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Abstract. The Northern coast of Galicia, NW Iberian Peninsula, exhibits a variety of geological
features: Ortegal allochthonous complex, Ollo-de-Sapo autochthonous domain and massifs of
Bares, Barqueiro and San-Ciprian. In order to examine the influence of terrestrial lithologies on
coastal sediments, 103 samples were collected in the Rias of Ortigueira, Barqueiro and Viveiro,
their neighbouring shelf and the estuaries of Mera, Sor and Landro rivers. Aluminium, Fe, Sc,
particulate inorganic and organic carbon and rare earth elements (REE) were determined in the <2
mm fraction. In addition, calcite, muscovite, quartz and riebeckite minerals were identified and
quantified in 33 selected samples. The distributions of riebeckite and Fe reflect the influence of
Ortegal complex on the coastal areas around the Cape Ortegal. The highest concentrations of
$REE were found in fine sediments from confined inner parts of the Rias (up to 233 mg-kg™), while
most of the sands contained 11-70 mg-kg™. SREE normalized to European Shale (ES) highlights the
relative abundance of lanthanides (2REE\>6) near Cape Ortegal and the innermost ria zones. The
ratio between light and heavy REE (L/H) showed lower values (4-11) around Cape Ortegal and the
shelf while higher ratios (15-23) were detected in west of the Cape Estaca-de-Bares and in the
inner Viveiro Ria due to elevated contributions of La and Ce. The L/H values normalized to ES
reflects the importance of HREE in the adjacent area to Ortegal Complex (Ly/Hy <0.8) and the
LREE (Ln/Hy >1.4) in the inner estuaries and west Cape Estaca-de-Bares. The highest REE individual
ES normalised were measured in fine-grained sediments of the Mera and Sor estuaries. Sediments
from the eastern shelf of Cape Ortegal presented enhanced ratios only for HREE. These results
indicate that distribution of REE in the northern Galician region is highly depending on the
neighbouring lithological pattern, contrasting with the situation found in the western Galician
shelf and the Bay of Biscay. Lanthanides can, thus, provide a useful tool to follow the sediment
pathway in the land-sea boundary zones, denoting continental geochemical imprint or fluvial
outputs accordingly to the existing hydrological and geological conditions.
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1. INTRODUCTION

Rare earth elements (REE) have been used to trace natural processes in marine
environment. Firstly, Haskin and Gehl (1962), Goldberg et al. (1963) and Wildeman and Haskin
(1963) pointed out the interest of REE in early diagenetic researches in pelagic sediments. Later,
Ronov et al. (1967) and Piper (1974) emphasized the role of REE to ascertain the sediment
pathways. Biogeochemical cycling of REE has been studied in rivers, estuaries and continental
shelves (Elderfield et al., 1990; Sholkovitz, 1993; and Ramesh, 1999; Nozaki et al., 2000). Rare
earth elements have been reported as geochemical indicator related to anthropogenic activities
(Olmez et al., 1991; Ridgway et al., 2003; Borrego et al., 2004). Lanthanides are used in industrial
processes and consequently anomalous REE concentrations have been reported in terrestrial
waters, and in river and marine sediments (Olmez et al., 1991; Protano and Riccobono, 2002;
Borrego et al., 2004; Kulaksiz and Bau, 2007).

The advantage of REE applicability in marine geochemistry is their chemical fractionation
and coherent behaviour during weathering (Dubinin, 2004; Leybourne and Johannesson, 2008).
Lanthanides applicability ranged from studies of particle-water interactions in estuarine systems
due to REE affinity to freshly formed iron and manganese hydroxides (Bayon et al.,, 2004;
Marmolejo-Rodriguez et al., 2007), transport and provenance of sediments in coastal areas due to
the low anthropogenic inputs to mitigate the natural sources (Vital et al., 1999; Munksgaard et al.,
2003; Xu et al., 2009; Prego et al., 2009) and to geochemical processes in hydrothermal spots
(Olivarez and Owen, 1989; Bortnikov et al., 2008).

Various works describe the lithological features and tectonic details of continental
allochthonous complexes in the northwest of the Iberian Peninsula: Ortegal-Ordes, Malpica-Tuy,
Branganga and Morais ophiolitic units (Ortega and Gil-Ibarguchi, 1990; Pin et al., 2002). Moreover,
the terrestrial contribution of Mifio River (Gouveia et al., 1993), Duero River (Araujo et al., 2002)
and the Ria of Vigo (Prego et al., 2009; Caetano et al., 2009) to coastal mud patches has also been

assesed. The REE composition of the weathering material from the Galifieiro orthogneissic
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Complex has been determinant to trace the imprint of river-derived sediments (Prego et al.,
2009). In the Bay of Biscay, REE was only tackled in order to identify the continental sources to the
shelf sediments due to the Loire, Gironde and Adour load (Joaunneau et al., 1998) and REE
mobility in the deep sediments (Chaillou et al., 2006).

The northern Galicia region is composed by different continental geological domains, such
as the allochthonous Ortegal Complex and the autochthonous of the Ollo-de-Sapo Domain. Their
influence on coastal sediments has not been documented. In accordance with these geological
features it may be hypothesised that the lanthanide distribution in sediments of that coastal
region may differ depending on the land-sea boundary zone. Therefore, three objectives were set:
(a) to establish baseline of REE data in river and coastal sediments from the Northern Galician, (b)
to link the REE patterns in the coastal sediments with the geochemical characteristics of the
landmass, and (c) to assess the continental source of lithogenic component in the sediments using

the REE pattern as geochemical tracer.

