousa sediment reservoir is essential, as metals can become toxic to living organisms.
Therefore, this study comprehensively analyses the entire Ulla-~Arousa continuum, from the
Portodemouros reservoir to the sea, including the main tributaries (Lafias, Brandelos, Deza,
Linares, and Sar rivers), the main stretch of the Ulla River, its estuary, and the inner area of
the Ria of Arousa. By understanding the origin and distribution of sediment trace elements
throughout the tributaries—river-estuary-ria system, it becomes possible to properly assess
enrichment and contamination from lithogenic and anthropogenic sources.

With this approach, the main objective is to determine the natural background contents
and human footprint in the sediments of this heterogeneous system (tributaries, river,
estuary, ria) as a whole by analysing trace element contents in the sedimentary reservoir.
The specific goals are (i) to quantify the trace element sediment contents and background
levels to evaluate present and future alterations; (ii) to identify the main sources of major
and trace elements, along with sediment enrichment and contamination; and (iii) to provide
a procedure to address heterogeneous land-sea systems.

2. Survey Area

The Ulla—Arousa system is situated in the northwest of the Iberian Peninsula and
encompasses the Ulla fluvial basin, which covers an area of 2804 km?. The Ulla River flows
for a length of 131 km and discharges into the Ria of Arousa at an average annual flow
rate of 79.3 m3-s~1 [25]. The north bank of the Ulla River is fed by the Lafias, Brandelos,
and Sar tributaries (Figure 1). Lafias and Brandelos receive water from a network of rills,
such as Besefio (L2 and L6 points, Figure 1); Portapego (L3 and L4) in the Lafias stream;
and Pucheiras (B4), Noallas (B5), and Prevedifios (B6) in the Brandelos stream. The Sar
tributary flows into the estuary with an annual average flow of 7.0 m3-s~1. On the south
bank, the Deza discharges 18.6 m3-s~! (annual average, [25]) into the Ulla River, and the
Lifiares tributary contributes 6.0 m3-s~!. The inner part of the Ria of Arousa occupies
approximately half of the total surface area of the estuary, which is about 230 km?.

In terms of natural conditions, the fluvial basin mainly comprises metamorphic rocks
(54%), granite (29%), basic and ultrabasic rocks (12%), detrital deposits (5%), and minor in-
trusive rocks (<1%) [26]. Notably, the amphibolite massif in the Arinteiro Unit is rich in cop-
per and iron minerals, along with zinc minerals such as chalcopyrite, pyrite, pyrrhotite, and
sphalerite, which belong to the group of sulphides found in ancient volcanic-sedimentary
units or oceanic interfaces [27]. The geology of the basin is illustrated in Figure 1. The
middle section of the river features bands of basic, metamorphic, and granitic rocks of
varying hardness. The closed copper mine of Touro, with tailings and abandoned mining
areas, is located in the Arinteiro zone, representing the main anthropogenic influence in
the area.

The land use in the basin also has a significant impact, with agricultural and livestock
activities occupying 36% of the total area, including crop fields and pastures. Eucalyptus
and coniferous forests cover 16% of the land, while mixed tree species account for 11%.
Scrublands make up 9% of the area, and there are various complex associations of scrub-
lands, agricultural mosaics, and tree species covering 18% of the land. Moreover, 16.5% of
the entire basin comprises 23 protected areas of different categories. Within the course of
the Ulla River, the Portodemouros hydroelectric dam, inaugurated in 1967, significantly
alters the natural watercourse [28].
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Figure 1. Geographical representation of towns, treatment plants, major lithological and hydrological
features, and sampling points within the Ulla-Arousa drainage basin system. The map was created
using shapefiles from the CMATI web service (Xunta de Galicia). Sampling sediment points are
indicated as green circles on the map. Tributaries are identified by letters: L for Lafias; B for Brandelos;
D for Deza; N for Lifiares; S for Sar; E for the Ulla estuary; and R for the Ria of Arousa.

