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Abstract

This study cenfirms several inferences regarding Helecene ceastal dynamics and climate threugh a petregraphic medal analysis ¢ f60 Helecene sand samples
recevered in seven sites aleng the NW ceast of the Iberian Peninsula. Fluvial sand can be discriminated frem mere mature intertidal and acelian sand
accerding te texture and cempesitien. Fluvial sand centains seil preducts and ceastal sand has significant bieclasts. Quartzefeldspathic sand appears in the
western area (preduced by the eresien of granite and graniteid), and quartzelithic sand eccurs in the eastern area (preduced by the eresien of metasediment).
Changes in sand cempesitien during Helecene depesitien are manifested by an increase in medern carbenate clasts (MC) cerrelated with the Helecene
transgressien. Episedes of faster sea-level rise and subsequent eresioen of swreunding cliffs are indicated by the preservatien of high prepertiens ef feldspar
in intertidal sand. In centrast, fluvial sand is characterized by greater quartz enrichment. These inferences were cenfirmed by petregraphic indices (carbenate
clasts/tetal clasts, MC/T; tetal feldspars/menecrystalline quartz, F/Qm, and plagieclase/tetal feldspars, P/F). The different maturity ef intertidal and acelian
sands is revealed by their variable quartz centents, despite similar prepertiens of plagieclase and K-feldspar. This suggests mechanical abrasien as the main
facter centrelling maturity. In centrast, fluvial sand shews depleted plagieclase centents as the result of inland weathering precesses. Intertidal, beach and
acelian sands are essentially the preducts ef the cresien of ceastal cliffs and head depesits, with enly the scarce centributien ef fluvial drainages. The leng-
distance transpert ef Galician ceastal sands is discarded based en the clese relatienship between their cempesitien and that ef lecal sand seurces. Our findings
indicate that shert-distance transpertef sediments frem the west clesed off ceastal wetlands and eccluded estuarine meuths during the Helecene transgressien
by depesitien en sediment-trap zenes aleng the irregularly shaped Galician ceast.
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Introduction

The genesis of recent and modern (i.e. Holocene) deposits has
recently generated worldwide interest, since understanding
related processes will allow us to more reliably predict future
changes. During the last few decades, special efforts have been
made to identify climate fluctuations and their consequences in
fields related to vegetation (Birks, 2003; Froyd, 2005), micropa-
leontology (e.g. Anderson, 1995; Smol and Cumming, 2000),
isotopes (e.g. Hong et /., 1995) and sedimentology (e.g. Culver
et al., 2007). In these fields, sensitive signatures are used as
climate indicators.

The northemn coast of Galicia and western area of Asturias, in
the northwest sector of the Iberian Peninsula (Figure 1), is an
abrupt mesotidal wave-dominated coast, where sedimentation
shows a discontinuous distribution in estuaries, barriers, coastal
lagoons, beaches and pocket beaches. The Holocene record has
been mainly interpreted as infilling sequences of estuaries or
back-barrier coastal wetlands (Alonso and Pagés, 2000; Garcia
Antén et al., 2006; Bao et al., 2007).

The composition of clastic deposits is the final outcome of the
cumulative effects of highly interrelated factors (Johnsson, 1993)
that mainly involve source lithology, chemical weathering,
hydraulic sorting and abrasion. Thus, detrital modes can be used
to decipher these factors. Studies on modemn sand composition
enable direct comparison between the source system and the

sandy producs (Ibbeken and Schleyer, 1991; Arribas and Tortosa,
2003) and also serve to monitor other factors. Climate and vegeta-
tion control the intensity of chemical weathering of the source
rock (e.g. Nestbitt ef al., 1997). Physiography substantially affects
denudation rates, and therefore, the weathering interval (e.g.
Grantham and Velbel, 1988; Johnsson e al., 1991). Some minerals
and clastic particles such as feldspars or rock fragments are sensi-
tive to climate conditions (e.g. Krynine, 1950; Todd, 1968; Suttner
and Dutta, 1986), and thus, the bulk composition of sands could
be used as a climate proxy.

To address the role of factors such as source area lithology,
sedimentary environment and climate on sand composition, this
paper describes sand composition and textures of Holocene depos-
its recorded at seven sites of the northwestern coast of the Iberian
Peninsula (Traba, Baldaio, Pto. Corufia, Mifio, Pantin, Viveiro and
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Figure 1. Lecatien map ef the study area and the sites of the Helecene recerd analysed. GTMZ, Galicia Tras es Mentes Zene demain; CIZ,

Central Iberian Zene demain; WALZ, Western Asturian Leenese Zene demain

Navia, Figure 1). Further insight into Holocene processes was
obtained by comparing our results with those of other studies of
the same stratigraphic records (e.g. Alonso and Pagés, 2000;
Alonso et al., 2003; Delgado er al., 2003; Pagés et al., 2003;
Garcia Anton et al., 2006; Bao ez a/., 2007).

General setting

Climate, waves, tides and sea level

The climate of the coastal area of Galicia and Asturias is oceanic
with abundant regular rainfall (mean 1000 to 2000 mm/yr), and
mild temperatures that vary within a narrow range (from averages
of 8-9°C in January to 18—;19°C in July). Wet warm winds from
the west are dominant (Castillo Rodriguez et a/., 2006). According
to these climate conditions, mechanical and chemical weathering
can be considered as moderate (Wilson, 1969).

From winter to summer, wave energy varies greatly. The
average annual significant height (Hs) is 2.7 m, and the peak
period (Tp) is 11.1 s. Wave provenance remains rather constant
throughout the year, with 75% arising in the W-NNW sector
(data from the directional Sea Watch Buoy of Estaca de Bares,
located at 44°3.9'N, 7°37.1'W, with a sea floor depth of 382 m;
http://www.puertos.es/es/oceanografia y meteorologia/banco
de datos/oleaje.html).

The Galician coast is a mesotidal wave-dominated coast with
maximum tides of 4.40 m recorded in springtime (data from Gijén
seaport, year 2002). Average rates of sea-level change can be
obtained from the records of tide gauges installed along the northern
coast of Spain (available through the web page of the Permanent
Service of Mean Sea Level, http://www.pol.ac.uk/psmsl/datainfo).
In the Atlantic, these sea-level rises have been estimated at 1.5
mm/yr in A Coruda during the last 62 available years (1944—
2005), to 2.6 mm/yr in Vigo during the period 1944-2001 (58
years). In the Bay of Biscay (Cantabrian), Santander seaport
records a sea-level rise of 2.2 mm/yr for the period 1944-2001 (57
years). These data are slightly higher than averages for northern
Europe (1 to 2.5 mm/yr; Zerbini, 2000).

Physiography and lithology

The northwest coast of Spain (Galicia) shows a rugged morphol-
ogy, with high promontories, cliffs up to 100 m high, headlands,
embayed beaches and funnel-shaped incisions (#/as). The coast is
developed on igneous and metamorphic rocks of the Variscan
Chain (Macizo Ibérico) and shows several domains derived from
a highly complex collision orogen (e.g. Arenas et al., 1986). Three
main domains are represented: (1) the Galicia Tras os Montes
Zone (GTMZ), (2) the Central Iberian Zone (CIZ), and (3) the
Western Asturleonese Zone (WALZ) (Figure 1).