2. MATERIAL AND METHODS
2.1. The study area

The northern coast of Galicia (7°30’-7°55’W; Figure 1) includes the Rias of Ortigueira,
Barqueiro and Viveiro, designated as Northern Galician Rias according to the tectonic
classification of Torre Enciso (1958). The surface areas of the Rias of Ortigueira, Barqueiro and
Viveiro are 38, 10 and 27 km?, respectively, considering the 30-m depth isobath as the ria-shelf
boundary. These three rias are north or north-eastward oriented, mesotidal systems dominated
by marine processes in from the inlets to the middle parts (Alvarez et al., 2010; Ospina-Alvarez et
al., 2010). The inner parts are shallows (Evans and Prego, 2003), with extensive marshlands and
well-developed beach barriers forming mouth complexes (Lorenzo et al., 2007). The Ria of
Ortigueira, the western of the studied system, is an incised valley between Cape Ortegal and Cape

Estaca-de-Bares. The main freshwater source is the Mera River with a fluvial basin covering 126
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km? and annual average flow of 6.0 m*s™. Eastern of Cape Estaca-de-Bares is located the Ria of
Barqueiro which receives as the main tributary the Sor River (202 km? 15.2 m*s™). The Ria of
Viveiro is located further East and receives in the inner most zone the Landro River (271 km?%; 9.3
m>s™). The annually discharge of suspended solids into the Bay of Biscay by Mera, Sor and Landro
rivers accounts only approximately 0.5% of total amount entering the Bay (Prego et al., 2008).

The Northern Rias are located in a region with contrasting geological characteristics (Fig. 1).
The Ortegal allochthonous complex, located at the west of the Ria of Ortigueira, exposes
abundant ultramafic rocks and metaigneous granulites, lower metamorphic facies with
pyroxenes, eclogites, amphibolite and serpentinites (Gil-lbarguchi et al., 1990; Peucat et al.,
1990). The Ollo-de-Sapo autochthonous domain is characterized by metamorphic rock, mainly
gneisses (IGME, 1977; Aparicio et al, 1987). At the east margin of the Ria of Viveiro are the granitic
massifs of San-Ciprian (Capdevila, 1969), together with the Villalba Series (shale, sandstone and
gneiss). The surrounding area of the Ria of Barqueiro is mainly composed by granite, the
Barqueiro Massif, that is similar to the San-Ciprian and both rich in two-micas granite (IGME,
1977). In the southern boundary of Barqueiro Massif are present white quartz veins NWN-
oriented (quartz exploitation mine; Mirre, 1990). Moreover, in this ria it can found the Bares
Massif, a discordant, elongated intrusion of reduced dimensions (5 km?) made up of granodiorite,
and biotite (Ortega and Gil-Ibarguchi, 1990). Following this geological patterns the fluvial basin of
Mera displays metamorphic rocks mainly, with a lithology composed by gneiss and
metasediments, from the Ollo-de-Sapo Domain, shale, quartzite (Moeche Unit) and gneisses
bands (viz. Carifio with gneiss and eclogite), which form a part of the Ortegal Complex. The basins
of Baleo (53 km?) and Sor comprise mostly gneiss and schist (Ollo-de-Sapo Domain). The basin of
the Landro River covers a mixed area mainly makes up granitic rocks being part of the Manto-de-
Mondoiiedo Domain (IGME, 1977).

2.2. Sediment sampling
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One hundred and three samples of surface sediment were obtained in the three rias and
adjoining continental shelf (Fig.1): 36 in Ortigueira, 29 in Barqueiro), 23 in Viveiro, and 15 offshore
the rias). Sediments from the rias were sampled onboard the R/V Lura (July 2007), using small
boats in the estuarine areas (July 2007) and onboard the R/V Mytilus in the adjacent coastal zone
(May, 2008). A 30-L and 5-L Van Veen grabs and a Bouma type box corer (1.75 dm?) were used. In
the intertidal areas sediments were sampled by hand. The uppermost sediment (0—-1 cm) was
collected with a plastic spatula, stored in pre-cleaned LDPE vials and kept at 4°C. Sediment
samples were oven dried at 50 °C and the coarse fraction was separated by dry sieving through a
2 mm sieve (Retsch AS200). The <2 mm fraction was homogenised ground with an agate mortar
and stored for further analysis.

2.3. Analytical Methodologies

2.3.1. Grain-size. Grain-size analyses were performed in the surface sediments collected in
Northern Galician Rias and Shelf by dry sieving (Retsch AS-200). Sampled sediments were
classified into mud, sand and gravel fractions, according to the Udden-Wentworth scale
(Wentworth, 1922).

2.3.2. Carbon. Concentrations of particulate inorganic carbon (PIC) and particulate organic carbon
(POC) were determined in duplicates of sediment samples in an EA1108 (Carlo Erba Instruments)
elemental CNH analyzer at the University of A Corufia (SAI-UDC). POC concentration was
measured directly, after removal of the carbonates by sample digestion with HCI at 80°C, and PIC
concentration quantified by the difference between total carbon (TC) and POC concentrations.
2.3.3. Mineralogy. Muscovite, quartz, riebeckite and calcite minerals were identified and
quantified in the crystalline fraction of the 33 selected sediment stations (Fig. 1). Analysis was
carried out in the ‘Jaume Almera’ Institute (CSIC) following a standard procedure (Chung, 1974).
X-ray diffractions of full samples were performed in ground samples using an automatic Siemens
D-500 X-ray diffractometer in the following conditions: Cu ka, 40 kV, 30 mA, and graphite

monochromator.
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2.3.4. Major and minor-elements. Approximately 100 mg of each sediment sample was
completely digested with 6 cm® of HF (40 %) and 1 cm® of Aqua Regia (HCI-36%: HNO3-60%; 3:1) in
closed Teflon bombs at 100 °C for 1 h (Rantala and Loring, 1975). Subsequently, the bombs
content was poured into volumetric flasks containing 5.6 g of boric acid and filled up with
ultrapure Milli-Q water (Rantala and Loring, 1975). Metals were analyzed by flame atomic
absorption spectrometry (FAAS) on a Perkin Elmer AA100 with a nitrous oxide-acetylene flame
(Al) and air-acetylene flame (Fe). Iron and Al concentrations were determined with the standard
additions method. The precision and accuracy of the analytical procedures was controlled through
certified reference material analysis (AGV-1; USGS). The obtained concentrations (Table 1) were
not statistically different from certified values (t-student; a=0.05).