Based on data from the [29], around 350,000 people inhabit the Ulla River basin,
with one-third of the population residing in the city of Santiago de Compostela, which
is traversed by the Sar River. Additionally, there are 25 municipal wastewater treatment
plants and various industries, mainly located near the banks of the Ulla basin and its
estuary. These anthropogenic influences also extend to the inner part of the Ria of Arousa.
The presence of 2318 mussel farming rafts, yielding approximately 250,000 t-yr ! (i.e., 40%
of European production), significantly impacts sediment quality [30]. Moreover, towns and
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port activities on the shores of the ria, such as Vilagarcia de Arousa (with 38,000 inhabitants
and the main trading port of the ria) or A Poboa do Caramifial (with 10,000 inhabitants and
fishing port), contribute to the overall anthropogenic influence in the region.

3. Materials and Methods

A total of 78 surface sediment samples were collected along the stretch of the Por-
todemouros dam to the inner part of the Ria of Arousa (Figure 1) using clean procedures
for trace metal sampling. Out of these, 42 samples were taken from the Ulla River, its
tributaries (Lafias, Brandelos, Deza, Lifiares, and Sar waterways), and the Ulla estuary.
The remaining 36 samples were obtained from the inner part of the Ria of Arousa. In
the continental domain, the samples were carefully collected from the riverbed using a
telescopic arm on 4-6 September 2018). For sampling in the estuary and the ria, a boat was
used, and samples were collected using a Van Veen dredge on 21 September 2018.

All sediment samples were stored in plastic containers and preserved in a cooler box
during transportation. Once at the Laboratory of Marine Biogeochemistry (IIM-CSIC, Vigo,
Spain), the samples were oven-dried at a temperature of 45 £ 5 °C until a constant weight
was achieved. Subsequently, they were sieved through a 2 mm grid to eliminate gravel
particles, using a vibratory sieve shaker Retsch AS 200 Digit. The sand and mud fraction,
consisting of particles with a size < 2 mm, was then ground in an agate ball mill (Fritsch
Pulverisette) to reduce and homogenize the particle size for further analysis.

The “Analytical Service for the Determination of Metals in the Marine Environment’ at
IIM-CSIC processed the prepared samples for trace element analysis. In a clean laboratory,
the <2 mm sediment fraction was subjected to acid digestion using a hot plate inside a
fume hood. Approximately 30 mg of the fraction were weighed into Teflon flasks, and then
addition of 3 mL of 69% hyperpur HNO3 (Panreac), 1 mL of 40% suprapur HF (Merk),
and 0.5 mL of 30% suprapur HCI (Merk) were added to each flask. The first digestion was
carried out on the hot plate at 195 °C for 4 h. After this step, 5 mL of 5% H3BO3 were added
to each flask to neutralize HF, and the samples were digested again at 195 °C for another
4 h. The resulting digests were then transferred to 50 mL volumetric flasks, rinsed, and
brought to volume with Milli-Q water. For quality control, two procedural blanks and two
certificate reference materials (CRMs, PACS-2, and MESS-4 from the National Research
Council of Canada) were included in each digestion set. Additionally, an internal standard
consisting of Ge, In, and Ir at a final concentration of 0.1 mg-L’1 was added to all solutions,
including blanks, CRMs, and samples.

The element composition of the samples (Al, As, Cr, Cu, Fe, Ni, Pb, Sb, U, and Zn) was
determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on an Agilent
7900 instrument. The results of the analytical control using CRMs are presented in Table 1.

The statistical data treatment was conducted using IBM SPSS Statistics 25 and Stat-
graphics Centurion 18 software. To estimate the background levels, a least squares re-
gression method was employed, following established procedures [31-34]. This approach
relates the natural content of a target element (TE) to that of a reference element (RE),
represented by two constants: the slope (a) and the intercept (b). The background for each
individual sample can then be estimated using the background function (Equation (1)):

[TE]BG() = a[RE](i) + b )

where [TE]BG(i) represents the estimated background for the target element (TE) in sample
i, and [RE](i) denotes the measured content of the reference element in the same sample.
Once the background levels were determined, the enrichments were evaluated using the
local enrichment factor (LEF; [35]) calculated according to Equation (2):

LEFTE() = [TE](i)/[TE]BG() @)

In this equation, LEFTE() represents the local enrichment factor (LEF) calculated for
each sample i, and [TE](i) corresponds to the measured content of the target element in that
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sample. The selection of the reference element is a crucial step in such studies [34], and for
this study, U was tested as the reference element based on its suitability established in a
previous work [35]. Aluminium and Fe were also considered to be the most used reference
elements [36].

