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Abstract

The seismic analysis of the sedimentary infill of the Rı́a de Vigo reveals that the infill comprises of a fifth order sequence (18

ky) bounded by a major discontinuity surface. Within the Holocene sequence, several seismic units have been identified; the

oldest one originated after the Würm glaciation and the origin of its top discontinuity was eroded during the regression (sea

level at �120 m) of this last glacial episode (isotopic stages 2 to 4), 18 ky B.P.

In some places below this rı́a infill, another sequence can be identified. This older sequence is associated with the pre-

existing faults and troughs in the deepest parts of the rı́a, and it was deposited during the Würm glaciation (Miocene–

Pleistocene). Eroded sediments were moved from the rı́as area to deeper zones, where they accumulated in the lowstand system

tract. The next sea level rise occured in two steps, producing two transgressive units separated by an hiatus surface. This cycle

was interrupted by the next sea level fall (to �55 m) marked on the seismic records by another recognizable boundary. The next

sea level rise took place in several steps (back-stepping) with some stillstands, generating another transgressive system tract in

the rı́a. From that time on, the relative sea level continued rising, depositing the most recent unit which represents the highstand

system tract. Separating the highstand system tract and the transgresive unit below there is a consensed section.

The analysis of 29 cores provides groundtruthing for our hypothesis. The identified main lithologic units show a

transgressive sequence: a granitic rock base, an overlying second unit-locally wedge shaped- and most recently, a marine

muddy unit covering the present rı́a seafloor.
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1. Introduction

The term brı́aQ has historically been considered as a

type of estuary, however, in many cases, only a minor

part is influenced by estuarine processes (Evans and

Prego, 2003; Vilas, 2000, 2002). The rı́as are efficient

catch-basins for sediments. Sequences generated in

the course of their sedimentary infilling contain evi-
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dence of the relative Holocene variations in sea level

and of the climatic changes which occurred during the

Pleistocene. Even though there are many published

papers concerning the Galician rı́as, relatively few

address their sedimentary infill (Acosta, 1984; Diz

et al., 2002; Garcı́a-Garcı́a et al., 2004; Garcı́a-Gil et

al., 1999, 2000; Hernández-Molina et al., 1994; Mar-

galef, 1956; Rey, 1993; Vilas, 2002).

In this paper we present a detailed study of the

sedimentary infill of a rı́a for the first time. High-

resolution seismic profiling systems have proved to be

a perfect tool for that purpose. Direct cores in the area

have provided the groundtruthing needed for our hy-

pothesis. We will discuss the seismic stratigraphic

record of this rı́a, and reconstruct the post-glacial

(18,000 yr BP to the present day) story of its infilling.
2. Study area: Rı́a de Vigo

The Rı́a de Vigo (Fig. 1a) is located on the passive

Atlantic margin of southwestern Galicia (NW Spain),

the rı́a coast known as Rı́as Baixas. The Rı́a de Vigo’s

physiography presents a distinctive funnel shape, with
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an areal extent of 176.4 km2. As shown on the geo-

logical map (Fig. 1b), it trends at nearly right angles to

the region’s Paleozoic basement structure which com-

prises Paleozoic metamorphic and granite rocks cut by

NE–SW, NW–SE and N–S trending faults. The entire

rı́a coast is possibly related to the post-Pyrenean

extensional phase, which occurred during both the

Oligocene and Miocene (Garcı́a-Gil et al., 1999).

Deformation during the Neogene along the southern

side of the Iberian Plate propagated along its western

margin and reactivated Paleozoic, Mesozoic and Pa-

leogene structures as far north as the Galicia margin

(Muñoz et al., 2003). Present-day seismic activity

suggests that reactivation of the older structures is

still taking place today.

The water depths within the rı́a range from 7 m in

its inner part, to 53 m at the outer (southwest) entrance

to the sea (Fig. 2a). Its north entrance is shallow, with

a maximum depth of 30 m, although the southern one

is somewhat deeper, 55 m. Transverse profiles show

the differences in relief across the rı́a seafloor (at two

entrances) (Fig. 2a).

The presence of a central channel is shown graph-

ically in the Digital Terrain Model reconstruction
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(Fig. 2b). From the main axis towards the coast, the

depth decreases until the outcrops of basement ap-

pear near the coastline. The seafloor in the NE part

has the most abrupt relief in the rı́a, whilst the

central part is wider and flatter.

The grain-size distribution on the present sea-

floor consists of mixed siliciclastic and skeletal

gravels in both the outer area and the edges of

the rı́a, whereas the central and inner parts of the

rı́a are dominated by clay and silt, which have an

organic matter content as high as 10% (Vilas et al.,

1995).
3. Methodology

A first seismic survey was performed during the

summer of 1991. A total of 640 km of seismic lines

were acquired aboard R/V bEl InvestigadorQ on a

rectangular grid with lines spaced 66 (N–S) – 550

(E–W) m apart (Fig. 3a). A second survey was

performed six years later, during the summer of

1997, aboard R/V bFrancisco de Paula NavarroQ.
A total of 67 km of seismic lines with a layout of

lines NW–SE and NE–SW were acquired (Fig. 3a).