2.3.5. Rare Earth Elements (REE) and Sc. A different mineralization procedure was done for
determination of REE and Sc. The first step was the above-mentioned digestion according to
Rantala and Loring (1975), which was followed by evaporation and re-dissolution with 1 cm® of
double-distilled HNO; and 5 cm? of ultra-pure water (18.2 MQ cm), heated for 20 min at 75 °C and
diluted to 50 mL with ultra-pure water. Moreover, two reagents blanks were prepared in the
similar way for each batch of 20 samples. Concentrations of Sc, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu were determined by ICP-MS (Thermo Elemental, X-Series) equipped with a
Peltier Impact bead spray chamber and a concentric Meinhard nebulizer. The experimental
parameters were: forward power: 1400W; peak jumping mode; 150 sweeps per replicate; dwell
time: 10 ms; dead time: 30 ns. The isotopes selected for the quantification of REE were either free
from, or subject to minimum isobaric and polyatomic interferences (Smirnova et al., 2003).

B7BaH/B7Ba and

Polyatomic and isobaric interferences were minimized by setting the ratios
10ce’®0/MCe to 0.010 under routine operating conditions. Since the abundance of Ba, Ce and Pr
in the samples was less than 700, 100 and 10 pg g™ respectively, and the contribution of oxides

relative to the analyzed ion plus the related measurement error was lower than 5%, the

153 157
f d

correction for estimates of ~“Eu an Gd concentrations can be avoided (Smirnova et al., 2003).
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A 7-points calibration within a range of 1 to 100 ppb was used to quantify element concentration,
using Indium as internal standard. A multi-element Quality Control (QC) solution was run every 10
samples. Coefficients of variation for metal counts (n=5) varied between 0.5 and 2%. Certified
reference material (AGV-1, USGS) was used to control the precision of the results. Levels of REE in
this material (Table 1) were not statistically different from certified concentrations (t-student;
a=0.05). Reagent blanks always accounted for less than 1% of total concentrations in samples.
Differences for sediments zones at the Northern Galician Rias were validated using a Kruskal—

Wallis test followed by a Dunn post-hoc test.

3. RESULTS

3.1. Minerals

Calcite, riebeckite, quartz and muscovite in the 33 selected samples exhibited contrasting
abundance distributions (Fig. 2). Riebeckite reached 19-20% of the identified minerals in the
sediments adjacent to the Cape Ortegal, while remained below 5% in samples near the Cape
Estaca-de-Bares. An opposite distribution pattern was encountered for quartz, since the most
abundant fraction (19-28%) was registered in those samples, and near the Cape Ortegal
concentration was below 5%. The abundance of muscovite in sediments varied from 40-50% in
the Ria of Viveiro, 20-30% close to the adjacent coastline, and less than 10% near the Cape
Ortegal. Sediment rich in calcite was observed off-rias, increasing its content towards the
continental slope (20-35%).

3.2. Grain size, carbon, aluminium, scandium and iron

The grain size distribution of the collected samples revealed the predominance of sand in the
shelf (94+6%) and of fine-grained material in the innermost part of the rias and harbours (Fig.2).
The POC ranged from <1% in sandy sediments to 2-13% in the muddy sediments, while PIC varied
from 3-9% in the shelf to 2-3% in the rias (not shown). Exceptions were those muddy sediments

samples from the Rias of Barqueiro and Viveiro containing high quantities of shell debris (2-6%
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PIC) and sandy samples located around the Cape Ortegal (<2% PIC). The distribution of Al, Sc and
Fe differed considerably (Fig. 2). Aluminium varied from 0.2% in coarser material to 6.6% in the
muddy sediments, although sandy sediments nearby the Cape Estaca-de-Bares presented
enhanced values (2.7-4.0%). Scandium concentrations ranged from 2 to 57 mg-kg”, being the
highest values registered also near the same Cape (33-57 mg-kg!) and in the western of the Ria of
Viveiro (33-37 mg-kg™). Iron concentrations varied from 0.3 to 6.0%, being higher in sediments
near Cape Ortegal (5.0-6.0%) and lower near Cape Estaca-de-Bares (1.0-2.0%) and the Ria of
Viveiro (0.3-1.7%).

3.3. Rare Earth Elements

The concentrations of total REE (ZREE) in the all sediment samples ranged from 11 to 233
mg-kg™ (Fig.3). It accounted to total REE the La-Lu series of chemical elements, excluding the man-
made element Pm. In general, muddy samples exhibited SREE up to 80 mg-kg™. Elevated levels
were found in confined muddy inner areas: Celeiro harbour (111-233 mg-kg™), Ria of Ortigueira
(75-132 mg-kg™) and Ria of Barqueiro (87-130 mg-kg™). Most of the analysed sands contained less
than 70 mg-kg™. Relatively, high $REE values (40-60 mg-kg) were also found in sands between
the Cape Ortegal and the Bares massif as well as offshore San-Ciprian massif.

Sources of Lanthanide may be emphasized if their concentrations in sediment are normalized
to a reference material and reported as a relative abundance plot (Coryell et al., 1963). In the
current work individual REE were normalised to European Shale (ES). In this way, the abundance
variation between REE of even and odd atomic numbers is eliminated and REE pattern of average
shale should parallel the average upper continental crust (Haskin and Haskin, 1966). The sum of
normalized REE (ZREEy) highlights the neighbouring shelf of Cape Ortegal and the innermost ria
zones (ZREEy >6; Fig.3) as the most lanthanide enriched in reference to European Shale.

The distribution of the ratio (L/H) between light-REE (LREE), i.e. from La to Gd, and heavy-REE
(HREE), i.e. from Tb to Lu, is not related to the sediment grain-size. The most noticeable aspect

(map not shown) is the contrast between low L/H ratios in sediments around Cape Ortegal (4-6) in
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comparison with the sediments of the shelf (8-11). Enhanced ratios were registered west of the
Cape Estaca-de-Bares (15-16) and the inner Viveiro Ria (up to 23) due to the high contributions of
La and Ce. The L/H normalization with ES (Ly/Hy), like before the ZREE, is another advantage
perceiving any fractionation among the REE in the sediments due to no fractionation among REE
occurred in ES. Hence, the Ly/Hy (Fig.3) reflects the most importance of HREE in the adjacent area
to Ortegal Complex (Ly/Hy <0.8) and the LREE (Ly/Hy >1.4) in the inner estuaries and near the
coastal boundary between the Bares Massif and the Ollo-de-Sapo Domain in Cape Estaca-de-
Bares.