Table 1. Certified and analysed element contents in the certified reference materials PACS-2 and
MESS-4 of the National Research Council of Canada. The “~” shows an indicative content. Data are
in mg-kg~!, except Al and Fe, which are in g-kg ™.

Al As Cr Cu Fe
PACS-2
Measured 640+ 1.7 33.0+23 86.5 3.4 307 £ 6 419+1.1
Certified 66.2 £ 3.2 262+ 1.5 90.7 4.6 310 £ 12 409 + 0.6
MESS-4
Measured 78.1 £ 6.0 242 4+ 1.0 97.3 +5.0 329423 39.1+24
Certified 79.2 +£2.0 21.7 £ 2.8 943 + 1.8 329+ 1.8 379+ 1.6
Ni Pb Sb U Zn
PACS-2
Measured 448 +74 191 + 3 132+1.1 2.55 4+ 0.04 356 + 6
Certified 39.5+23 183 + 8 113 +26 ~3 364 + 23
MESS-4
Measured 431 £2.7 23.5 4+ 0.8 1.08 £ 0.02 3.7+0.2 146 £ 20
Certified 428+1.6 215+1.2 1.07 = 0.16 34+04 147 £ 6

4. Results and Discussion
4.1. Sediment Contents

The sediments in the Ulla—Arousa basin exhibit significant variation in particle size. A
geographical land-to-ocean factor influences the particle size abundance, with sediments
collected from the inner part of the Ria of Arousa being predominantly fine (<0.063 mm,
averaging 85%), while in the fluvial domain, the sand fraction is higher (averaging 82% of
particles between 2 mm and 0.063 mm). As a result, three distinct areas can be distinguished
based on the particle size: (i) the fluvial domain in the Ulla River basin dominated by sands
(<20% mud); (ii) the transition area of the estuary (58% sand predominance); and (iii) the
coastal domain in the ria (83% of samples consisting of only mud). On average, 54%
of the sediment samples contain more sand than mud. To ensure representativeness in
the samples and to consider the high variability of grain texture, the results presented
henceforth will be relative to the <2 mm fraction.

The summary of the elemental composition of the samples is detailed in Figure 2,
showing the sediment content of twelve chemical elements by sub-basins: five Ulla trib-
utaries, the Ulla River channel, the Ulla estuary, and the inner part of the Ria of Arousa.
Overall, the average and median element contents in the sediment of the different sub-
basins are comparable to the upper continental crust and Galician soils (Figure 2), with
some localized enrichments observed. Outliers in Figure 2 indicate possible localized
enrichment anomalies compared to the median values for each sub-basin.

Certain stations in the Ulla tributaries, such as Lafas (268 gFe-kg~!), Brandelos
(4890 mgCu-kg~!; 338 mgZn-kg '), and Deza (117 mgAs-kg~!; 2.3 mgSb-kg '), stand out
for their elevated element contents. Additionally, to a lesser extent, elevated levels of Cr
(150-250 mgCr-kg~!) were observed in several sediment sampling points in the inner Ria
of Arousa.

Cluster analysis (CA) was utilized to investigate the relationships between the twelve
chemical elements (Figure 3A). The analysis revealed three main groups, each comprising
specific elements: (1) Al, Cr, Pb, U, and Zn; (2) Cu and Fe; and (3) As, Ni, and Sb.
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Figure 2. Box and whisker plots detailing the analysis results of the <2 mm sediment fraction from
various locations within the Ulla-Arousa system, including the Ulla tributaries Lanas (L), Brandelos
(B), Deza (D), Sar (S), and Lifiares (N), as well as the Ulla riverbed (U), its estuary (E), and the inner
Arousa Ria (R). Red lines represent the reference average contents in Galician sedimentary soils [37],
and the blue line indicates the average contents in the upper continental crust [38], providing context
for comparison.