Table 1. Sizes of the drainage basins and surface area percentages of their representative lithologies

Tetal (km®) 1 2 3 4 5
Traba 18.82 1000 X X X X
Baldaie 41.13 74.0 10.9 8.1 7.1 X
Pte. 266.15 19.7 X 203 0 0
Mifie 47.90 543 7.1 355 31 0
Pantin 8.55 12.4 50.2 375 0 0
Vivere 20850 471 X 458 72 0
Navia 1906.56 06 X 484 494 1.6

1, Granites, granedierites and gneisses; 2, gabres and amphybelites; 3, slates, schists and shales; 4, sandstenes and metagrauvakes;

S, carbenates (limestenes and delestenes)

The eastern zone of the area of study corresponds to the western
limit of the Gulf of Biscay. This coastal segment is an E-W
straight coast composed of low-grade Cambro-@rdovician meta-
morphicrocks (schists, quartzites, shales and sandstones) from the
WALZ domain. ®ne of the most significant fluvial courses is the
Navia River, which is 105 km long. The drainage basins of these
rivers are developed on the Cambro-@rdovician WALZ domain.

The Galician coast is an abruptly shaped coastline with domi-
nant NW-SE and NE-SW orientations and high cliffs. Its substrate
is composed of Cambro-@rdovician and Silurian metasediments
and granites from the WALZ domain, gneisses and quartzites from
the CIZ zone, and granites, gneisses, mafic and ultramafic rocks
from the GTMZ domain, in the westernmost area of study. Rivers
are no more than 50 km long, and frequently form rias at their
mouths. Inland drainage areas are mainly made up of granites and
locally of metasediments and mafic metamorphic rocks.

Drainage basins from the inland fluvial courses of the different
sampling sites are highly variable in surface area and percentage
drained lithologies (Table 1). Those of Navia, Vivero, Mifio and
Pto. Corufia are wider drainage basins. Each has a main collector
showing constant flow. @n the contrary, the smaller catchments
(Traba, Baldaio and Pantin) are drained by short streams showing
sporadic flow. Coarse-grained rocks (1 and 2 in Table 1), espe-
cially granites, are the most abundant potential sources of detritus
to coastal sand at the respective sampling sites.

Sedimentary record

The morphology of the coastline is predominantly inherited
from former high stands. During the last glacial period, the inci-
sion of fluvial systems was developed, leading during the
Holocene flooding to the formation of rias, and displaying a
wide outer marine zone and an inner estuary. The coastal plain
was flooded during the postglacial period, and estuaries were
already inundated at the beginning of the Holocene. The sea-level
rise was fast during the early Holocene (up to 5 mm/yr from
8500 to 7500 cal. yr BP), decelerating thereafter (3.5 to 2 mm/
yr in the period 7500 to 5000 yr cal. BP) until its almost stabiliza-
tion (Alonso et al., 2003; Pagés et al., 2003, 2005). This decel-
eration induced the replenishment of estuaries and the formation
of several beach-barrier complexes in the most open areas of the
coast and on the outer parts of the rias. This process caused the
concurrent erosion of former sedimentary units in open coasts ane
clitfs (Lorenzo et al., 2007). Sea-level rise continued thereafter
(up to 1.5 mm/yr).

As a consequence, Quatemary outcrops are scarce ane appear
only as disconnected remains (palaeobeaches and head deposits of
Late Pleistocene age, aeolian sands, peats and flash-flood deposits
of the Holocene). ®wing to the scarcity of Holocene outcrops, this
work is based on cores obtained in estuaries (Navia, Vivero), barrier-
lagoon complexes (Miflo, Pantin, Baldaio, Traba) and the outer
marine zone of the ria of Ares (Pto. Corufia). Boreholes drilled the
entire sedimentary cover, as far as the granites and metamorphic
rocks comprising the basement (Figure 1). Radiocarbon dating
demonstrated that the Late Pleistocene is represented in the bases of
three of the cores. These cores, designated according to their corre-
sponding locations, were Baldaio, in which fluviatile conglomerates
and sands in upwards fining sequences appeared; Mifio, showing
muddy facies and intercalated immature conglomerates representing
flash-flood channels in flood flas; and Pto. Corufia, containing flu-
viatile immature conglomerates and muds, which in the upper por-
tion were dated as Younger Dryas.

In some of the boreholes, the entire Holocene sequence is rep-
resented. The Holocene record in Navia and Vivero indicates the
replenishment of inner estuaries that were flooded at the begin-
ning of the Holocene. Facies correspond to intertidal mixed flats
passing upward in Navia to a fluvial-dominated estuary. Baldaio
and Mifio correspond to tidal flats in a back-barrier, very shallow-
lagoon environment, while Pantin and Traba can be considered as
coastal lakes or back-dune wetlands with no or only a minor con-
nection to the sea throughout their history. At Pto. Corufia, only
the early Holocene is represented; sedimentation took place in
tidal flats and intertidal channels developed on the wide platform
formed during low sea-level stages and were inundated during the
first stages of postglacial flooding.

Petrographic procedures
and grain types
Sixty sand samples were collected from eight mechanical cores
drilled on the coastal wetlands of Traba (10.6 m) and Pantin
(16.5 m); the shallow lagoon complexes of Baldaio (19.6 m)
and Mifio (21.9 m), the estuaries of Vivero (26.1 m) and Navia
(25.2 m), and in the outer part of the Ria de Ares (Pto. Corufia,
51.5 m) (Figure 1). These cores were radiocarbon-dated at sev-
eral depths, providing ages from 43 000 BP (Mifio) and 5000 BP
(Traba) to the present.

Sands were washed with fresh water to eliminate salts, and
wet sieved across the range 2--0.062 mm to remove mud parti-
cles (<0.062 mm) and scarce granules (>2 nvm). Samples with



high quantities of organic matter were etched with diluted H 2. .
The sand fraction was air-dried, artificially cemented with
epoxy resin, and thin-sectioned. Each thin section was etched
with HF and stained by immersion in Na-cobaltinitrite solution
to identify feldspars (Chayes, 1952). Alizarine red-S and ferri-
cyanide solution (Lindholm and Finkelman, 1972) were used for
carbonate identification. Textures of the sediments (grain size,
sorting and quartz grain roundness) were estimated on thin sec-
tions using comparative schemes. A petrographic data base was
established by counting more than 300 grains in each thin sec-
tion according to the Gazzi-Dickinson (G-D) method (Ingersoll
et al., 1984). Data were tabulated following Zuffa (1985), which
allows the ambivalent treatment of data as both the traditional
and G-D method. Twenty-eight grain classes were considered
and grouped into three main categories: (1) AN, ancient non-
carbonates; (2) MC, modern carbonates; and (3) MN, modem
non-carbonates.

Ancient non-carbonates (AN) are the most abundant grain type
in the sands; this category includes quartz grains (mono- and poly-
crystalline types), monocrystalline K-feldspars and albites.
Twinned grains of plagioclases are commonly both as fresh and
variably altered to clay minerals. Micas (muscovite, biotite and
chlorite) are very abundant locally. All AN grains occur as
monominerals and as the crystal constituents of phaneritic rock
fragments (i.e. granites, gneisses) (Table 2). Aphanitic rock frag-
ments (L grains in Table 2) in some samples are abundant (e.g. in
Navia) and consist of shale, phyllite and chert. In addition, dense
minerals may occur as associations comprising tourmaline, zircon,
apatite, gamet, homblende, brookite, rutile, anatase and opaque
minerals that characterize felsic plutonic sources (Pettijohn ef al.,
1972). In some samples, these minerals are very abundant and
account for 5% of the total.

Modern carbonates (MC) are represented by bioclasts, mainly
of molluscs (abraded lamellibranchian shells and a few unspecified
gastropods); echinoderms, foraminifera, red algae, bryozoans and
ostracods also appear but in lower proportions. Commonly, shells
are micritized, which makes their identification difficult. Locally,
this category is highly represented in the sands and amounts to
58% of total grains. In some samples, these grains are absent.