The highest individual REE/ES ratios were registered in fine-grained sediments of the Mera
and Sor estuaries (Fig.4). These sediments presented higher ratios for lighter REE, and in particular
sediments from the Celeiro port. On the contrary, sediments from the western shelf of Cape
Ortegal and inner rias showed lower REE/ES ratios. Sediments from the eastern shelf of Cape
Ortegal presented higher ratios for heavier REE, in a clear opposition to the pattern observed for

Mera and Sor estuaries.

4. DISCUSSION

This work illustrates how terrestrial geological formation may influence the coastal sediment
geochemistry. The north Galician coast is an emblematic example due to the uniqueness of Cape
Ortegal within the north-western Iberian Peninsula formations (Aparicio et al., 1987; Gil Ibarguchi
et al., 1990). The influence of the lithological characteristics on the coastal sediment composition
is manifested in various records. The enrichment of riebeckite and iron in sediments near the
Cape Ortegal is in line with the abundance of this mineral in the complex composed by mafic and
ultramafic rocks and the presence of other Fe-rich minerals (Mirre, 1990). These geochemical
distributions contrast with the high abundance of quartz in sediments of the Rias of Ortigueira

and Barqueiro and adjacent coastal sandy sediments. On the other hand, the massifs of San-
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Ciprian and Barqueiro made up of two-mica granite rich in muscovite (Capdevila, 1969; IGM,
1977) seem to influence the abundance of this mineral in coastal sediments.

Besides the sediment mineralogy, where calcite is the most likely reason for REE decrease in
the shelf distant stations, as pointed out by Taylor and McLennan (1985) in similar areas, REE
composition displays a particular significance as fingerprint of the neighbouring geological
features. The low concentration of ZREE and high values of IREEy in sediments around Cape
Ortegal shows undoubtedly the influence of the Ortegal Complex in the continental shelf (Fig.3).
Two zones can be discerned around the Cape. The western sediments are under ultramafic rocks
influence and display low ZREE content and low L/H ratio. The low L/H and Ly/Hy ratios derived
from LREE-depleted alloctonous eclogites of the Ortegal Complex (Bernard-Griffiths et al., 1985).
The eastern end-Cape is slightly richer in ZREE due to partial eclogites and basic granulites from
Ortegal Complex, which is in line with the findings of Peucaut et al. (1990). These L/H ratios are
below those found in the Ria of Vigo (Table 3), due to presence of LREE-enriched Galifieiro
orthogneissic Complex (Prego et al., 2009) and to the supply of HREE (Ly/Hnx<0.8, Fig.3;
(La/Yt)y=0.3, Table 3) from the Ortegal Complex. The increase of IREE concentration eastward
the Cape Ortegal is in line with the sequence of the lithological features of the Bares Massif
(granodiorites) — Barqueiro and San-Ciprian Massifs (granites) — Ollo-de-Sapo Domain
(metamorphic). Nevertheless, their REE/ES values (Fig.4) are not distinguishable as result of the
variability, except for some lanthanide elements of Bares Massif. This lack of discernibly may be
partially influenced by a mixture of detrital weathering fractions derived from different land
sources coupled with a removal of dissolved REE from the water. Planktonic uptakes,
coprecipitation with iron hydroxides, and salt induced coagulation of colloids have been
suggested as the removal mechanism (Nozaki, 2003). In the Northern Galician shelf REE pattern is
more discernible than in the Loire and Gironde estuarine sediments where REE did not permit to
discriminate between the possible continental sources (Joaunneau et al., 1998). The sediments of

northern Galician coast also show a deficit of REE compared with sediments of the west coast of

10



O Joy b W

AN TG OTOTE DD DBDDDAEDNDNDNWWWWWWWWWWNNRNNNNNMNNNNNER,RR PR R R R R PR
D WNRPOWOWOJOANUDWNRPROWOWOJIAANUBEWNROOOJAANDEWNROOWOJAAU D WNROOWOWJIOU S WNR O

the Iberian Peninsula at Douro and Galicia mud patches (Joaunneau et al., 2002; Aradjo et al.,
2007) and at east coast of the Cantabrian Sea at the American and Aquitania shelves (Joauneau et
al., 1998).

In the innermost zones of the Rias of Ortigueira and Barqueiro and their fluvial end-members,
the sediment source is associated with metamorphic rocks from Ollo-de-Sapo Domain (Sor and
Mera Basins) and Moeche Unit (Mera Basin). The sediments from these two estuarine systems
exhibited similar REE/ES patterns (Fig.4), where values were up to five times to those found in the
rias and shelf. This pattern indicates that fine grained sediments are richer in REE than sandy
sediments. For example, sandy sediments from the Landro estuary and the Ria of Viveiro, both
coming from the same granitic type massifs, have a similar REE fingerprint. Otherwise, fine
sediments from the Celeiro fishing port located in the inner of the Ria of Viveiro, display the
fingerprint of fine sediments from Mera and Sor estuaries. The exception was found for La and
redox-sensitive Ce that doubled the concentration in this area and it could be associated to
shipyard activities and mud sediments. Moreover, the positive anomaly of Gd normalized with ES
(Fig.4) observed in sediments of the above-mentioned three estuarine and dock areas may
presumably due to the lower stabilities of Gd complexes is seawater compared to those of their
respective neighbours in the REE series (Byne and Kim, 1990; Kim et al., 1991).

Unlike the deficit of ZREE in coastal sediments, values found in the Landro and Mera estuaries
were comparable with levels found in the inner sediments of the Ria of Vigo (Prego et al., 2009)
and Mifio estuary (Gouveia et al, 1993; Alvarez-Iglesias et al., 2009). However, LHREE contents in
these two estuaries were lower (Ly/Hy >1.4, Fig.3; (La/Yb)y=1.0, Table 3) than those found for the
inner Ria of Vigo and Mifio estuary. The increase of REE content in fine particles of these
tributaries may be favoured by absorption-desorption processes during the estuarine mixing
(Sholkovitz and Szymczac, 2000; Nozaki et al., 2000; Yang et al., 2002; Marmolejo-Rodriguez et al.,

2007; Hannigan et al., 2010). Since fine grained particles are mainly settled in marshes and

11
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innermost parts, a minor contribution of REE fluvial end-members to the continental shelf can

thus be expected.