Our seismic data were provided by a high-resolution

single channel reflection profiler (EG and G Uni-

boom Catamaran 230 Model) operating at 300

Joules and a high-resolution seismic 1036 model

ORE (3.5 kHz) sub-bottom profiler. For the conver-

sion to meters, the following average internal veloc-

ities were applied to calculate depths within the

study area: 1500 m/s for the sub-bottom profiler

records, and 1550 m/s for the Uniboom records.

Also, a side-scan sonar (Klein Model 595 operating

at 100 kHz on 3 channels with a 150 m scan on

each channel) and an Atlas Deso 20 echosounder

(33–210 kHz) were employed. For navigation and

position fixing, we used a Trimble 4000 RL Differ-

ential GPS station, combined with a transponder

unit.

Besides the bathymetric mapping of the area, a

digital model of the terrain has been created (Fig.

2b), using the Ibergis processing data (Muñoz et al.,

1997). In that processing IRAP-Cfloor (Smedvig,

Co.) was used to represent and map bathymetries.

Twenty nine continuous cores with an average

length of 9 m were provided by the Spanish Auto-
ridad Portuaria in the eastern coastal area (Fig. 3b).

A detailed study of the sedimentologic information

and the analysis of the correlated facies will give

some new information about the infilling sediments

in this area.
4. Results—seismic analysis of the Rı́a de Vigo

The seismic analysis comprises a detailed study of

reflection terminations and reflection configurations

which has been used for identification of seismic

units and their boundaries (Mitchum et al., 1977;

Vail et al., 1977; Posamentier et al., 1988; Vail et

al., 1991).

As shown in Fig. 4, several seismic units can be

distinguished on the Uniboom seismic records. After

a detailed seismic analysis, we have named – from

bottom to top – the identified discontinuities as: p,

L2, h2, L3 and h3. Therefore we have considered

seismic units U1 to U6 as the infill of this rı́a

(Fig. 4).

4.1. Acoustic basement (U1) and discontinuity p

From a chronostratigraphic standpoint, the first

detectable seismic discontinuity is bpQ (see Fig. 4).

This discontinuity is the top of the acoustic basement

or unit U1, which in places can pinch out the record,

but elsewhere cannot be distinguished clearly due to

the limited seismic system penetration (less than 100

m in the Uniboom EG and G system).

Taking into account the seismic analysis of unit U1

(see Fig. 4), two different types of facies can be

distinguished in the acoustic basement, both without

internal continuity (U1, U2; Fig. 5). Type 1 facies

shows abrupt topographies, and it has commonly

convex, hyperbolic outcropping facies, with chaotic

and discontinuous internal reflections (Fig. 5b). Type

2 facies has a smoother profile and a continuous and

reflective top (Fig. 5c). Also, it has sub horizontal

reflectors, locally continuous, with a smooth top, and

it passes laterally into type 1 facies. This change in

facies is always a faulted boundary.

A distribution map for the different types of

basement has been done (Fig. 5a) and completed

with the data from the nautical charts (Instituto

Hidrográfico de la Marina, 1996a,b; charts 416B
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and 924 respectively). Considering the 176.4 km2

entire surface area of the Rı́a de Vigo and excluding

from this the 40 km2 corresponding to the inner San

Simón Bay (Fig. 3a) where seismic profiles are not

available, acoustic basement type 1 in the 136.4 km2

surveyed area represent 35.2% of the whole area (48

km2) and type 2, which occupies 21 km2, represents

15.4%. This means that a total of 50.6% of the
surveyed rı́a (69 km2) shows some kind of basement.

The rest of the area has acoustic basement below the

depth to which the utilized system can penetrate. In

the southern neighbor coast, north of the river Miño

mouth (see Fig. 3a), type 1 basement outcrops on all

the seafloor.

This rı́a basement can crop out or be buried in the

sedimentary record. Basement outcrops occur princi-
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pally in the shallower areas of the Rı́a de Vigo,

continuing the outcrops onland, and in all the sur-

veyed area between the rı́a mouth and the Portuguese

coast to the south (Fig. 5). The buried basement

appears below the sedimentary infill and mainly in

the central parts of the rı́a (Fig. 5a).

The top of unit U1 is a very erosive and irregular

limit (Fig. 4). The mapping of this surface-taking as a

datum the present sea level-shows a sharp palaeorelief

in the rı́a (Fig. 6a), sometimes limited by the penetra-

tion of the Uniboom source. Its deepest parts are

located in the central axis, towards the south-western

area. Also, in the inner part, some relative highs and

lows can be distinguished.