The first group (1) primarily corresponds to lithological influences, typical of granitic
rocks with alkaline lithology, mainly concentrated towards the estuary and the interior of
the ria (Figure 3C). In the second group (2), Cu and Fe demonstrated consistent lithogenic
origins with an increase in concentrations, particularly in the Lafas (Portapego rill, L4;
see Figure 1) and Brandelos (rills in upper tributary, B2-B4) small streams, which drain
the old mine area in the Arinteiro Unit; noteworthy elevated values were also observed in
the estuary after the confluence of the Ulla River with the Sar River (Figure 3D). The third
group (3) is associated with mineralization arising from the natural lithology of the area,
represented by metavolcanic schists, as well as agricultural fertilizer present in the Deza
basin (Figure 3B).
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Figure 3. Dendrogram (A) displaying the results of the cluster analysis using Ward’s method and
squared Euclidean distance, showing the three distinct groups of target elements in the Ulla-Arousa
system. Sediment content (B-D) of representative target elements (As, Cr, and Cu from cluster
analysis, groups 1, 2, and 3, respectively) throughout the Ulla River and its estuary (from Sar to Carril)
is also presented. The content of main tributaries near their mouths and the twin towns’ influence on
the Ulla estuary (shaded area) are highlighted.

4.2. Exploratory Estimation of Background

To assess the influence of extreme values on the departure from normality, an iterative
detection and deletion of outliers was performed using Tukey’s inner fences (low limit
Q1 — 1.5-IQR, high limit Q3 + 1.5-IQR, IQR = Q3 — Q1). The resulting dataset generally
exhibited standard kurtosis and skewness within the range +2 to —2 or relatively close to
this range, representing a general normal distribution. The result of the iterative selection
of outliers is presented in Table 2.

Table 2. Exploratory statistics of the dataset representing the content of chemical elements in the
<2 mm sediment fraction after iterative deletion of outliers in the Ulla—Arousa system. The elemental
contents are expressed in mg-kg~!, with the exception of Al and Fe, which are in g-kg~!.

Average As Cr Cu Fe Ni Pb Sb Zn

ucc! 4.8 92 28 39 47 17 0.4 67

FPS 2 19 50 27 24 27 37 1.8 91

GSss? 15 23 15 29 21 3.3 48

Mean (this study) 15 88 39 30 41 33 0.7 101

SD 6 43 20 12 20 14 0.4 37

Data no. 69 77 68 77 77 77 76 74

Stnd. Skewness 1.05 2.16 2.10 1.9 2.57 —0.56 0.82 1.01

Stnd. kurtosis —0.71 —0.96 —0.36 0.0 0.62 —1.39 —0.20 —0.64

. D1, D2, D3, B2, B3, B4, B?, B3, E13,

Outliers L6, E12 R42 U4, Us, E12, E13 L4 N2 R22 D2, D3 R38

1 Upper continental crust [38]; 2 floodplain sediments in Spain [39]; 3 Galician sedimentary soils [37].

The elements Cr, Cu, and Ni fall outside the normal range, exhibiting standardized

skewness values of 2.1, 2.2, 2.0, and 2.6, respectively. Outliers serve as valuable indicators
to identify potential enrichment patterns within the study area (Table 2). With the iterative
detection of outliers, the sources of elements in the Ulla-Arousa system become clearer,
allowing for a better understanding of their spatial distribution. Specifically, sediments
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from the head and middle reaches of the Brandelos tributary (B) exhibited enrichment in
Cu (stations B2, B3, B4, B7; Figure 1), which may influence the Ulla River channel (U4, U5).
Additionally, the sediments from the Deza tributary (D) show enrichment in As (D1, D2,
and D3) and Sb (D2 and D3), while two rills of the Lafias tributary (L) display enrichment
in Fe (L4) and As (L6). On the other hand, no other studied elements seem to exhibit any
significant enrichment pattern based solely on the presence of outliers, except for Cu and
Zn in the Ulla estuary (E12, E13).