5. CONCLUSION

The distribution of REE in the northern Galician coast is highly depending on the neighbouring
lithological pattern. The mafic and ultramafic rocks of the Ortegal Complex, as well as the
metamorphic rocks Ollo-de-Sapo autochthonous domain and the granitic massifs of San Ciprian
and Barqueiro, appears to determine the REE pattern in coastal sediments, where the Ortegal
Complex is the local source of HREE. This predominance also results from the low fluvial loads,
since fine particles with a different REE signature are accumulated in the innermost parts of the
Rias. These results point to the contrasting situation between northern and the western Galician
coast where fluvial discharges influence the Mifio and Duero mud patches. A similar situation was
found in the shelf fine deposit zones in the Loire, Gironde and Adour plumes. Lanthanides can
thus provide a useful tool to follow the sediment pathway in the land-sea boundary zones
denoting continental geochemical imprint accordingly to the existing hydrological and geological

conditions.
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Figure Captions

Figure 1. Detailed sketch map showing the main geological units and the lithological
characteristics of the northern coast of Galicia. Dots indicate the position of the surface
sediment sampling. White dots specify the samples where mineralogical analyses were
conducted. Lithology map was available from the Spatial Data Infrastructure of Galicia
http://sitga.xunta.es/sitganet/index.aspx?lang=gl

Figure 2. Distribution of relevant minerals and metals in surface sediments associated to the main

lithological characteristics of the northern coast of Galicia.
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Figure 3. Distribution of rare earth elements, without (2REE) and with (ZREEy) ES normalization
and its REE light-heavy normalized relationship (Ly/Hy) in surface sediments of the Northern
Galician Rias and their neighbouring shelf.

Figure 4. Patterns of REE fingerprints, normalized to European Shale, of the surface sediments of

the Northern Galician Rias and their neighbouring shelf.

17



(w ‘WLN) N apnyiduo

Latitude W (UTM, m)

4825000 4330000 4835000 4840000 4345000 4850000 4855000
1 | 1 1 1

)
o
23 -@»
~-o
v © -
g- N 2 °
z .
+ &
g « o o"eoo o L
< ' 8@,
m o0 o] L ]
g fxXey -3
(=X~ y ¥, =
ce “eryy .
A i
%' E °
©
o .
o}
G,
Q@%
& o %e,
— 9/;.0 8,
g %
w
5
0
]
é 2
L
NALN i
= 2 &8 :
§ § £ 3 g = ‘ 3 -+
3 § g 4 (o8 gﬁ = 2
§ o 00‘f°o 82
: 2 o, 3
3 N
% ~



Fe (g-kg”)

Sc(mg-kg’)

Al (gkg')

Calcite (%)

Riebeckite (%)

Quartz (%)

-

Muscovite (%)




200
180
160
| 140
iz
P Barqueiro 1
if
= L!g o San-Ciprian i
§ ‘go Massif €0
(4 40
Ollo-de-Sapo Domain ZRE E 20
0
10
3
-0
S Barqueliro
& ? Mpssif San-Ciprian i
o) Kassif
s‘b e asst
G 2
Ollo-de-Sapo Domain
SREE,
0
18
16
14
12
Barqueiro A 1
g ot' M San-Ciprian
Massif jos
A
g
Ollo-de-Sapo Domain L /H 0k
N N




REE/ES

1.07

1.0

0.8

Celeiro fishing port
(inner Viveiro Ria)

Mera Estuary

Sor Estuary

Eastern Shelf of Cape Onmmmn_u

o
Ria and Shelf in front of !
Barqueiro and 'San-Adrian

Ria and Shelf in front of Ollo-de-Sapo

O——0- ~O0——0—0 s

e . o> N Western Shelf of Cape Ortega

o . Ria and Shelf in front of Bares

0.0

la C¢e Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu




Table 1. Measured average concentrations and standard deviations of Al (%), Fe (%) and Sc, Y and REE (mg-kg™) in AGV-1 from the United States Geological Survey.

AGV-1 Al Fe Sc La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

measured 8.5+0.2 4.7+t0.3 132 39#4 62+3 7.7+0.5 30+2 5.5+0.3 1.8+0.1 6.0£t0.4 0.7+0.1 3.6%0.1 0.68+0.02 1.83%#0.17 0.25#0.01 1.6+0.1 0.25%0.02
certified 8.7#0.2 4.810.4 12+1 41+2 67+6 7.6* 3343 5.9+0.4 1.6+0.1 5.0+0.6 0.7+0.1 3.6%0.4 0.72+0.14 1.88+0.04 0.27+0.01 1.7+#0.2 0.25+0.03

*informative value



Table 2. Concentration of rare earth elements (REE) measured in superficial sediment of the Northern Galician Ras and its neighbouring continental shelf. REE
units are in mg-kg™ while Al and Fe in %.