4.2. Seismic unit U2 and discontinuity L2

Above palaeorelief (p) several seismic units have

been distinguished as forming the rı́a infill. The first

unit is seismic unit U2, interpreted as the first sed-

imentary unit, although it could sometimes be a

deposit of alteration of the basement (see Fig. 4).

The next stratigraphic event is the top of U2 (L2)

which corresponds to a very erosive and irregular

discontinuity.

Seismic unit 2 is apparently the first infill of the

area with a lower contact that is very erosive and

irregular (Fig. 4). Its internal reflectors onlap against

this basal surface (p) and/or against the faults that are

controlling the extent of that unit. It also shows ero-

sive truncation on its top, against surface L2. Internal-

ly, its reflectors sometimes show continuity and others

are transparent.

In the northern Rı́a de Pontevedra (see Fig. 1a),

Garcı́a-Gil et al. (1999) defined an old sequence, S1,

that could correlate to this first seismic deposit U2.

These authors describe that sequence as folded con-

tinuous reflectors, with an erosive truncation on its

top.

In Fig. 6b the isopach map of U2 is shown. This

first sedimentary unit only occurs in the central axis,

mainly filling the lowest areas of the rı́a. This unit

appears with two depocenters, one near Cı́es Islands,

and another elongate one in the inner part of the Rı́a

de Vigo. Both reach 30 ms (TWTT) deep. In between,

some thresholds occur, with little or no sediment. This

seismic unit appears also in front of Monteferro, in the

south coast, reaching a thickness of 6 ms (TWTT).
The sedimentary thickness of U2 diminishes signifi-

cantly with distance from the depocenters.

Comparing the isopach and isochron maps (Fig. 6a

and b), the two depocenters coincide with the deepest

palaeorelief (p).

4.3. Seismic unit U3 and discontinuity h2

Above seismic unit U2, or directly over the base-

ment, lies seismic unit U3, locally conformable with

the acoustic basement on the seismic records. Its

very erosive bottom, L2, corresponds to the top of

U2. In Fig. 7a the palaeorelief L2 is mapped. Its

deepest part coincides with the present main channel

of the rı́a.

Seismic unit U3 locally deposits over seismic unit

U2 or directly over the basement (Fig. 4). Its internal

reflectors are irregular, sometimes sub-parallel and

sometimes chaotic, without any lateral continuity.

Also, the reflectors onlap against basal surface L2

and/or against the basement towards the limits of the

sedimentary basin (see Fig. 4).

Generally, this unit is thin (see Fig. 7b) and it is

located in the central parts of the rı́a, on its main axis,

with a depocenter of 10 ms (TWTT) in front of Toralla

Island. The biggest depocenters though, appear in the

center-west of the rı́a and on the river Miño mouth,

with 22 ms (TWTT) (Fig. 7b, inset). Inside the rı́a, the

depocenter coincides with the lowest positions of the

surface L2 (see Fig. 7a and b).

Above seismic unit U3, seismic unit U4 occurs. Its

bottom h2 (top of the previous unit U3), and its top L3,

are quite both irregular (see Fig. 4). The isobath map

of h2 (Fig. 8a) shows it to be deeper than 60 m depths

in the external zone, near Monteferro. The irregular

and erosive top of seismic unit U4 appears enhanced

on the records.

4.4. Seismic unit U4 and discontinuity L3

Seismic unit U4 is more laterally continuous and

thicker than the previous one. Its main characteristic is

the presence of multiple palaeochannels, normally

with an asymmetric infill, with onlapping reflectors

against their erosive surface (Fig. 4). Internally sub-

parallel and irregular reflectors onlap against the struc-

tural highs of the basement. There is downlap against

the basal surface L2 associated with these highs.
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Unit U4 also shows ancient terrace levels and

slumps near structural highs. Its isopach map (Fig.

8b) shows a depocenter in the west-central area,

with 20 ms (TWTT). Towards the south, the unit

U4 is only present in front of the river Miño mouth,

with depths up to 4 ms (TWTT). This unit U4 is

more regionally represented than the previous one,

and appears practically over the whole rı́a area, but,

in general, is very thin. Its depocenter coincides

with the lowest locations of palaeorelief h2 (Fig.

8a and b).

The top of this seismic unit U4 (L3) constitutes the

base for seismic unit U5 (Fig. 4). Surface L3 is quite

irregular, although its profile is smoother that of L2.

The isobath mapping (Fig. 9a) shows its maximum

depths of �55 m in the central axis of the rı́a. The top

(h3) of unit U5 is sub-parallel (see Fig. 4), and it has a

smooth stratigraphic discontinuity surface.