The average levels (mean + SD, Table 2) resulting from the varied geology of the
basin, characterized by basic, metamorphic, and granitic rocks (Figure 1), can be used as an
approximation to determine the baseline sediment content [33] for the entire Ulla—Arousa
continuum. These local values for the largest river—ria system in Galicia can be compared
stepwise with those at different scales (Table 2). Regionally, they align with the Galician
sedimentary soils [37], at the peninsular level with the floodplain sediments in Spain [40],
and globally with the upper continental crust [38]. The sediment contents of As, Fe, Pb,
and Sb are within or lower than the values of Galician and Spanish sediments, while Cr, Cu,
Ni, and Zn are somewhat higher but comparable to those found in the continental crust. It
is crucial to consider the sediment contents of the Ulla—Arousa system specifically in order
to consider the local natural variability.

4.3. Background Functions and Enrichment Factors

To estimate the background, iterative least squares regression was performed to
calculate background functions. Aluminium, Fe [36], and U [35] were considered as
potential reference elements. However, Fe exhibited a single anomalous value in the
Portapego rill (L4) of 268 g-kg ™!, raising suspicion of contamination. Consequently, Fe was
rejected as a reference element and included within the target elements. After performing
the regression and obtaining the background functions (Table 3), the selection of the most
appropriate reference element was based on the correlation coefficient value (R > 0.5) and
the number of samples remaining in the regression function after deleting unusual residuals
(n > 50% of samples).

Table 3. Regression functions between reference elements (Al, Fe, and U) and the target elements.
The data involved are in mg-kg_l, except Al and Fe in g‘kg_l.

Al Fe U

Pb

Sb

/n

Fe

[As]pg = 0.30-[Al] — 4.44
(n = 53; R = 0.869)

[Crlpe = 2.22-[Al] — 60.71
(n=70;R=0.813)

[Culpe = 1.03-[Al] — 31.06
(n =50; R =0.923)

[Nilgg = 0.57-[Al] — 3.22
(n = 32; R = 0.986)

[Pb]pg = 0.57-[Al] — 4.04
(n =60; R =0.836)

[Sblgg = 0.06-[Al] + 0.26
(n=71;R=0.349)

[Zn]pg = 1.61-[Al] — 13.86
(n = 56; R = 0.909)

[Felgg = 0.44-[Al] — 3.96
(n=61;R=0.826)

[As]gg = 0.39-[Fe] + 6.01
(n=39; R =0.920)

[Cr]gg = 3.81:[Fe] — 15.31
(n=47; R =0.965)

[Cu]gg = 1.54-[Fe] — 2.38
(n=61;R=0.789)

[Ni]gg = 1.46-[Fe] — 5.84
(n=44;R=0.974)

[Pblgg = —012-[Fe] + 36.68
(n=73; R=—-0.268)
[Sblgg = 0.03-[Fe] — 0.09
(n=55;R=0.882)

[Zn]gg = 3.21-[Fe] + 15.62
(n=>51; R=0.967)

[As]pg = 2.61-[U] + 3.44
(n =43; R = 0.953)

[Crlpg = 16.52-[U] + 14.97
(n=72;R=0.777)

[Culpg = 5.58-[U] +9.15
(n=58; R = 0.662)

[Nilgg = 6.34-[U] +2.17
(n =55; R = 0.827)

[Pblgg = 6.03-[U] + 5.17
(n =56; R = 0.937)

[Sblsg = 0.11-[U] + 0.18
(n=67; R =0.672)

[Znlgg = 13.71-[U] + 32.03
(n = 64; R = 0.826)

[Felpg = 4.13-[U] + 5.23
(n=61; R =0.827)

Upon evaluating the correlation coefficient and the number of samples involved in
the background function, Al was found to be suitable for normalizing Cr, Cu, Zn, and Fe,
while U was suitable for As, Ni, Pb, and Sb. The corresponding background functions from
Table 3 were selected and used to calculate the local enrichment factors (LEFs). A criterion
of LEF > 2 was chosen to identify significant enrichments, indicating that the measured
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content is higher than two times the background estimation. This criterion is slightly
more restrictive than the EF > 3 threshold adopted by [40] but closer to the classification
presented by [41], who stated an EF between 1.5 and 2.0 to identify slight enrichment.