UTM coordinates

Lat. (N) Long, (W) Al Fe La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

4834697 612332 5.8 0.9 4.0 7.9 0.9 3.4 0.7 0.28 2.7 0.10 0.56 0.11 0.31 0.05 0.32 0.05
4835262 612887 43 0.7 9.2 26.3 3.1 11.6 24 0.50 2.5 0.30 1.51 0.26 0.70 0.09 0.58 0.09
4837259 612692 6.0 3.5 34.5 88.7 6.9 26.7 5.2 117 5.7 0.67 3.59 0.66 1.88 0.25 1.66 0.25
4836923 612536 5.6 2.7 19.1 55.4 6.5 24.8 4.8 1.07 5.3 0.62 3.20 0.58 1.65 0.21 139 0.21
4836269 613273 4.2 0.9 8.0 22.6 2.6 9.7 1.9 0.54 2.1 0.25 132 0.24 0.69 0.09 0.60 0.09
4835711 613121 3.2 0.7 4.5 12,5 1.5 53 1.0 0.37 11 0.12 0.63 0.11 0.32 0.04 0.30 0.05
4835708 612960 6.9 2.8 343 54.7 6.6 25.1 4.8 1.16 5.4 0.64 337 0.62 1.72 0.22 1.46 0.21
4834811 612491 5.0 22 17.9 50.5 5.8 22.0 4.1 0.86 43 0.46 221 0.38 1.03 0.13 0.90 0.13
4833809 612346 4.9 1.7 8.0 221 2.6 9.7 1.8 0.51 2.1 0.25 1.34 0.26 0.78 0.11 0.81 0.12
4833581 612028 4.2 0.7 5.9 16.1 19 6.9 13 0.39 15 0.17 0.87 0.15 0.42 0.05 0.36 0.05
4832697 612284 39 0.8 5.9 16.0 19 7.1 1.4 0.43 15 0.18 0.95 0.17 0.48 0.06 0.45 0.07
4836048 613357 6.2 2.8 47.2 118.1 9.1 343 6.6 1.30 6.6 0.78 3.98 0.71 1.95 0.27 1.77 0.26
4837373 612851 58 3.5 323 85.2 6.5 253 4.9 1.12 5.4 0.63 3.36 0.62 1.76 0.24 1.58 0.24
4837587 612364 21 1.4 8.0 26.8 3.0 11.7 25 0.59 2.8 0.37 213 0.41 1.20 0.15 0.99 0.14
4839713 613295 0.3 0.6 1.9 4.8 0.6 2.7 0.6 0.19 0.8 0.10 0.59 0.12 0.34 0.04 0.25 0.04
4840263 612963 3.8 23 8.9 25.7 3.2 12.8 2.7 0.69 3.1 0.41 2.33 0.45 131 0.18 1.18 0.17
4842493 613409 1.8 16 5.5 20.1 2.0 8.3 1.8 0.54 2.3 0.31 1.83 0.36 1.05 0.14 0.89 0.13
4845055 613849 2.7 1.4 4.5 9.4 13 5.2 1.2 0.34 14 0.23 1.32 0.27 0.77 0.11 0.69 0.10
4838375 612995 43 13 7.2 15.6 1.8 7.1 1.5 0.43 1.7 0.25 1.46 0.29 0.86 0.12 0.82 0.12
4841492 613346 29 1.8 71 20.4 2.6 10.3 22 0.63 2.6 0.34 1.97 0.38 1.10 0.14 0.92 0.13
4843005 610822 2.8 1.0 7.7 24.8 2.8 10.8 23 0.55 2.7 0.35 1.94 0.36 1.00 0.12 0.75 0.10
4845468 611989 17 0.7 31 8.8 11 4.3 0.9 0.27 11 0.14 0.80 0.15 0.44 0.06 0.37 0.05
4842305 615427 25 17 6.1 17.7 2.2 9.0 1.9 0.59 2.4 0.32 1.88 0.37 1.07 0.14 0.90 0.13
4840904 604572 4.8 22 14.0 359 4.7 18.0 35 0.83 3.8 0.46 244 0.45 1.28 0.17 1.09 0.16
4841466 604966 53 0.9 9.8 15.7 2.1 8.2 1.6 0.53 1.8 0.23 1.22 0.24 0.70 0.10 0.62 0.09
4843029 605505 31 1.2 7.6 17.1 2.4 9.4 1.8 0.58 2.0 0.24 1.32 0.25 0.71 0.09 0.60 0.09
4844032 605650 24 0.6 2.0 5.1 0.7 2.6 0.5 0.18 0.6 0.07 0.36 0.07 0.19 0.02 0.16 0.02
4844037 605972 29 1.6 8.0 19.5 2.7 10.6 21 0.62 25 0.32 1.78 0.34 0.97 0.12 0.77 0.11
4843601 606543 49 2.6 13.1 33.6 4.4 17.5 35 0.84 4.0 0.49 2.66 0.50 1.44 0.19 1.26 0.19
4842795 604703 3.0 0.4 5.2 11.4 1.6 6.0 11 0.46 13 0.16 0.87 0.16 0.46 0.06 0.39 0.06
4842021 604957 3.0 0.9 6.1 13.8 1.9 7.5 1.4 0.50 16 0.19 1.06 0.20 0.56 0.07 0.47 0.07
4845025 605232 33 1.2 8.4 203 2.7 10.1 1.9 0.61 2.1 0.24 1.27 0.24 0.68 0.08 0.57 0.08
4840472 605384 6.6 3.6 16.9 43.6 5.7 222 4.4 1.07 5.1 0.64 3.52 0.67 1.91 0.25 1.64 0.25
4839579 605076 5.8 3.4 214 52.5 7.1 27.1 53 121 6.1 0.73 3.92 0.73 2.04 0.25 1.60 0.23
4840673 604011 4.0 29 22.0 50.7 7.0 26.5 5.1 113 6.2 0.75 3.98 0.75 2.07 0.24 1.53 0.22
4840233 604260 5.6 29 18.3 45.8 6.1 23.7 4.8 1.09 5.5 0.68 3.62 0.68 1.89 0.23 1.53 0.23
4839786 604105 3.7 17 17.3 55.4 4.8 19.0 3.8 0.78 3.9 0.43 222 0.42 119 0.15 1.00 0.16
4844150 606132 4.0 12 9.1 15.6 22 8.4 16 0.45 17 0.24 1.27 0.25 0.70 0.09 0.60 0.09
4845590 605867 21 1.6 8.1 15.6 1.9 7.5 1.6 0.48 1.9 0.23 1.31 0.25 0.72 0.10 0.64 0.10
4845838 607474 1.5 21 11.3 21.8 2.7 10.4 22 0.58 2.6 0.31 1.70 0.32 0.93 0.13 0.81 0.13
4846970 608744 2.8 21 5.8 16.6 2.1 8.7 1.9 0.56 2.3 0.30 1.80 0.36 1.09 0.16 1.08 0.16
4848435 610008 2.7 1.4 35 6.7 0.9 3.8 0.9 0.27 1.8 0.15 0.88 0.18 0.53 0.07 0.47 0.07
4845291 607966 24 22 6.2 17.6 2.2 9.0 1.9 0.55 2.3 0.30 1.69 0.33 0.94 0.13 0.83 0.12
4845147 605955 25 24 15.2 30.2 3.6 14.0 29 0.68 3.2 0.37 2.03 0.39 1.10 0.16 0.99 0.15
4845045 606520 29 2.0 8.7 239 3.0 11.9 24 0.64 2.8 0.34 1.89 0.36 1.03 0.14 0.90 0.13
4846744 608506 31 21 6.8 18.8 2.4 9.5 2.0 0.59 2.8 0.30 173 0.34 0.97 0.13 0.85 0.13
4846046 606585 23 1.2 7.5 14.5 18 7.3 1.7 0.52 18 0.21 119 0.23 0.68 0.10 0.62 0.10
4846841 607619 3.1 13 4.9 12.2 16 6.3 13 0.49 1.6 0.20 1.13 0.22 0.65 0.09 0.59 0.09
4844959 608052 33 1.9 71 19.6 2.4 9.7 21 0.54 2.4 0.30 1.67 0.32 0.91 0.12 0.79 0.11
4845966 608518 0.7 0.5 33 6.1 0.8 3.1 0.7 0.19 0.8 0.10 0.59 0.11 0.33 0.05 0.28 0.04