4.5. Seismic unit U5 and discontinuity h3

The irregular base of U5 (see Fig. 4) shows

onlap in the center of the basin and towards its

limits. Its main characteristic is the occurrence of

internal reflectors with large lateral continuity. Inter-

nally, the reflectors are parallel, sub-parallel, or even

wavy.

U5 is a regionally extensive unit, and it only dis-

appears towards the rı́a edges. This unit is affected by

acoustic blankings and other types of inferred gas

presence (Garcı́a-Garcı́a et al., 1999, 2003b; Garcı́a-

Gil et al., 2002). Also, it contains some terrace levels,

slumpings and some progradational forms. These

forms have internal reflectors which downlap against

its base and onlap towards the edge.

The maximum depth of U5, up to 11 ms (TWTT),

is located in the southeastern part of Cı́es Islands

(Fig. 9b). Along the southern coast, the depocenter is

found in front of the river Miño mouth, with 4 ms

(TWTT) as shown in Fig. 9b. This depocenter coin-

cides spatially with a zone of maximum depth for

palaeorelief L3 (see Fig. 9a and b).

The limit between units U5 and U6 (h3) is a sub-

horizontal surface. This limit, the base of unit U6,
Fig. 9. a) Paleoisobaths of the erosive surface L3, with isolines each m, and

(ms, TWTT) and location of seismic unit U5. Isolines each 2 ms, and w
shows its deepest depths in the external zone (Fig.

10a), with more than�55 m of depth.

4.6. Seismic unit U6

The base of seismic unit U6 onlaps towards the

edges of the rı́a or relative highs (Fig. 4). Its top,

which is practically sub horizontal, conforms to the

present sea floor in the rı́a. Internally, the reflectors

of U6 are parallel, horizontal to sub-horizontal.

The depocenter for seismic unit U6 is about 23

ms (TWTT) in the southeastern part of Cı́es Islands

(see Fig. 10b), and in the southern coast, the depo-

center is about 4 ms (TWTT).

Being the most recent and expansive unit, it is

also the more continuous one (Fig. 10b). It also

creates the seal-unit for the acoustic blankings that

occur in the rı́a (Garcı́a-Garcı́a et al., 1999, 2003b;

Garcı́a-Gil et al., 2002).

The most prominent prograding forms are localized

within this unit (see Fig. 11). The mapping of those

forms, as shown in Fig. 11a, illustrates that these forms

mainly prograde towards the basin, within depths of

10–30 m, and downlap against the basal surface h3
(Fig. 11b and c). Hernández-Molina et al. (2000)

studied a progradational sedimentary body, the infra-

littoral prograding wedge (IPW), that developed from

the mean fair-weather wave-base level to the storm

wave-base level between the onshore (beach) and the

offshore (inner continental shelf) depositional zones

along the Spanish coast during the Late Holocene. The

main sedimentary body is composed of large inclined

master beds which prograde seawards parallel to the

shoreline. The inclined beds downlap onto finer-

grained offshore sediments and, in turn, are overlain

by shoreface deposits. The prograding sedimentary

forms shown in Fig. 11b and c resemble the IPW

body. More specific work would be needed in order

to prove that these forms are IPW bodies.

More information about the recent processes in this

rı́a has been presented by Garcı́a-Garcı́a et al. (2004)

where a detailed study of high-resolution (3.5 kHz)

sub-bottom profiles reveals the presence of 17 differ-

ent types of echo character (acoustic facies). By cor-
enhanced isobaths �15, �30, �45 and �60 m; b) contour mapping

ith solid line, 10 and 20 ms. Note the depocenter (11 ms, TWTT).



510000 515000 520000 525000
4660000

4665000

4670000

4675000

4680000

4685000

0 ms (TWTT)

1 ms (TWTT)

2 ms (TWTT)

3 ms (TWTT)

4 ms (TWTT)

5 ms (TWTT)

6 ms (TWTT)

7 ms (TWTT)

8 ms (TWTT)

9 ms (TWTT)

10 ms (TWTT)

11 ms (TWTT)

510000 515000 520000 525000
4660000

4665000

4670000

4675000

4680000

a

Vigo

5 km

b

5 km
510000 515000 520000 525000 530000 535000

4630000

4640000

4650000

4660000

4670000

4680000

4690000

Cíes Is.

Monteferro

Toralla

Vigo

Cíes Is.

Monteferro

Toralla

riv
er

Min~ o

A. Garcı́a-Garcı́a et al. / Marine Geology 220 (2005) 153–179 165



510000 515000 520000 525000
4660000

4665000

4670000

4675000

4680000

4685000

2 ms (TWTT)

4 ms (TWTT)

6 ms (TWTT)

8 ms (TWTT)

10 ms (TWTT)

12 ms (TWTT)

14 ms (TWTT)

16 ms (TWTT)

18 ms (TWTT)

20 ms (TWTT)

22 ms (TWTT)

510000 515000 520000 525000
4660000

4665000

4670000

4675000

4680000
a

Vigo

5 km

b

5 km
510000 515000 520000 525000 530000 535000

4630000

4640000

4650000

4660000

4670000

4680000

4690000

es Is.