Modem non-carbonates (MN) consist mainly of silty-clayey
grains with irregular edges and large grain sizes. Concretions of
Fe-oxides (alterites) are locally abundant (5%), representing clear
land side supplies. These grains occur in sands related to the infill
of channels from intertidal mixed flats. Glauconite was identitied
as trace grains (<1%) in sands from the Mifio record.

Several compositional parameters and indices have been con-
sidered to describe the modal composition of sands using binary
(carbonate to total grains — C/T — versus ancient non-carbonates
to total grains — AN/T —, modified from Di Giulio and Valloni,
1992) and ternary diagrams (QFR, Pettijohn et a/., 1972; QmFLt
and @mKP, Dickinson ez a/., 1983; and @mr@Qmo@p, according
to the criteria of Basu ef @/, 1975). In addition, indices such as
Rg/Rt (coarse crystalline rock fragments/total rock fragments),
F/Qm (feldspars/monocrystalline quartz), and P/F (plagioclase/
feldspars) were calculated to clarify variations in sand composi-
tion through time.

Point-count raw data and recalculated variables are shown in
Table 2.

Textures of sands

Grain sizes in the sand deposits vary according to the environment
(Table 3). Aeolian and intertidal deposits show homogeneous
grain-size intervals, mainly from 177 to 350 pm. These consist of
unimodal deposits, which are well or very well sorted with large
populations of high quartz roundness. Bimodal sands are also
present and were interpreted as the result of mixing of aeolian and
intertidal sands. Grain size decreases where intertidal environ-
ments are related to mixed flats, or may increase in association
with fluvial channel infill. In both cases, sorting decreases and the
angular quartz grain population stabilizes (Table 3).

Fluvial deposits show wider grain size intervals; from very fine
(fluvial flats or swamps areas) to very coarse sands (lag deposits
in channels). These deposits are very poorly sorted and quartz
roundness is low. The lack of roundness in quartz grains is, there-
fore, indicative of sand directly arising from the drainage basin.

Locally, embayed quartz grains were identified in fluvial chan-
nel sands in association with alterite grains, suggesting an origin
related to weathering profiles formed in drainage areas (Cleary
and Conolly, 1971; Johnsson, 1990).

Composition of sands

The composition of the total grain population (Figure 2) is silici-
clastic (AN) with variable amounts of bioclastic carbonate grains
(MC) that usually do not exceed 25% of total clasts. The ancient
siliciclastic character of the sand reflects an origin related to main
land supplies from the erosion of drainage areas and sea cliffs,
with the scarce contribution of modern carbonate bioclasts. Hybrid
sand containing more than 25% bioclasts is also observed in the
Pantin, Baldaio and Navia records. Mixing between these two
end-member contributors of sand is reflected in Figure 2 in the
continuous plots of sands along the diagonal line of the diagram.
Sand from Pto. Corufia differs from this general distribution pat-
tern in that it shows the presence of substantial amounts of modern
silty-clayey drapes (MN).

The absence of bioclasts in sand can be correlated with fluvial
deposits, as occurs at the base of the successions of Pto. Corufia,
Mifio, Baldaio and Vivero-Puente. At the top of this last section,
bioclasts are also absent. In aeolian deposits (mainly in Traba, and
Pantin), the content of bioclasts is low and almost constant
through the sections. Intertidal deposits (e.g. Navia, top of Pto.
Corufla, and top of Baldaio sections) show more scattered bioclast
contents, although these increase towards the top of the sequences
(Pto. Corufia and Baldaio).

Main modal sand composition (QFR; QmFLt)

The ancient siliciclastic components (AN) of all the analysed
sands of the Galician coast are quartzofeldspathic. This character
is manifested in the sand plots close to the QF line in the QFR
diagram; and even closer to the line in the @mFLt diagram (Figure
3). Ditferences between these two diagrams reflect the presence of
coarse-grained rock fragments in the sands. Quartzofeldspathic
petrofacies reflect an origin related to erosion of coarse crystalline
rocks (granitoid) that constitute the main lithology of the coastal
cliffs and drainage basins (CIZ of the Iberian Massif).



Table 2. Results of the petrographic modal analysis

Traba
TRA-9,60 TRA-8,8 TRA-6,60 TRA-5,2 TRA-3,20 TRA-0,30
AN
Q
Qmr Moenecrystalline nen-undulese quartz 147 130 128 143 128 131
Qme Moenecrystalline undulese quartz 39 54 52 40 50 61
Qp2-3  Pelycrystalline quartz (2-3 crystals) 21 15 8 17 12 7/
Qp>3 Pelycrystalline quartz (>3 crystals) 4 ° 13 s 11 11
Qrm Quartz in lew and medium meta.
grade reck fragm.
Qrp Quartz in plutenic reck fragment 1 3 3 S) 1 4
Qrg Quartz in gneissic reck fragment
Qrs Quartz in sandstene
K
Ks K-feldspar (single crystal) 31 39 43 31 37 34
Kmm K-feldspar in lew and medium meta.
grade reck fragm.
Krp K-feldspar in plutenic reck fragment 2 2 5 4 1 |
Krg K-feldspar in gneissic reck fragment
P
Ps Plagieclase (single crystal) 19 27 18 21 27 28
Prm Plagieclase in lew and medium meta.
grade reck fragm.
Prp Plagieclase in plutenic reck fragment | 1 1 |
M
Bi Bistite (single crystal)
Mu Muscevite (single crystal) 2
Cl Chlerite (single crystal)
Mrm Mica in lew and medium meta.
grade reck fragm.
E
Ch Unspecified chert
Sh Shale and fillites
Dm Dense minerals (unspecified)
MC
Melusc 13 16 23 26 18 14
Echinederm 4 1 8 8 10 6
Feram.; red algae; briezee.;
estraceds
Indeterminate bieclast 22 9 12 10 7/ 8
MN
Silty-clay seft grains,
glaucenite
Fe-Oxides, alterite
Total 305 305 309 310 303 306
MC/T 0.13 0.09 0.12 0.13 0.12 0.09
AN/T 087 091 0.88 087 .88 091
Q 79.9 74.6 742 77.1 75.0 TS
F 18.9 237 225 19.2 23.9 223
R 1.1 1.8 %3 35 1.1 22
Qm 80.3 75.6 75.3 79.0 754 77.0
F 19.7 244 247 21.0 246 23.0
Lt 00 (X (X (X (X (X
Qm 80.3 75.6 75% 79.0 754 77.0
K 12.5 14.7 1747 12.9 14.2 12.6
P 2 LI 7.0 8.1 10.4 10.4
Qmr 69.7 62.5 63.7 68.4 63.7 62.4
Qme 18.5 26.0 259 19.1 24.9 29.0
Qp 11.8 LS 104 124 114 8.6
Rg/Rt 1.00 1.00 1.00 1.00 1.00 1.00
F/Qm 0.25 0.32 0.33 027 0.33 .30
P/F 0.37 040 028 0.9 0.42 045

(Continued)



Table 2. (Continued)