4846986 609710 33 21 7.0 19.9 2.4 9.6 2.0 0.55 2.2 0.27 1.50 0.29 0.83 0.11 0.73 0.11
4847400 607851 3.0 0.7 4.9 12.8 15 6.0 1.2 0.52 15 0.19 1.09 0.22 0.64 0.09 0.59 0.09
4837262 591003 11 2.7 32 8.9 1.2 4.9 1.0 0.32 1.2 0.16 0.90 0.18 0.52 0.07 0.46 0.07
4840040 591126 1.0 2.7 2.8 7.6 11 4.5 1.0 0.32 1.2 0.16 0.97 0.19 0.56 0.07 0.48 0.07
4840040 591126 1.2 1.6 1.9 3.6 0.5 23 0.5 0.17 0.6 0.09 0.54 0.11 0.32 0.04 0.25 0.04
4838669 596304 5.4 4.4 20.9 53.9 7.0 27.1 53 131 6.1 0.75 4.13 0.80 2.30 0.30 1.99 0.30
4839425 594762 1.4 3.6 2.6 7.2 1.0 4.4 1.0 0.35 13 0.19 1.15 0.23 0.68 0.09 0.61 0.09
4841771 595695 2.0 3.1 3.7 10.5 1.4 58 1.2 0.39 15 0.19 1.13 0.22 0.65 0.09 0.56 0.08
4840192 594025 23 3.4 29 8.2 11 4.6 1.0 0.34 13 0.17 1.00 0.20 0.57 0.08 0.51 0.07
4840292 593218 2.0 3.5 2.6 7.2 1.0 4.1 0.9 031 11 0.15 0.89 0.18 0.51 0.07 0.45 0.07
4840700 590634 4.6 4.4 11.8 34.4 43 17.3 3.6 0.94 4.0 0.51 291 0.57 1.68 0.23 1.56 0.23
4840262 591043 2.0 3.2 3.0 8.6 1.2 49 11 0.36 1.3 0.17 1.01 0.20 0.59 0.08 0.53 0.08
4838254 590425 33 4.0 6.8 19.3 2.5 10.3 22 0.65 2.6 0.35 2.05 0.41 1.19 0.16 1.05 0.16
4837692 589949 4.9 4.6 14.6 42.5 5.2 20.7 4.2 1.03 4.6 0.58 3.23 0.63 1.82 0.24 1.60 0.24
4837259 590842 34 39 6.9 229 2.6 10.5 22 0.62 2.5 0.33 1.89 0.37 1.09 0.15 0.96 0.14
4839153 591219 23 3.0 21 7.0 0.9 3.7 0.8 0.28 1.0 0.13 0.79 0.15 0.42 0.05 0.33 0.05
4837158 591569 1.8 33 37 13.5 1.4 5.9 13 0.42 16 0.21 1.21 0.24 0.69 0.09 0.58 0.09
4836603 591576 1.0 21 2.8 8.0 1.0 4.5 1.0 0.31 1.2 0.16 0.93 0.18 0.53 0.07 0.44 0.06
4835706 590944 6.0 5.1 14.6 47.0 5.2 20.6 4.2 1.06 4.7 0.58 3.23 0.63 1.83 0.24 1.59 0.24
4835811 590539 4.3 4.0 10.6 30.3 3.8 15.3 32 0.90 3.7 0.48 2.76 0.54 1.57 0.20 135 0.20
4836845 593024 5.0 4.0 10.1 339 4.4 19.5 4.8 1.54 6.1 0.88 5.39 1.08 3.10 0.39 2.53 0.36
4835748 594007 5.8 53 15.8 46.2 5.6 219 4.4 111 4.9 0.60 3.35 0.65 1.90 0.25 1.67 0.25
4836037 590778 2.8 3.1 6.7 18.9 2.4 9.7 2.0 0.58 2.3 0.30 1.69 0.33 0.96 0.12 0.81 0.12
4836004 588359 5.7 5.1 16.9 47.8 6.0 234 4.8 1.25 5.5 0.68 3.74 0.73 212 0.27 1.81 0.27
4837720 592045 6.5 5.2 13.9 40.8 5.2 209 4.4 1.27 5.2 0.67 3.85 0.76 2.24 0.29 1.96 0.29
4841629 593522 23 3.0 5.8 11.7 15 6.1 13 0.41 16 0.21 1.20 0.24 0.68 0.10 0.59 0.09
4842710 591412 29 25 5.0 111 1.4 6.0 1.4 0.48 1.0 0.31 1.96 0.42 1.27 0.18 121 0.18
4841752 594406 1.9 32 6.5 13.7 1.7 6.9 1.5 0.44 1.8 0.22 1.25 0.24 0.71 0.10 0.63 0.10
4844307 594370 1.9 3.0 6.7 13.8 17 7.0 1.5 0.45 1.8 0.22 1.25 0.25 0.71 0.10 0.64 0.10
4846859 601741 18 2.7 12.6 26.9 3.1 12.0 25 0.58 2.6 0.29 1.47 0.28 0.79 0.11 0.69 0.11
4847657 595611 3.0 23 5.7 15.0 1.9 8.2 21 0.65 0.8 0.48 3.03 0.65 1.93 0.28 1.84 0.27
4842308 594398 1.9 3.1 58 12.0 15 6.3 1.4 0.43 1.7 0.22 1.27 0.25 0.73 0.10 0.65 0.10
4842949 592617 31 32 8.5 18.0 2.1 8.8 1.9 0.54 2.3 0.28 1.64 0.32 0.94 0.13 0.84 0.13
4845171 592586 23 4.1 5.5 12.0 15 6.5 15 0.49 19 0.27 1.72 0.36 1.07 0.16 1.01 0.16
4845636 601679 25 1.9 10.2 21.0 2.5 9.8 2.0 0.49 2.1 0.24 1.23 0.23 0.67 0.10 0.61 0.10
4847281 592557 3.1 6.0 9.3 19.4 2.4 10.2 2.6 0.77 3.5 0.53 3.39 0.71 2.12 0.32 2.04 0.33
4845983 595071 29 4.0 7.4 17.2 2.0 8.6 2.0 0.57 24 0.32 1.93 0.39 1.15 0.17 1.06 0.17
4848084 594397 2.6 4.7 6.8 16.6 1.9 8.0 1.9 0.61 2.6 0.38 234 0.48 1.42 0.21 131 0.21
4847533 622019 2.7 2.7 8.8 20.6 2.3 9.7 2.0 0.49 2.3 0.31 1.77 0.33 0.97 0.16 0.89 0.13
4847799 618310 31 24 7.6 15.9 19 8.3 1.7 0.47 19 0.26 1.49 0.28 0.84 0.14 0.77 0.12
4846625 614708 29 1.8 7.0 14.5 1.8 7.7 1.6 0.47 1.8 0.24 1.38 0.26 0.78 0.13 0.68 0.10
4849174 614342 32 3.1 9.6 20.6 2.5 10.5 21 0.56 2.4 0.33 1.90 0.36 1.08 0.18 0.98 0.15
4851126 611492 31 2.6 8.3 17.6 2.1 8.9 1.8 0.47 2.0 0.27 1.50 0.28 0.84 0.14 0.77 0.12
4850078 608612 32 2.7 6.1 125 16 6.7 14 0.42 17 0.24 1.44 0.28 0.84 0.14 0.81 0.13
4852805 605431 1.9 1.3 4.8 10.2 1.2 5.2 11 0.33 1.2 0.16 0.93 0.18 0.52 0.09 0.47 0.07
4851748 601747 23 1.9 71 15.4 1.9 79 1.6 0.41 1.7 0.23 1.27 0.24 0.71 0.12 0.63 0.09
4849167 600096 2.6 33 9.5 18.2 2.5 10.3 2.0 0.52 2.2 0.31 1.76 0.34 1.03 0.17 0.95 0.14
4851913 597963 24 25 8.9 19.3 2.3 9.9 2.0 0.50 2.2 0.30 1.70 0.32 1.01 0.17 0.90 0.14
4851620 593060 0.8 2.6 2.6 5.1 0.7 3.0 0.7 0.17 0.8 0.11 0.64 0.12 0.37 0.06 0.30 0.05
4852454 589026 0.2 0.7 33 7.0 0.9 3.7 0.8 0.17 0.9 0.12 0.69 0.13 0.40 0.06 0.32 0.05
4847577 589816 23 4.2 4.4 10.1 1.4 6.5 1.6 0.53 2.2 0.35 2.28 0.46 1.40 0.24 1.32 0.20
4848325 587633 1.0 4.2 1.9 4.8 0.7 32 0.7 0.23 0.9 0.13 0.79 0.16 0.49 0.09 0.48 0.08