Monteferro

Toralla

Vigo

es Is.

Monteferro

Toralla

riv
er

Min~ o

A. Garcı́a-Garcı́a et al. / Marine Geology 220 (2005) 153–179166



A. Garcı́a-Garcı́a et al. / Marine Geology 220 (2005) 153–179 167
relating the echo-character with surface sediments, the

authors were able to infer the recent sediment dynam-

ics in the rı́a seafloor, 60.5% being related to modern

depositional processes. In the outer area, where wave

activity is strong, erosive and high-energy deposition-

al processes dominate, whereas in the protected area

of the inner rı́a the majority of recent processes are

low-energy depositional, progradational and/or a com-

bination of both.

A compilation for the different seismic character-

istics for the rı́aT seismic units is shown in Table 1.
5. Discussion

5.1. Sedimentological data

The study of the cores of the eastern coast (see Fig.

3b) and the seismic analysis allows us to correlate the

sedimentological data to the seismic data (Fig. 12).

The identified facies in the cores have been analyzed

in detail and three main lithologic units have been

distinguished. From bottom to top: Lithologic Unit 1,

which is the granitic basement. It is the base of almost

all cores in the Guixar area. The granite is frequently

weathered.

Lithologic Unit 2 is mainly composed of siliciclas-

tic facies (silty muds with sand, silty gravels, coarse

sand). It has a variable thickness, with a maximum of

3 m in the area. It pinches out laterally in N–S

direction and E–W. It only occurs locally in the central

part of the survey area, with a clear wedged-shape.

Lithologic Unit 3 has mixed facies (carbonates and

siliciclastics) composed by a lower bioclastic sand

member and an upper member of muds with some

bioclasts. It is an expansive unit above the previous

one, with a thickness that varies between 3.2 m max-

imum and 0.8 m minimum.

After the detailed analysis of each core, multiple

sedimentary correlations were done to ascertain the

shape of those sedimentary layers (Fig. 12a). In par-

ticular, a specific analysis was done for the lithologic

Unit 2. Its wedged-shape was confirmed in the area

with 3 m of maximum depth (Garcı́a-Garcı́a et al.,
Fig. 10. a) Paleoisobaths of the erosive surface h3, with isolines each m, an

(ms, TWTT) and location of seismic unit U6 (b). Isolines each 2 ms, and
2003a). The main source for those coarse sediments

would come from inland just in front of that sedimen-

tary body.

Our findings corroborate the study of a 10 m-core

in that same area (core d3T) and some others nearby

(cores dJ3T and dJ2T) done by Margalef (1956, 1959).

In particular, the author finds a similar sequence in

all the core sites. This information has been, in turn,

correlated with our seismic profile data (Fig. 13).

After identifying the sedimentary data (cores) with

the seismic information-Uniboom and sub-bottom

profiler lines-(see Fig. 12b), three different lithoseis-

mic facies can be distinguished. The first one, on the

bottom, would be the basement (granite). The facies

association analysis of unit 2 as well as its wedge-

shaped geometry point out that this sedimentary body

corresponds to siliciclastic sediments of an aluvial fan

with its source somewhere on the eastern inland. The

third one (mainly bioclasts and muds) would corre-

spond to the marine sediments of the lithologic unit 3.

This most recent unit has been identified in all the

coring sites. It corresponds to the muddy sediments

that cover the present rı́a seafloor, with an average

thickness of 2 m in the area. Its facies association

indicates a marine environment with two different

types of facies (seismic units U6 and U5).

The analysis of the available cores gives new

information about the type of sediments within the

rı́a deep infilling and also, about the depositional

environment. It also shows the correlation between

the sedimentological and the seismic data. The iden-

tification of three lithologic units indicate: the base as

granitic rock, an overlying second unit, locally

wedged-shape, composed of siliciclastic facies and

finally, a marine muddy unit covering the rı́a seafloor,

showing a clear transgressive sequence.

5.2. Available datations and environmental

framework

There are two main available sources of informa-

tion about 14C ages in the area. Margalef (1956) found

fluvial sediments of at least 37000 yr BP (sea Fig.