Baldaie
BAL- BAL- BAL- BAL- BAL- BAL- BAL- BAL- BAL- BAL- BAL- BAL-
19,6 18,25 17,2 15,1 14,2 13,0 114 96 74S) 5,4 3,7 2,0
AN
Q
Qmr  Menecrystalline nen-undulese quartz 97 135 151 161 97 87 96 111 76 60 79 114
Qme  Moenecrystalline undulese quartz 46 42 51 47 28 28 28 34 28 30 26 37
Qp2-3  Pelycrystalline quartz (2-3 crystals) 34 18 21 10 20 11 14 17 19 10 10 12
Qp>3  Pelycrystalline quartz (>3 crystals) 26 15 12 12 24 16 12 17 19 20 14 16
Qrm Quartz in lew and medium meta. 3 1 4 I
grade reck fragm.
Qrp Quartz in plutenic reck fragment 6 5) 6 4 13 2 3 4 3 2
Qrg Quartz in gneissic reck fragment 2
Qrs Quartz in sandstene
K
Ks K-feldspar (single crystal) 50 49 39 46 47 85 40 38 29 31 38 29
Km K-feldspar in lew and medium meta.
grade reck fragm.
Kip K-feldspar in plutenic reck fragment 4 S 4 3 S 4 D) 2 5
Kig K-feldspar in gneissic reck fragment 1
P
Ps Plagieclase (single crystal) 34 30 24 21 23 24 21 18 19 15 18 25
Prm Plagieclase in lew and medium meta.
grade reck fragm.
Prp Plagieclase in plutenic reck fragment 2 I 2 1 2 2
M
Bi Bietite (single crystal) 4 1 I I 40 3 L 8 2 2 | |
Mu Muscevite (single crystal) ° 10 I 2 14 3 3 3 6 3 8 2
Cl Chlerite (single crystal)
Mrm  Mica in lew and medium meta. 2 I 5 2
grade reck fragm.
I
Ch Unspecified chert 1 | 1 2
Sh Shale and fillites 5 3 4 | | D) 2
Dm Dense minerals (unspecified) 14 74 6 g 4 1 2 8 2 2 4 §
MC
Melusc 12 64 50 44 82 &4 123 40
Echinederm 4 22 14 7 12 18 16 3
Feram.;red algae;
briezee.; estraceds y 2 2
Indeterminate bieclast S 10 16 11 14 30 75 23
MN
Silty-clay seft grains, glaucenite 11 3 1 2
Fe-Oxides, alterite
Total 345 323 320 314 352 313 309 319 320 312 421 321
MC/T 000 000 000 000 006 0] 026 020 034 043 051 021
AN/T 097 1.0 099 100 094 069 074 080 066 057 049 079
Q 66.1 692 761 757 62.1 681 698 735 720 702 668 731
F 274 259 204 220 257 281 284 229 240 269 290 220
R 6.5 5.2 3.6 28 12.1 43 1.9 4.1 5.0 29 4.1 4.9
Qm 695 71.1 780 7760 697 686 712 747 730 712 686 747
F 205 276 220 2360 288 305 284 241 2560 282 3098 253
Lt 1.0 1.3 (X ] [ X 1=5 1.0 05 12 20 0.6 0.5 (X
Qm 702 7260 780 7760 707 692 715 756 745 716 689 747
K 17.9 18.0 13.9 16.1 19.8 18.8 18.7 16.5 1813 183 211 14.3
P 11.9 10.0 8.1 6.9 9.5 12.0 LR 7.9 102 10.1 100 110
Qmr 478 643 643 700 S74 613 640 620 S35 5060 612 637
Qme 227 200 217 204 16.6 19.7 18.7 19.0 197 250 202 207
Qp 296 15.7 14.0 96 260 19.0 17.8 190 268 25.0 18.6 15.6
Rg/Rt 060 063 1.00 100 061 078 075 070 050 060 050 1.00
F/Qm 042 039 028 030 041 044 040 032 034 040 045 034
P/F 040 036 037 030 032 039 034 032 040 035 032 044




Table 2. (Continued)

Puerte a Ceruiia

PTC- PTC- PTC- PTC- PTC2- PTC- PTC- PTC2- PTC-
51,45 45,1 44,3 42,60 40,8 40,40 39,00 37,8 35,80
AN
Q
Qmr Menecrystalline nen-undulese quartz 151 152 177 202 102 L 115 150 116
Qme Menecrystalline undulese quartz 31 51 34 62 9 34 33 17 21
Qp2-3 Pelycrystalline quartz (2-3 crystals) J 12 10 18 4 L 12 10 11
Qp>3 Pelycrystalline quartz (>3 crystals) 4 16 D 3 | 18 11 1 L
Qrm Quartz in lew and medium meta.
grade reck fragm.
Qrp Quartz in plutenic reck fragment 1 8 4 2 2
Qrg Quartz in gneissic reck fragment 1
Qrs Quartz in sandstene
K
Ks K-feldspar (single crystal) 14 24 22 7 % 43 25 46 30
Km K-feldspar in lew and medium meta.
grade reck fragm.
Krp K-feldspar in plutenic reck fragment 1 8 3 3
Krg K-feldspar in gneissic reck fragment
P
Ps Plagieclase (single crystal) L 8 17 6 81 31 29 36 21
Prm Plagieclase in lew and medium meta.
grade reck fragm.
Prp Plagieclase in plutenic reck fragment
M
Bi Bistite (single crystal) 1 28 L] 4 7
Mu Muscevite (single crystal) 35 8 6 L 4
Cl Chlerite (single crystal) | I
Mrm Mica in lew and medium meta.
grade reck fragm.
I
Ch Unspecified chert | 3 2
Sh Shale and fillites 2 2 2 4 3
Dm Dense minerals (unspecified) 1 1 1 4 4 5 3
MC
Moelusc 34 15 6 67
Echinederm 1
Feram ; red algae; briezee.; estraceds 3 2 S 7
Indeterminate bieclast 18 17 32 20
MN
Silty-clay seft grains, glaucenite 116 40 37 1 4 9 32 1
Fe-Oxides, alterite 18 | 2] 8 11 | S
Tetal 358 308 303 304 378 335 319 327 321
MC/T 0.00 0.00 000 0.00 0.00 0.16 0.11 0.13 029
AN/T 0.62 087 038 099 098 0.79 0.76 0.86 0.69
Q 885 86.5 84.5 95.7 382 64.9 75.7 67.9 72.4
IF 10.6 12.0 14.7 4.3 57.3 30.6 23.9 31.3 28.5
R (K] 1) 1.1 1.e 5.2 4.5 04 [ R 4.1
Qm 885 86.9 842 4.7 38.5 66.5 75.9 68.7 737
F 10.6 12.4 14.7 4.3 60.8 31.8 243 31.3 24.9
L (K] 07 1.1 1.e 0.6 1.7 (X (X 1.4
Qm 894 87.5 85.1 95.6 38.8 67.6 75.7 68.7 74.8
K 6.5 94 84 23 339 19.3 11.1 17.6 15.4
P 42 30 6.5 2.0 274 13.0 13.3 13.7 8
Qmr 782 65.8 794 70.9 87.9 61.1 67.3 843 73.9
Qme 16.1 22.1 15.2 21.8 7.8 2.7 19.3 9.6 13.4
Qp 5.7 12:1 5.4 7.4 4.3 17.2 13.5 6.2 12.7
Rg/Rt .00 0.50 0.00 000 0.88 0.64 1.00 1.00 0.67
F/Qm 0.12 0.14 .17 0.05 1.58 048 0.32 0.46 034
P/F 0.39 024 0.44 0.46 045 040 0.55 0.44 0.39

(Centinued)



Table 2. (Continued)