On average, for the entire Ulla—Arousa basin, the median LEF values remain below the
threshold of two and even below 1.5, with values of 1.1 for As, 1.0 for Cr, 1.0 for Cu, 1.0 for
Fe, 1.2 for Ni, 1.0 for Pb, 1.1 for Sb, and 1.1 for Zn. However, values significantly exceeding
the background (LEF > 2) are limited to specific samples or sub-basins, particularly in the
headwaters of the Lafias and Brandelos tributaries, as well as in the Deza River.

In the Lafias tributary, which drains the eastern side of the Touro mine, elevated LEF
values were found for As (4.7 in L6); Cr (4.6 in L4); Cu (93 in L4, although not corresponding
to a high content value, 67 mgCu~kg’1),‘ Fe (27 in L4, 2.5in L5, and 2.3 in L6); Ni (2.1 in
L2,3.5in L3, and 2.2 in L4); and Sb (2.0 in L4). The Portapego stream (L4), which directly
drains from the former mine, exhibits the highest LEF values in the Lafias sub-basin and in
the entire Ulla—Arousa system for Cr (4.6), Cu (93), and Fe (27). In the Brandelos stream,
draining the western side of the mine, elevated LEF values were observed for Cr (4.3 in B1);
Cu (31 1in B2, 62 in B3, 15 in B4, and 11 in B7); Fe (2.0 in B4 and B5); and Ni (3.1 in B1, 4.3 in
B2,2.4in B5, 2.8 in B6, and 4.8 in B7). The Deza River is particularly enriched in As (5.9 in
D1, 3.81in D2, and 5.5 in D3), Ni (2.7 in D2 and 2.1 in D3), and Sb (3.0 in D2 and 2.4 in D3).

The main channel of the Ulla River also exhibits some enrichments ranging from slight
to moderate, particularly in Ni (ranging from 6.5 in U4 to 2.2 in U8, with all U samples
showing enrichment in this trace metal). Punctual enrichments were also observed in Cu
(4.7in U4, 3.3 in U5, and 2.5 in U6), Fe (2.1 in U2), Sb (2.5 in U4), and Zn (2.2 in U4). The
Ulla estuary presents localized enrichments only in Cu in an urban area (3.0 in E12 and
2.7 in E13) and close to the marine domain (2.3 in E18). The innermost part of the Ria of
Arousa shows highly localized enrichments in harbor areas (4.5 for Pb in R21, and 15 for
Cr in R42) and in other parts of the area for Cr (2.4 in R53), Cu (3.7 in R51, and 2.8 in R53),
and Zn (2.1 in R30 and 2.3 in R37). A graphical representation of the LEFs, according to the
criterion of [41], is presented in Figure 4.

4.4. Environmental Assessment

A multiple line of evidence was employed in this study, encompassing different ap-
proaches to support the results. Firstly, visual observation of the data and their trends
within the studied system (Figure 3) was conducted. Secondly, the data were explored
using the Tukey inner fences, a non-parametric technique used not only to estimate back-
ground [42] but also to identify outliers or values within the dataset that may belong to
a different population. The third approach involved calculating local enrichment factors
(LEFs, [34]) by estimating the background through least squares regression using a reference
element to account for particle size effects [43]. By applying a criterion [41], the LEFs were
used to detect such as enrichments and depletions in the study area. The three approaches
revealed three areas of concern in the Ulla—Arousa system: (i) the Arinteiro Unit (rich in Cu
and formerly exploited for mining), (ii) the Deza River, and (iii) the estuarine urban area
between the localities of Padrén and Pontecesures.