13b). The vibrocore datation in the central part of the
d enhanced isobaths �15, �30, �45 and �60 m. Contour mapping

with solid line, 10 and 20 ms. Note the depocenter (22 ms, TWTT).
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Table 1

Seismic facies, seismic characteristics and description of seismic units in Rı́a de Vigo

Seismic units Seismic facies Location Thickness
-Average/Max.-
(ms, TWTT)

Estimated
volume
(m3) (*)

Areal
extension
(m2) (*)

Onlap Over outcropping basement.
Depressions infills 

Top of seismic unitErosive truncationUnit U2 2.1/30 2.3x10 8 8.4x10 7

Onlap. Aggrading 
configuration

Against faulted basement.
Channels infills 

Erosive   truncation.
Channels  infilling/ incision

Top of seismic unitUnit U3 1.3/10 2.3x10 8 7.1x10 7

Downlap.
Prograding  configuration

Onlap. Agradding 
configuration

Erosive   truncation.
Channels  infilling/ incision

Top of seismic unit

Over outcropping basement.
Channels infills 

Sedimentation basin border

Unit U4 2.7/20 2.3x10 8 1.7x10 8

Erosive  truncation Top  of unit 

Central rıaBasal concordance 

Chaotic. Collapse structures 
and acoustic blanking

Shallow   rıa

Onlap Over outcropping basement.
Depression infills 

Downlap. Prograding
configuration. Back-stepping

Basin border

Unit U5 3.6/15 2.3x10 8 2.2x10 8

Onlap

Downlap.
Prograding  configuration

Acoustic blanking. chaotic

Sub-parallel reflectors.
Agradding  configuration

Over outcropping basement.
Basin borders

Relative highs.
Bottom of sedimentary forms

Most of rıa (axis) 

Central rıaUnit U6 6.4/22 2.9x10 9 3.1x10 9´

´

´

´

(*) Areal and volume estimations made with Surfer 6.0 software.
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rı́a (Diz et al., 2001) gives two datations for the

seismic unit U6 (Fig. 13c). The authors dated the

bottom of 3 m long vibrocore VIR18 with a 2917

cal yr. BP.

The basement in the region of the Rı́as Baixas is

composed of metamorphic Paleozoic rocks and gran-
ite rocks, affected by faults with northeast–southwest

trends (IGME, 1981, 1987). The lineation and sym-

metry of the rı́asT boundaries with respect to these

directions suggests that the rı́as were formed partly

through erosion along those faults. Garcı́a-Gil et al.

(1999) propose that the present morphology of the rı́as
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is due to a combination of faults that slowly uplift/

subside blocks towards the W-SWand N-NE (Pazos et

al., 1994). This tectonic scheme is similar to the one

proposed by Boillot and Malod (1988) for the Gali-

cian margin during its rifting stage in the Mesozoic.

The available datations do not allow for establishment

the rı́as’ age of formation, but the inferred age of their

sedimentary infill suggests that they are relatively

young, probably from the Miocene or even younger.

Nevertheless, what it is more probable, is that the

rı́as are the product of the tectonic activity associated

with the Alpin orogene. This activity propagated

along the eastern margin of the Iberian Peninsula,

and it reactivated Palaeozoic faults and deformed the

Mesozoic–Cenozoic sedimentary cover in Portugal

and the Portuguese margin (Cabral and Ribeiro,

1993; Rodrı́gues et al., 1992, 1995). It was also

responsible for the faulting, uplifting and generation

of erosive surfaces in the Galicia margin (Lamboy and

Dupeuble, 1975). Pannekoek (1970a,b) suggested the

following scheme of a rı́a development: (1) during the

Miocene the rı́as were eroded along preexistent faults;

(2) new erosion of the rı́a during the tectonic period of

the Pontiense, and (3) third erosive episode during the

Inferior Pleistocene in which the rı́as got their actual

morphology.

Garcı́a-Gil et al. (1999) propose a fluvial origin for

sequence S1 in Rı́a de Pontevedra, north of Rı́a de

Vigo (Fig. 1a) and also, they propose that sequence S1

could have been deposited during the Riss and/or

Würm glaciations as a result of the fluvial erosion

due to the drop in sea level. They also indicate that its

top was built due to the erosion during the last glacial

maximum, 18 ky BP. If that is true, and continuing

that surface with the seismic records in this rı́a, that

would imply that the sequence boundary L2 corre-

sponds to the last glacial maximum (Würm). This

sequence S1 in Rı́a de Pontevedra corresponds to

seismic unit U2 in the study area.

5.3. Reconstruction of the last 20 ky infilling

Considering the background data and taking into

account the conceptual considerations of the strati-

graphic models established by Vail et al. (1977),

Mitchum et al. (1977), Posamentier et al. (1988),

Vail et al. (1991) and Haq (1991) for siliciclastic

systems, we provide a sequence analysis for the Rı́a
de Vigo. We have also taken into account the envi-

ronmental changes since 20 ky BP in the NE Atlantic

(Ruddiman and McIntyre, 1981; Shackleton, 1987);

that is, the polar front movements in the NE Atlantic

in the last 20 ky (Ruddiman and McIntyre, 1981) and

the oxygen isotope curve by Shackleton (1987). Thus

we can also propose a correlation between the discon-

tinuity boundaries and some of the climatic events.