Miiio
MIN-  MIN- MIN-  MIN- MIN-  MIN-  MIN-  MIN-  MIN-  MIN-
21,85 14,4 12,8 10,6 9.2 7,1 5,6 4,5 2,8 2,0
AN
Q
Qmr Menecrystalline nen-undulese quartz 130 179 117 157 174 136 161 145 172 148
Qme Moenecrystalline undulese quartz 21 43 15 36 23 42 49 43 52 49
Qp2-3 Pelycrystalline quartz (2-3 crystals) 10 ) 19 12 10 11 8 15 11 13
Qp>3 Pelycrystalline quartz (>3 crystals) 7 12 29 7 4 L 11 8 10 !
Qrm Quartz in lew and medium meta. I 3 I g
grade reck fragm.
Qrp Quartz in plutenic reck fragment S 2 2 I 2 |
Qrg Quartz in gneissic reck fragment
Qrs Quartz in sandstene
K
Ks K-feldspar (single crystal) 15 29 36 47 31 44 35 35 23 29
Km K-feldspar in lew and medium meta.
grade reck fragm.
Kip K-feldspar in plutenic reck fragment 1 3 3 | I |
Kig K-feldspar in gneissic reck fragment
B
Ps Plagieclase (single crystal) 16 27 30 25 26 44 22 23 22 34
Prm Plagieclase in lew and medium meta.
grade reck fragm.
Prp Plagieclase in plutenic reck fragment 2 2 ] | l
M
Bi Bietite (single crystal) 67 17 S 3 2 3
Mu Muscevite (single crystal) 23 2 29 4 2 3
Cl Chlerite (single crystal) 15
Mrm Mica in lew and medium meta. 1 4 2 |
grade reck fragm.
L
Ch Unspecified chert 8 |
Sh Shale and fillites 3 7 3 4 2
Dm Dense minerals (unspecified) 6 k) L i L 3 4 L} 10 14
MC
Melusc 6 I 8
Echinederm | 1 2 2
Feram.; red algae; briezee.; estraceds 10 3
Indeterminate bieclast 16 7 12
MN
Silty-clay seft grains, glaucenite 0 I [} 0
Fe-Oxides, alterite I
Total 320 304 325 315 304 304 307 314 306 304
MC/T 000 000 0.00 0.00 0.08 0.04 0.03 0.08 0.00 0.00
AN/T 1.00 1.00 1.00 0.9 092 0.96 0.96 092 1.00 1.00
Q 81.8 80.5 65.9 71.7 77.9 68.3 79.8 75.9 82.8 76.4
F 14.8 18.9 244 242 21.0 303 19.9 20.9 15.2 £2.2
R 4.8 07 9.6 44 1.1 1.4 03 3.2 2.0 1.4
Qm 81.7 81.1 69.9 25 78.6 69.0 80.1 7.8 834 77.0
F 15.4 18.9 274 26.1 214 31.0 19.9 212 15.9 23.0
Lt 29 (X ] 2.6 1.4 (X (X (X 1.4 07 (X ]
Qm 842 81.1 71.8 73 78.6 69.0 80.1 78.5 84.0 77.0
K 7.9 LR 15.8 17.2 114 18:5 12.2 13.1 82 10.6
P 7.9 9.1 12.4 93 10.0 1575 X/ 84 7.8 12.4
Qmr 774 74.9 65.7 74.1 825 68.7 703 68.7 702 68.2
Qme 12.5 18.0 84 17.0 10.9 2 2 214 204 212 226
Qp 10.1 Tl 25.8 LA 6.6 10.1 83 10.9 8.6 9.2
Rg/Rt 020 0.50 046 0.46 1.00 1.00 1.00 022 0.67 0.75
F/Qm 019 023 0.39 0.36 027 0.45 025 0.27 019 0.30
P/F 0.50 048 0.44 0.35 047 0.50 0.39 0.9 049 0.54




Table 2. (Continued)

Pantin
PAN- PAN-  PAN- PAN-  PAN-  PAN- PAN- PAN- PAN- PAN-
16,6 14,7 12,7 11,2 104 8,6 6,6 4,6 2,6 1,5
AN
Q
Qmr Menecrystalline nen-undulese quartz 135 164 127 154 149 154 121 141 128 127
Qme Menecrystalline undulese quartz 24 31 28 44 36 40 27 40 25 5
Qp2-3 Pelycrystalline quartz (2-3 crystals) 15 7 L 11 14 10 4 10 15 14
Qp>3 Pelycrystalline quartz (>3 crystals) 11 11 17 13 L 8 15 20 28 32
Qrm Quartz in lew and medium meta. 2 £ P 2 2
grade reck fragm.
Qrp Quartz in plutenic reck fragment 2 1 1 8 2 |
Qrg Quartz in gneissic reck fragment
Qrs Quartz in sandstene
K
Ks K-feldspar (single crystal) 16 16 19 23 22 14 22 22 37 29
Km K-feldspar in lew and medium meta. 1 1 2 |
grade reck fragm.
Krp K-feldspar in plutenic reck fragment 1 2 |
Krg K-feldspar in gneissic reck fragment
P
Ps Plagieclase (single crystal) 10 11 18 10 14 15 15 15 16 22,
Prm Plagieclase in lew and medium meta. 1 1
grade reck fragm.
Prp Plagieclase in plutenic reck fragment 1 1 I
M
Bi Bietite (single crystal)
Mu Muscevite (single crystal) 4 2 1 1
Cl Chlerite (single crystal)
Mrm Mica in lew and medium meta. 1 1 1 2
grade reck fragm.
I
Ch Unspecified chert
Sh Shale and fillites 2 1 2 1 2 2 3
Dm Dense minerals (unspecified) 6 14 L 18 10 10 L L} 19 13
MC
Melusc 53 18 38 14 23 18 26 17 16 14
Echinederm S 4 3 3 4 S 4 |
Feram.; red algae; briezee.; estraceds 3 |
Indeterminate bieclast 24 24 37 13 20 27 56 22 15 11
MN
Silty-clay seft grains, glaucenite
Fe-Oxides, alterite
Teta! 314 307 306 303 300 304 302 318 300 308
MC/T 028 0.15 025 000 0.15 0.16 0.29 0.14 010 008
AN/T 0.72 0.85 0.75 091 0.85 084 0.71 0.836 0.9 092
Q 85.6 87.3 804 86.0 852 86.5 81.5 812 76.3 78.1
F 12.0 11.1 16.9 12.8 14.8 11.8 18.0 14.2 20.6 19.0
R 253 1.6 2.7 12 (X 1.6 05 4.6 31 3.0
Qm 86.6 88.1 81.7 86.8 852 86.9 81.5 834 78.4 792
F 1225 11.5 174 13.2 14.8 13.1 18.0 15.8 208 19.7
Lt 09 04 0 (X (X e 05 8 8 1.1
Qm 874 88.5 824 86.8 852 86.9 81.9 84.0 79.1 80.1
K %5 7.0 93 93 %0 6.5 10.8 9.3 14.6 11.7
P s.1 45 83 3.9 5.7 6.5 7.4 6.6 6.3 83
Qmr 73.0 77.0 722 69.4 71.6 72.6 7275 66.8 65.3 60.5
Qme 12.0 14.6 13.1 19.8 17.3 18.9 16.2 19.0 12.8 17.6
Qp 14.1 85 14.8 10.8 11.1 85 11.4 14.2 21.9 219
Rg/Rt 020 025 0.33 0.33 - .50 000 0.50 025 025
F/Qm 0.14 0.13 021 0.15 .17 0.15 022 019 027 025
P/F 041 0.39 047 029 0.39 .50 041 041 0.30 042

(Centinued)



Table 2. (Continued)