The Arinteiro Unit, drained by the small rivers Lafias and Brandelos, is characterized
by high contents of Cu and Fe and, to a lesser extent, Cr, Ni, Sb, and Zn (Figure 4). This
area is naturally enriched in trace elements, and evidence is that the area was exploited for
Cu mining; hence, local contents are expected to be elevated because the trace elements
are present in the local lithology. However, former mining activities could be increasing
the loads of trace elements, even decades after mining has ceased [44]. Consequently, a
combination of natural, mainly, and also residual anthropogenic factors, disused mine,
could be the reason for the enrichments observed in this area. It is noteworthy that the
increased export of trace elements does not appear to overload the carrying capacity of the
Ulla River, as the elevated contents are diluted downstream and become negligible before
reaching the estuary.
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Figure 4. Graphical representation of the Local Enrichment Factors (LEFs) for representative target
elements (As, Cr, Cu, Fe, Ni, Pb, Sb, and Zn) in the Ulla-Arousa system. LEFs were calculated based
on estimated background functions using Al as the reference element for Cr, Cu, Zn, and Fe and U
as the reference element for As, Ni, Pb, and Sb. The LEF values are presented in comparison to the
background estimation.

The Deza River exhibits high contents and enrichments in As and Sb (Figure 4).
Both elements are metalloids with similar geochemical behavior, suggesting that their
enrichment could be primarily influenced by the local lithology. However, human sources
should also be considered. In the nearby Umia River, which also drains into the Ria of
Arousa, enrichments in As were attributed to the historical use of pesticides in vineyards
and other cultivations [45]. Although As pesticides are now forbidden in Spain, residual
amounts may persist in soils and continue to be exported.

The urban portion of the estuary, located between the Padron (>8000 inhabitants)
and Pontecesures (3000 inhabitants) towns and also hosting some industrial activities,
showed enrichments in Cu, Zn, and As (Figure 4). These enrichments could be attributed
to increased inputs of these elements to the sediments through physico-chemical processes
related to the mixing of fresh and saltwater. Nevertheless, these elements are common
contaminants in urban [46] and industrial [47] wastewater, suggesting that anthropogenic
sources cannot be ruled out.

Additionally, harbor areas along the ria shore also exhibited enrichments in Pb, Cr, Cu,
and Zn (Figure 4), as has been pointed out in harbor areas of the Galician Rias [48,49].

5. Conclusions

The combination of multiple lines of evidence in this study has demonstrated its
potential for environmental evaluation at a basin scale in the Ulla River, utilizing simple
statistical tools with empirical significance to identify values deviating from the general
trend. While enrichments in trace elements are often associated with contamination, distin-
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guishing between natural and anthropogenic influences requires a thorough assessment
of potential sources in order to achieve a comprehensive understanding of trace element
imprints in sediments.

Regarding the environmental settings of the Ulla-Arousa system, the results of the
exploratory statistical approach and background regression functions have identified two
distinct sources of trace elements. The first source originates from the amphibolite massif
of the Arinteiro Unit, affecting the upper basin of Brandelos and Lafias tributaries through
certain rills. The influence of this source diminishes as it mixes with other sediments within
both tributaries and as it reaches the confluence with the Ulla River, the metal contents
decrease significantly. Beyond the mouth of Deza, the impact on Ulla sediment becomes
minimal. The second source is the Deza tributary, which flows through an agricultural
region and is joined by the Lifiares tributary. However, these alterations do not extend
to the estuary, where anthropogenic sources are observed in the towns of Padréon and
Pontecesures, as well as in the vicinity of the Sar tributary. In the inner part of the Ria of
Arousa, which serves as the final depository of fluvial sediments, only small and localized
enrichments are observed.

In conclusion, this comprehensive study has shed light on the sources and distribution
of trace elements in the integrated Ulla—Arousa system, providing valuable insights for
environmental management and conservation efforts in the region and, moreover, valuable
patterns to understand and address heterogeneous land-sea systems.
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