The oldest sequence boundary identified on the

records is the erosive and locally discordant surface

L2 (Fig. 4). It is a prominent palaeorelief developed

over older sedimentary units and/or basement. This

surface is characterized by the presence of channel

incisions, which indicate an important relative drop

of the sea level as well as a refreshment of the fluvial

drainage and migration of facies and coast onlaps

towards the basin. Therefore, surface L2 is interpreted

as a sequence boundary Type 1, which is developed

over the top of the oldest sequence S1, whose bottom is

not visible. The seismic sequence S2, developed over

the boundary sequence L2, is therefore a seismic se-

quence of Type 1. In the last glacial isotopic stage (2)

18 ky BP ago, a relative drop of �120 m in the global

sea level is calculated (Berger et al., 1996). That

relative drop of the sea level would be indicated in

the rı́a by surface L2. Fig. 14 shows a reconstruction of

the rı́a area as it woud have been 18 ky ago, and also, a

3D reconstruction of the Würm surface is shown. As

can be seen, by that time the rı́a was completely

emerged, with a very erosive profile in the main chan-

nel, with the palaeocoastline was placed on the west.

Therefore, the Rı́a de Vigo infill is composed by a

fifth order sequence (20000 yrs). That denomination

(Einsele, 1982) was also employed by other authors in

a shallow environment (Lericolais et al., 2001). Below

that surface L2 there is another sequence S1, composed

by seismic unit U2 in the rı́a. That sequence would be

older than 20 ky and in the rı́a it is only visible locally

and with a very erosive bottom, surface p.

Considering all the sedimentary infill in the rı́a, the

map of total sedimentary thickness shows a depocen-

ter of 57 ms (TWTT) located in the central part, as

most of the individual seismic units (see Figs. 6–10)

where the lowest basement is placed, and it is where

the maximum infilling of the rı́a occurred.

This infilling sequence, composed of seismic units

U3–U6, constitutes a transgressive sequence of three

units (U3–U5) and one seismic unit U6 with typical
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characteristics of sedimentation in conditions of a

relative marine highstand (Fig. 15a). A chronostrati-

graphic model for the rı́a is proposed (Fig. 15b). We

propose that surface L3 is related to the Younger

Dryas event in the rı́a, and therefore, that seismic

units U5 and U6 would be Holocene, and U3 and

U4 would be Late Pleistocene.
b

HOLOCENE

LATE
PLEISTOCENE

LATE PLEISTOCENE

OUTER RÍA

G
E

O
L

O
G

IC
A

L
 T

IM
E

DISTANCE

HST

TST3

TST2
U3

DLS

U2

U1

U2
TSL2

L3

a

Acoustic
blanking

h2

200 m

S1

U5

U3

L3
U6

U1

h3

U4

U2

U1

TST2

Ba

L2

W

Fig. 15. a) Interpretation of the system tracks forming the fifth order sequen

stratigraphic sedimentation model proposed for the Rı́a de Vigo. dDLST
transgressive surface.
The surface that separate units U3 and U4 is a

discontinuity of less importance (h2) over which

local downlaps and onlaps appear. This surface is

interpreted to have originated in a period of stillstand

during the relative sea level transgression, and it is a

transgressive surface (see Fig. 15b). The presence of
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the basin border and downlap towards the inner part

of it, indicate that unit U4 corresponds to sedimenta-

tion in a context of relative sea level rise, with a

progressive lowering in that rise, that would cause

the beginning of the progradation of sedimentary

bodies in shallow waters.

The top of unit U4 is a surface with erosive trun-

cation (L3), with smooth palaeorelief and local chan-

nel incisions, restricted only in the basin border. Over

this boundary L3 there are basal terminations as onlap

in unit U5, indicating a new relative sea level rise in

the area. The presence of sub-horizontal reflectors,

aggrading, with back-stepping indicate that this rise

occurred in several steps, with small stillstands.

Therefore, seismic unit U5 is interpreted as a TST,

where the shallow marine facies belts move only as

the transgression progresses. The marine flooding

surface is located on the top of U5. This marine

flooding surface is where the gas accumulations in

the rı́a find an efficient seal suggesting that the origin

of the gas is biogenic (mainly methane) from the

bacterial degradation of the organic matter from the

units of the TST and/or the HST.

The top of seismic unit U5 is marked by a new

hiatus and non-erosive surface (h3), a condensed sec-

tion that coincides with the downlap surface, which

the oblique-prograding reflectors of unit U6 finish

against. Taking into account the seismic characteris-

tics already pointed out, the unit U6 is interpreted as

the HST3.