Vivere - Pte. Vivere - Ind. Navia
E2-8- E2-5- E24- E2- E2- VIV- VIV-  VIV- VIV- VIV-  NAV-  NAV- NAV-
285 12578 119§ 2-6 14 136 128 12,75 1245 I-1,5 192 17,6 16,8
AN
Q
Qmr Menecrystalline 108 134 116 116 146 132 135 132 120 153 79 150 39
nen-undulese quartz
Qme Menecrystalline 18 31 10 37 231 2l 22 19 24 38 43 43 23
undulese quartz
Qp2-3  Pelycrystalline 8 13 10 16 13 10 8 12 12 13 24 23 12
quartz (2-3 crystals)
Qp>3  Pelycrystalline S 7 11 7 7 16 8 13 6 6 22 18 19
quartz (>3 crystals)
Qrm Quartz in lew and medium 2 2 1 1 1 6 6 3
meta. grade reck fragm.
Qrp Quartz in plutenic il 2 5 5 2 6 6 6 5 S
reck fragment
Qrg Quartz in gneissic
reck fragment
Qrs Quartz in sandstene 4
K
Ks K-feldspar (single crystal) 74 43 61 64 81 56 59 51 57 42 8 12 6
Krm K-feldspar in lew and 2
medium meta. grade
reck fragm.
Kip K-feldspar in plutenic 2 4 6 2 4 3 2 4 7 D 1
reck fragment
Krg K-feldspar in gneissic
reck fragment
P
Ps Plagieclase (single crystal) 29 28 17 39 28 17 19 24 19 18 4 4 S
Prm Plagieclase in lew and
medium meta. grade
reck fragm.
Prp Plagieclase in plutenic 2 2 1 1 1 3] 2 4 g 1
reck fragment
M
Bi Bietite (single crystal) 38 1 8 20 1 10 10 12 7 L
Mu Muscevite (single crystal) 18 3 13 13 $ 14 14 19 S 6 8 6 4
Cl Chlerite (single crystal)
Mrm Mica in lew and medium 11 2 2 1 3 s 1 3 | 3
meta. grade reck fragm.
L
Ch Unspecified chert
Sh Shale and fillites 10 2 g 11 1 3 3 4 4 5 30 47 20
Dm Dense minerals 17 9 11 7/ S 1 S 7/ 4 3 5 8 2
(unspecified)
MC
Melusc 1 16 30 14 17 10 18 6 16 58
Echinederm 10 i 6 4 | 2 1 10 12
Feram.; red algae; 2 2 2 3 | 43 46
briezee.; estraceds
Indeterminate bieclast ] 17 24 | 10 18 26 26 15 21 76
MN
Silty-clay seft grains, 1 | 1 | 3
glaucenite
Fe-Oxides, alterite
Tota! 351 325 337 335 313 326 337 351 332 325 828 325 329
MC/T 001 0.13 019 000 000 o010 012 011 0.14 007 028 0.00 0.58
AN/T 0.99 0.86 081 100 100 0% 038 .89 0.86 093 072 099 042
Q 50.4 69.0 607 576 628 665 64.8 64.5 64.2 737 76.7 76.0 71.0
5 373 26.5 32:2 349 346 271 292 275 284 21.1 5.5 S'2 84
R 12.3 4.5 7.0 75 2. 63 6.0 8.1 7.5 5Bl 98 188 206
Qm 55.8 70.5 63.3 60.1 635 694 678 67.8 66.3 762 798 78.7 76.3
H 404 28.7 354 362 362 295 311 30.7 322 22.0 6.4 59 84
Lt 38 07 1.3 38 03 11 1.1 LS 1.5 1.8 138 15.4 15.3




Table 2. (Continued)

Vivere - Pte. Vivere - Ind. Navia

E2-9- E2-5- E24- E2- E2- VIV- VIV- VIV- VIV- VIV- NAV- NAV- NAV-

285 12,75 19,5 2-6 14 136 12,85 12,75 1245 I-1,5 192 17,6 16,8
Qm 58.0 71.1 64.1 624 637 702 686 68.8 67.3 776 926 930 9.1
K 208 17.7 283 284 283 223 234 20.7 243 15.9 58 5.0 54
P 122 11.3 7.6 142 80 75 8.0 10.5 84 6.5 2.1 1.9 4.5
Qumr 77.7 72.4 78.9 647 772 737 780 75.0 75.6 729 470 64.1 41.9
Qme 12.9 16.8 68 21.8 122 117 12.7 10.8 14.0 181 256 184 24.7
Qp L X 10.8 14.3 135 106 145 92 14.2 10.5 %0 274 17.5 333
Rg/Rt 032 0.67 071 036 088 071 063 0.64 0.75 047 000 0.03 0.00
F/Qm 072 041 0.56 060 057 042 046 045 049 029 003 (X} 0.11
P/F 029 0.39 021 038 022 025 026 034 026 029 029 028 045

The main composition of sands in the Navia Holocene record
differs drastically from that of the Galician coast. These sands
constitute a quartzolithic petrofacies with greater contents of rock
fragments (18-20% R) than feldspars (5-8%). This composition
also reflects the sedimentary and low-grade metamorphic nature
of their source areas (WALZ ofthe Iberian Massif). No differences
exist in the Navia QFR and @mFLt diagrams, suggesting that
rock fragments in these sands are shales and other fine-grained
lithic components.

Sand from the Galician Holocene record shows a homoge-
neous distribution of their composition in the @FR and @mFLt
diagrams (Figure 3). However, it is also clear that the composition
of sand from each location constitutes an individual cluster related
to characteristics of the given source area. Sands from Vivero
(Puente and Indiano) show the largest amount of feldspars, and are
associated with abundant granitoids in their sources (Table 1). In
contrast, sands from Pantin are the most quartzose and are related
to the lowest occurrence of granitoids in their sources (Table 1). In
other locations (Pto. Corufia and Mifio), feldspar contents vary
through the stratigraphic record. These variations could be associ-
ated with mixing processes between fluvial sands and sands of a
marine origin.

In spite of the quartzofeldspathic character of the Galician
Holocene sands, fine-grained lithic fragments (shales and phyl-
lites) are also present. These components appear in low percent-
ages (<4%) at the sites where these sedimentary and low-grade
metamorphic rocks are abundantly represented in their sources,
such as at Vivero, Pto. Corufia and Mifio. This under-represen-
tation of such sources in sands is due to the great potential of
granitoids to produce sand (Sand Generation Index of Palomares
and Arribas, 1993), intensely diluting supplies from metasedi-
mentary lithologies.

Quartzofeldspathic composition of Holocene Galician sands is
consistent with the composition of other sands of the western coast
of the Iberian Peninsula (Marsaglia ez al., 1996, 2007; Le Pera and
Arribas, 2005).

Feldspar composition (QmKP)

The feldspar grain population is dominated by K-feldspars (P/F
0.5t0 0.21, Table 2). Monocrystalline untwinned albite grains are
also present and occur in association with twinned plagioclase
grains. Samples with higher contents of plagioclase grains are
mainly those from Mifio, Pto. Corufia and Pantin (P/F>0.4), where

amphibolites are the source rocks. Samples from Vivero (Puente
and Indiano sites) have greater K-feldspar contents (mean P/
F<0.3). Petrographic relations between K and P grains could be
correlated with the lithology and characteristics of granitoids and
related metamorphic rocks as the sources of sand (sea cliffs and
drainage basins). Analyses performed on Galician granitic rocks
(Cuesta, 1991) indicate a mean modal composition close to
Q“K“P“. Thus, the P/F ratios obtained in Holocene sand samples
are in line with the mean P/F ratio for granites. Local fluctuations
in this ratio in sands can be explained by additional supplies from
other mafic lithologies (e.g. amphibolites) or by maturation pro-
cesses during transport.

The Holocene Galician sands mainly plot above the 65% @m
line in the @mKP ternary diagram (Figure 4a). This suggests
their high compositional maturity, compared with the modal
composition of Galician granitoids or other pure plutoniclastic
sands (figure 10 in Le Pera et a/., 2001). In addition, plots for
Holocene sands from each locality exhibit a line distribution
with near constant P/F values, while @m contents increase
(Figure 4a). These plots suggest no significant processes of dif-
ferential loss between the two types of feldspar, as both disap-
pear simultaneously during quartz enrichment, and thus during
sand maturation. This sort of process can be related to mechani-
cal abrasion in coastal environments (e.g. Le Pera and Arribas,
2005; Fillali ef al., 2005).