4845752 586217 1.7 4.5 2.7 7.7 0.9 4.3 1.0 0.30 13 0.19 1.20 0.24 0.74 0.13 0.72 0.11




Table 3. Total REE (ZREE) and European Shale normalization average (or the range in its absence) for different surface sediment zones of Galician Rias and Shelf.

Zone Sub-zone Next to: >REE (La/Sm)y (Sm/Yb)y (La/Yb)y Reference

Cape Ortegal Eastern Shelf Ortegal Complex (eclogites & mafic) 44 +10 0.57+0.09 0.57 £ 0.06** 0.32+0.08*  This study
Western Shelf Ortegal Complex (ultramafic rock) 18+ 5* 0.48 +0.01 0.64 +£0.03 0.31+0.01

Mera River Estuary (mud) Ortegal Complex (Carifio gneiss) 115+ 12%* 0.71+0.04 1.40 £ 0.13** 1.00 £0.14*

Sor River Estuary (mud) Ollo-de-Sapo Domain 118 + 10* 0.65 +0.03 1.19+0.01 0.78 £0.05

Ria of Ortigueira and Viveiro Mouths and shelfs  Ollo-de-Sapo Domain 51+ 7 0.75+0.12 1.12+0.19 0.85+0.15

Landro River Estuary (sand) San-Ciprian Massifs 36+12 0.84+0.14 1.26 £0.31 1.04 £0.21*

Ria of Barqueiro and Viveiro Middle-outer parts  Barqueiro and San-Ciprian Massifs 45+ 4 0.69+0.12 1.08 £0.12 0.74+0.12

Cape Estaca de Bares Shelf Bares Massif 33+10 0.74+0.03 0.85+0.09 0.63+0.05

Ria of Vigo Inner part Granites of Oitaven Basin 96 + 39 1.13+£0.05 1.69+0.17 1.92+0.20 Prego et al., 2009
Middle part Galifieiro Complex 188 + 15 1.14+0.22 1.66+0.11 1.86 +0.49

Mifio River Estuary Malpica-Tuy Band 112 +49 @) 1.06 £ 0.07 1.42+0.26 1.54+0.35 Gouveia et al., 1993

Western Galicia Shelf Miflo mud patch Continental load (143-305) (0.84-1.06) (0.99-1.23) (0.94-1.30) Araujo etal., 2007

(a) Calculated without Pr, Gd, Dy, Ho, Er and Tm due to their concentrations were not indicated.
* significant at p <0.05 level; ** significant at p <0.01 level