In some cases the prograding sedimentary forms of

this unit (see Fig. 11b and c) resemble the IPW body

studied by Hernández-Molina et al. (2000) along the

Spanish coast during the Late Holocene. The authors

show the main sedimentary body as composed by large

inclined master beds which prograde seawards parallel

to the shoreline, formed by sediments swept offshore

by waves from shallow-water littoral environments.

The inclined beds downlap onto finer-grained offshore

sediments and, in turn, are overlain by shoreface

deposits. More specific work would be needed in

order to prove that these forms are IPW bodies.

Numerous authors suggest that 10–11 ky BP reg-

istered as dalmost glacialT conditions, that is the Youn-
ger Dryas Event. In that period sea-level dropped and/

or stabilized at approximately �55 and �60 m to the

actual sea level (Pirazzoli, 1996; Rodrı́gues et al.,

1991). The limit boundary L3 could have been gen-
erated during the cold event with relative low of sea

level, producing the partial erosion of former units U3

and U4. The analysis of the seismic records allowed

us to estimate that sea level at L3 was at ~ �45 m

below present level. This suggests that the inner

zones, at less than 45m, would have suffered subaerial

exposure. Those erosion products would accumulate

principally on land in the adjacent coast. A new

relative rise of the sea level would occur in several

steps, with the consequents stillstands, generating an-

other TST. From that moment on, relative sea level

keeps on rising until its present position, where the

(HST) deposits accumulate. Margalef (1956) indicates

a relative sea level of �24 m for the rı́a 8000 yrs ago.

In Fig. 16a a reconstruction for that time is presented,

using all the available datations close to our survey

area and northern Iberian Peninsula (Dias, 1987; Diz,

1998; Magalhaes, 2000; Margalef, 1956; Pazos et al.,

1994; Rodrigues et al., 2000). With all this informa-

tion a relative sea level curve for the Rı́a de Vigo is

proposed (Fig. 16b).

These new findings about the Holocene infill of a

rı́a can be compared to other shallow environments

worldwide. The rı́a basement (unit U1) with two

different types of facies (type 1 with abrupt topogra-

phies and type 2 with a smoother profile; see Fig. 5)

can also be found in Malaysia (Kudras and Schüler,

1994). These authors confirm the granitic nature of

type 1 facies and metamorphic of type 2 facies, both

also found also onland and separated by faults.

This rı́a infill is comparable with the incised

valley on the shelf of the Bay of Biscay (Lericolais

et al., 2001). The authors state that a single fifth-

order cycle sequence is infilling the French valley

coast. This sequence contains three system tracts

(LST, TST, HST). In the Vigo rı́a case, the LST

record is boundary L2, and the transgressive period

left three different units (U3, U4 and U5), below the

only highstand unit U6.

Some similar Quaternary units have also been

found in the Adriatic Sea (Ferretti et al., 1986) with

asymmetric channel infills within the sediments sim-

ilar to the ones found in this study. A study in the

Norwegian fjords (Aarseth, 1997) states that five units

form the 400–500 m of sedimentary infill, a much

thicker pattern than the one found in the rı́as, where

the maximum visible thickness is around 60 m. In the

Korea Strait (Lee et al., 2005) the Holocene sediments
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are muds of up to 30 m thick that are deposited in a

complex pattern.
6. Conclusions

In the Rı́a de Vigo seven seismic units have been

identified: U1, corresponding to the basement, with

the remainder, U2 to U6, constituting the sedimentary

infill in the rı́a. These sedimentary units indicate a

progressive enlargement of the sedimentary basin.

The most recent unit U6 is the seal for the gas

which is accumulating below. The identification of

three erosive surfaces (p, L2, L3) give two main

sedimentary sequences (S1, S2) for the infill of the

rı́a. Sequence S2 represents the 18–20 ky infill. In

addition, 2 hiatus surfaces have been identified (h2,

h3). A tentative relative sea level curve for the last 18–

20 ky in the Rı́a de Vigo is also presented.

The L2 surface was eroded in the Last Glacial

Maximum, 20 ky BP. The L3 surface is correlated to

the Younger Dryas cold event, 11–10 ky BP, indicating

a drop in the relative sea level. Sequence S1 would

correspond to the Late Pleistocene (aprox. 37 ky).

Seismic units U3 and U4 represent 2 pulses in the

transgressive trend, between 20–11 ky. Seismic units

U5 and U6 would correspond to the TST and HST,

respectively, in the Holocene. The sedimentary infill of

this ria is also compared to other similar areas world-

wide. Finally, a seismic-sequence stratigraphic model

is proposed, in relation to the relative variations of the

sea level during the last 18–20 ky for the Rı́a de Vigo.
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Instituto Hidrográfico de la Marina, 1996b. Carta Náutica 924. Rı́a y
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