Rock fragments

Rock fragmenw occur in low proportion because of the dominance
of monomineral clasts from plutonites. They include coarse crys-
talline rock fragments and some fine-grained metamorphic rocks.
The relative proportions of coarse crystalline rock fragments
(Rg) versus the total population of rock fragments (Rt=Rg+Rm)
in sands from all the sites are provided in Figure 5. Sands from
Traba and Navia show the two extremes of the distribution of
total sands, suggesting the monolithologic nature of their sources.
At the Traba site, the lithic population is entirely composed of
coarse-grained rock fragments, while fine-grained rocks pre-
dominate at the Navia site. The nature of the lithic population of
each location varies with shifts to the right or left area of the
diagram. Locations with consistent coarse-grained lithologies
(granitoids) in their sources (Vivero and Baldaio) plot in the area
to the right. Sands from locations in which fine-grained rocks
predominate (Pantin), plot to the left. Sands from Mifio and Pto.



Table 3. Sedimentary environments, ages and sand textures (grain size, sorting and quartz roundness) inferred from the Holocene

records examined
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Figure 2. MC/T versus AN/T binary diagram (medified frem Di
Giulie and Valleni, 1992) shewing the cempesitien ef the Helecene
sands examined

Corufia show highly variable lithic nature, with fluvial sands
showing the greatest abundance of fine-grained rock fragments
(Figure 5 and Table 2).

Quartz grain typologies

Monocrystalline is the main quartz srain typology of the analysed
sands (Figure 6), with a predominance of the non-undulose variety
(@mr). Sands from Vivero, Pantin, Mifio and Pto. Corufia show the
highest contents of this quartz grain type. In contrast, sands from
Traba have greater proportions of the undulose variety (@mo). The
predominance of monocrystalline typologies can be related to their
origin, associated with coarse-grained plutonites, mainly granitoids
(Basu et al., 1975; Tortosa, 1988; Tortosa ez al., 1991; Heins, 1993).
Difterences between undulose and non-undulose types may suggest
difterences in deformation of the original source rock (e.g. Tortosa
et al., 1991). In addition, the population of monocrystalline non-
undulose quartz grains may be increased by supplies from sedimen-
tary sources (Blatt ez a/., 1980; Arribas and Tortosa, 2003).
Polycrystalline quartz grain typologies are also present. Sands
from the Navia, Baldaio and Pantin records exhibit the highest
amounts of polycrystalline quartz grains (Figure 6), but with per-
centages of 15 to 35% of total quartz. The presence of these types
is related to fine-grained metamorphic sources (Basu ez a/., 1975;
Tortosa e al., 1991). The great drainage basin of Navia is mainly
composed of sedimentary and metasedimentary rocks from the
Western Asturian Leonese Zone of the Iberian Massif, and thus,
the proportion of quartz types in sands is consistent with the com-
position of their sources (Table 1). The relatively high contents of
polycrystalline types in the Baldaio and Pantin sands could be
related to the presence of schists and paragneiss in their near
sources (Bastida ez a/., 1984; Gonzalez Lodeiro er «/.,1984). In
other localities, the presence of fine-grained metamorphic rocks
does not lead to large quantities of polycrystalline quartz types in
their derived sands (e.g. Vivero), suggesting dilution of these sup-
plies by plutoniclastic sands derived from granitoids in the same
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Figure 3. (A) Helecene sand cempesitiens represented in a @FR
diagram (Pettijehn e al, 1972). Pelygens in the inset diagram
previde the means and standard deviatiens ebtained fer samples
greuped by depesitienssite. (B) Helecene sand cempesitiens
represented in a @mFLt diagram (Dickinsen ez al, 1983)

source, or alternatively, their downstream mechanical destruction
during transport (e.g. Cameron and Blatt, 1971; Mack, 1978).

Discussion

Environments, sand textures and
composition of modern clasts

As mentioned in the above sections, the textures of Holocene
sands are highly dependent on several mechanical processes
acting on specific environments. Hydrodynamic and aeolian sort-
ing produces narrow grain-size intervals in intertidal and dune
environments (mainly 177 to 350 jum), generating well- and very
well-sorted grain populations, respectively. Intense mechanical
abrasion in dunes leads to high quartz roundness; in intertidal
deposits, quartz roundness is moderate. An intense contrast exists
with fluviatile sand deposits (channel fills and marshes). These
last populations show wider grain-size intervals with common
coarser clasts and poorly sorted deposits with scarcely rounded
quartz grains. Locally, the presence of embayed quartz grains
reveals the development of soil profiles in fluvial drainage basins
(Cleary and Conolly, 1971).
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In addition, the presence of several modern non-carbonate
grain types (MN), such as alterites, Fe-oxides and silty-clayey soft
grains, characterizes fluviatile deposits and highlights the land-
derived nature of these sands. In contrast, the occurrence of mod-
ern carbonate grains (MC) is correlated with sands from marine
sources. In intertidal deposits, the amount of MC fluctuates (e.s.
Baldaio, Pto. Coruiia), but in aeolian sands, this amount is nearly
constant through the Holocene record (e.g. Traba, Pantin) (see
Figure 7). This could be due to a homogenization process of aeo-
lian deposits due to reworking and incorporation of intertidal

sands in the aeolian environment (e.g. Cann ez al., 1999;
Clemmensen et al., 2001; Pease and Tchakerian, 2002). However,
at some sites (Pto. Corufia and Baldaio), MC srains increase
toward the top of the Holocene sequence, suggesting the progres-
sive influence of marine supplies.

Source lithology and sand composition

The main modal composition of Galician Holocene sands reflects
a homogeneous mature quartzofeldspathic petrofacies contrasting
with the quartzolithic petrofacies of the Navia sands. In both
cases, the main control on sand composition is the source lithol-
ogy: dominance of coarse granitoids from the GTMZ and gneisses
from the CIZ for the Galician sands, and dominance of metasedi-
mentary rocks from the Asturian Leonese Zone for the Navia
sands (Figure 3 and Table 1).

Despite the homogeneous composition of the Galician sands,
differences among individual locations exist. These differences
reflect variations in local source rock. Aeolian sands and those gen-
erated in areas with small drainage basins show more restricted
clusters (Traba, Pantin and Baldaio), while locations with more
developed drainage basins display more variable sand composition
(Pto. Corufia, Mifio and Vivero). These features are confirmed in the
QFR, @uFLt, @nKP and Rg/Rt diagrams (Figures 3, 4 and 5), and
suggest processes such as mixing and maturation during transport
acting mainly on the larger fluvial drainage basins. An exception is
the mreat drainage basin of Navia, which gives rise to sands of
similar composition. This finding can be attributed to the monoto-
nous lithological nature of the Navia drainage basin (metasedimen-
tary rocks), which is unable to produce consistent variations in the
composition of its sandy products by maturation during transport.

It is also clear that the presence of coarse-grained source rocks
generates large quantities of monomineral grains (quartz and feld-
spar), diluting supplies from other parent rocks of lower SGI such
as schists or metasediments (Palomares and Arribas, 1993). The
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identificatien ef these under-represented seurce recks in sands
is difficult, the Rg/Rt diagram being a very useful teel fer this
purpese. In additien, quartz typelegies may help discriminate
defermed (e.g. Traba) frem nen-defermed (i.e. Pantin) graniteids
at the seurces (@mr versus @me types), and te identify supplies
frem fine-grained metamerphic recks (i.e. Navia, Baldaie) with
greater @p/Qm values.

Evolving sand composition: fluvial versus
marine supplies

Changes in sand cempesitien preduced during Helecene depesition
can be analysed threugh variatiens in petregraphic indices such as
carbenate clasts te tetal clasts, MC/T; feldspars te menecrystalline
quartz, F/Qm; and plagieclase te tetal feldspars, P/F (Figure 7). Mest
significant variatiens in cempesitien are reflected by the MC/T
index, which is related te changes in the sedimentary envirenment.

Acelian sands (Traba and Pantin) shew trends ef near censtant
values in their F/@m: 0.3 and 0.2, respectively. These censtant
recerds are censistent with the hemegenizatien precess that
affects aeelian sands, discussed abeve. A mere variable trend in F/
Qm was recerded for Baldaie, with values clese te 0.4. Fluvial and
intertidal sands at this lecatien shew geed fit with the MC/T
index, suggesting the better preservatien ef feldspars in sands with
greater marine supplies. Maxima ef beth indices have been
recerded at depths of 3.7 m (5000 BP) and 13 m (10 000 BP) and
ceuld be related te impertant transgressive events. In ether sites,
F/Qm values are highly variable, as eccurs in the Pte. Cerufia and
Mifie recerds. In these places, a reugher fitting te MC/T exists,
and fluvial sands are these shewing greater quartz enrichment.
Ameng the trends shewn by Vivere and Navia, we find that in few
samples did petregraphic indices shew high variatien; thus, ne
censistent pattern can be inferred for these lecalities.

Trends in P/F exhibit similar variatien, mainly frem 0.3 te 0.5.
Navia and Vivere are the sites shewing mere enrichment in

K-feldspar sands (P/F<.4), while the Mifle sands and sands frem
the upper part eof Pte. Ceruiia sectien include the highest P/F
(>0.4). These data are related te the seurce lithelegy and the
absence (i.e. Vivere) or presence (i.e. Mifie, Pte. Cerufia) of mafic
recks (i.e. amphibelites) accempanying the main granitic seurces.
These basic seurces previde plagieclase-enriched sands, with
higher P/F. Many sands with maximum P/F in their lecal trend
cencur with maximum F/@m values, suggesting geed cenditiens
for feldspar preservatien, even fer the mere unstable feldspars
such as plagieclase. These sands eccur at depths ef 13 m in
Baldaie; 7.1 m in Mifle; and 12.7 m in Pantin, and might be cer-
related with transgressive events.

It may be cencluded that sands frem each lecatien shew an
individual cempesitien that may change ever time but is always
within a given range. This suggests that leng-distance transpert of
marine sand can be disregarded. Thus, the irregular Galician ceast
preduces shert-distance transpert frem western areas and depesi-
tien en sediment-trap sites.

Weathering of land sources and provenance
of supplies

The presence of embayed quartz and alterite grains suggests
weathering precesses acting en drainage basins. In additien, the
mest mature sands represent fluvial supplies at the Pte. Cerufia
and Mifle lecalities, and significant changes in cempesitien eccur
where intertidal depesits eccur. As a whele, fluvial sands are mere
mature in their @nKP cempesitien than intertidal/acelian sands
(Figure 4b), with greater @m centents (mere than 70%) and lewer
values of P (less than 12%). This means that marine depesits can-
net be censidered simply as preducts rewerked frem fluvial
depesits. Thus, there must be substantial differences in the erigin
of sands between fluvial and marine depesits.

Nesbitt et al. (1997) demenstrated that weathering precesses
in seils preduce severe reductien in plagieclase sand grains.
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This reduction leads to shifts in the K-@m line in the @mKP
diagram, while @m increases. This has been observed by several
authors in fluvial plutoniclastic sands (e.g. Le Pera ez al., 2001; Le
Pera and Arribas, 2005) highlighting that the origin of fluvial sands
is mainly controlled by supplies from soils developed in their drain-
age areas (Suttner ez a/., 1981). These assertions concur with the
high proportions of quartz grains and lesser amounts of plagioclase
that fluvial sands exhibit. Taboada and Garcia (1999) have docu-
mented the decay of plagioclase in granites by weathering in the
humid climate of Galicia. In addition, coastal sands (aeolian and
intertidal) show similar P/F to the mean Galician granite composi-
tion (Figure 4a), suggesting that mechanical abrasion could be the
main factor responsible for the simultaneous loss of both feldspars.

These data suggest that the main origin of Galician Holocene
sands is not fluvial supplies from their drainage basins, but rather
supplies from clift erosion in coastal and head deposits near the
final depositional site. Sand supplies from clift erosion may explain
the fresh mineral appearance and maturity in composition due to
abrasion in the absence of chemical weathering decay of feldspars

in coastal sands. In addition, fluvial supplies would be extremely
diluted by marine-generated sands, occluding estuarine mouths
and coastal wetlands.

Conclusions

(1) The textures of Holocene sands from seven localities on
the Galician and western Asturian coast mainly retlect depositional
environment. Fluvial sands are texturally immature (poorly sorted
and with low quartz grain roundness), while intertidal and aeolian
sands exhibit mature textures (well to very well sorted and with high
quartz-grain roundness). In addition, differences in composition
emerge between fluvial environments and intertidal plus aeolian
deposits. Modern carbonates (bioclasts) characterize marine
deposits, and embayed quartz, alterites and modern silty clayey
clasts are more conspicuous in fluvial sands.

(2) The ancient non-carbonate grain composition of the
Galician Holocene sands indicates quartzofeldspathic petrofacies as
a product of the erosion of granitoids and gneisses from the GTMZ



and CIZ of the Iberian Massif. However, differences in composition
between individual localities exist, reflecting variations in local
source rocks. @n the Asturian coast (Navia), a quartzolithic petrofa-
cies developed through the erosion of metasedimens from the
Western Asturian Leonese Zone of the Iberian Massif.

(3) Coarse-grained source rocks generate great quantities of
monomineral grains (quartz and feldspars) that strongly dilute
sandy supplies from other parent rocks of lower SGI. This conclu-
sion is supported if we compare sand composition and area distri-
butions of the lithologies at their sources.

(4) Petrographic indices such as MC/T, F/Qm and P/F are
useful for analysing changes in sand composition produced during
Holocene deposition. MC/T values increase because of the
increased marine influence during Holocene transgression. In
contrast, aeolian sands show near constant F/@m values because
of the homogenization process of reworking intertidal sands.
However, fluvial and intertidal sands show a good fit of F/@m and
MC/T indices, suggesting episodes of better preservation of feld-
spars with greater marine supplies. In addition, plagioclase is the
better-preserved feldspar in marine sands. These episodes can be
associated with stages of faster sea-level rises and subsequent ero-
sion of surrounding cliffs. In contrast, fluvial sands mainly show
greater quartz enrichment.

(5) The near constant P/F in marine Holocene sands with
variable quartz conten# sugges% that mechanical abrasion is the
main factor controlling the maturity of these sands. As a conse-
quence, the provenance of beach, intertidal and aeolian sands must
be related to the erosion of coastal clitf and head deposi®, with the
scarce contribution of fluvial drainage supplies.

(6) Sand composition reflects local composition of its
sources. Accordingly, we can rule out the long-distance transport
of Galician coastal sands and infer that the rugged Galician coast
produces local erosion, short transport of sediments from the west,
and deposition on sediment-trap zones.

(7) Collectively our data support the idea that the origin of
Holocene sands from the northwest coast of the Iberian Peninsula
cannot be fluvial supplies from further inland, but rather that
these sands were generated by coastal erosion of cliff and head
deposits close to the final depositional site. As the Holocene
transgression ensued, these deposits closed coastal wetlands and
occluded estuarine mouths.
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