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Abstract

The low-field magnetic susceptibility (v) of surficial sediments from the Ria de Pontevedra (NW Spain) shows a

characteristic, hydrodynamically driven textural control, where diamagnetic sandy bioclastic carbonates occur toward the

coastline, leaving the finer muddy sediments to be deposited in the central and deeper areas of the ria. Three gravity cores

were collected from the inner (core 1), middle (core 2) and outer (core 3) zones of the clayey-rich central axis of the ria,

from which the magnetic properties, geochemical characteristics and hydrodynamic regime of the uppermost 90 cm of the

sediment record were reconstructed. v profiles have a distinctive pattern that is controlled by depth. Isothermal remanent

magnetization (IRM) acquisition curves facilitated the identification of three well-defined zones with depth, depending on

their degree of magnetic saturation, and thus of their dominant magnetic behaviour: magnetite-like, goethite-like and

greigite-like. This zonation is interpreted as the result of mineralogical changes during early diagenesis. The relative depths

of each zone are mostly dependent on distance to the open sea, with the magnetite-like zones being thicker in the

outermost part of the ria. Toward the inner part of the ria, the three zones become shallower and thinner. In the innermost

areas, only greigite-like coercivities are observed. Good correlation between magnetic and geochemical parameters such as

v vs. 2Fe/S, or Hcr vs. C/S, demonstrates that magnetic property variations with depth are diagenetically controlled, and

that these parameters can be used as magnetic proxies for early diagenesis. Similar significant positive correlations were

found between v of the clay fraction and modelled wave heights, and between other magnetic and hydrodynamic

parameters, providing magnetic evidence of cryptic wave climate forcing of the diagenetic pathway. The combined analysis

of the magnetic, geochemical and hydrodynamic data ultimately indicates that the sediment distribution and subsequent

diagenetic pathway in this type of transitional environment mostly depend on the local distribution of wave energy and

water depth, rather than on estuarine-like circulation processes.

D 2004 Elsevier B.V. All rights reserved.

Keywords: subtidal sediments; magnetic properties; early diagenesis; hydrodynamic forcing; geochemistry; Galician rias
0025-3227/$ - s

doi:10.1016/j.m

* Correspondi

E-mail addr
(2005) 215–236
ee front matter D 2004 Elsevier B.V. All rights reserved.

argeo.2004.12.001

ng author. Tel.: +34 986 812 004; fax: +34 986 812 556.

ess: danirey@uvigo.es (D. Rey).



D. Rey et al. / Marine Geology 215 (2005) 215–236216
1. Introduction

Measurement of the magnetic properties of marine

sediments has long been established as a useful tool for

the study of diagenetic changes in marine environ-

ments. The importance of these studies relies on their

capability to identify the extent to which diagenetically

driven changes in the magnetic mineralogy may

hamper the interpretation of palaeomagnetic and rock

magnetic data (Thompson and Oldfield, 1986; Verosub

and Roberts, 1995; Dekkers, 1997; Evans and Heller,

2004). Magnetic properties also hold valuable infor-

mation of their own. The post-depositional evolution of

most marine sediments depends upon their organic

matter content, sedimentation rate, bottom water oxy-

genation and degree of mixing in the upper sediment

layer (Karlin, 1985, 1987; Canfield and Berner, 1987;

Leslie et al., 1990; Robinson, 2000; Robinson and

Sahota, 2000; Larrasoaña et al., 2003). These sediment

features will ultimately determine whether or not

suboxic conditions become established in the sediment,

during which the continuous process of bacterially

mediated organic matter remineralization results in
Fig. 1. Sediment distribution along the Ria de Pontevedra (modified after V

cores studied (1, 2 and 3).
transformation and dissolution of magnetic iron oxides

(Karlin and Levi, 1983; Karlin, 1990; Bloemendal et

al., 1992; Dekkers, 1997; Passier et al., 1998;

Frederichs et al., 1999; Roberts et al., 1999; Robinson

et al., 2000; Yamazaki et al., 2003; Liu et al., 2004;

Funk et al., 2004; Emiroglu et al., 2004).

Transitional coastal environments in areas of

seasonal upwelling, like the Galician Rias Baixas on

the NW coast of Spain, typically have very high rates

of sedimentation (1–3 mm yr�1) and organic matter

supply (Rubio et al., 2001), thus intense diagenesis

occurs during early burial under conditions ranging

from oxic to suboxic–sulphidic (after Berner, 1981).

In contrast with more widely studied continental shelf

and deep marine environments where diagenesis is

mostly controlled by diffusion of oxygen from oxic

bottom waters into the sediment (Jago and Jones,

2002; Scourse and Austin, 2002; Jouanneau et al.,

2002), the diagenetic pathway in ria environments

mostly depends on the local water depth, distribution

of wave energy along the shore area and subsequent

sediment texture distribution, and on the degree and

frequency of seabed remobilization. Given similar
ilas et al., 1996; Rubio et al., 2001). Locations are also shown for the
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sedimentation rates and organic matter supply, the

major coastal factors that control the geochemical

evolution of the sediments are wave climate, coastal

morphology and water depth.

Transitional environments like the Ria de Ponteve-

dra on the northwest Atlantic coast of Spain (Fig. 1)

provide an exceptionally good opportunity to study

sediment diagenesis under a wide range of geo-

chemical conditions, and to test whether the diagenetic

signals can be disentangled from inhomogeneities in

the source material. The present study aims to explain

the effects of these processes on the magnetic proper-

ties of the ria sediments and how these hold unique

information regarding the post-depositional evolution

of coastal sediments. This paper will also explore how

magnetic properties help to reveal encrypted forcing

mechanisms such as water depth and wave climate,

and thus to clarify their role in this type of sedimentary

environment.
2. Study area

The Ria de Pontevedra is a funnel-shaped, deep

embayment on the southern part of the Galician coast
Fig. 2. Magnetic susceptibility (v) of the surficial seabed sediments of the

indicate core positions. The dashed line indicates the trace of the section
of northwestern Spain (Fig. 1). It is about 30 km long,

and has a maximum width of 12 km at its mouth. Its

sedimentary dynamics bear some similarities to wave-

dominated estuaries, but with less fresh continental

water input, and higher primary productivity due to

seasonal upwelling (Prego et al., 2001). Average

sedimentation rates are about 1 mm yr�1 (Rubio et

al., 2001). Wave conditions exert an important control

on sediment distribution (Vilas et al., in press). Fine-

grained and organic-rich sediments accumulate in

low-energy areas along the deep central axis, and in

protected areas toward the inner part. In contrast,

coarse bioclastic, carbonate-rich sediments occur on

its margins and on the outer part, where the wave

energy is stronger. The waves affect the seabed

sediment by periodically remobilizing and oxygen-

ating the top sediment, buffering sulphate reduction

and contributing to the formation of authigenic iron

oxides by reaction of dissolved iron diffusing upward

from anoxic layers below (Rubio et al., 2001). This

also appears to contribute to the gradual depletion of

organic matter in the fine sediments observed toward

the outer areas of the ria mouth.

Preliminary studies in the area (López-Rodrı́guez

et al., 2000; Rey et al., 2000; Mohamed et al., 2001)
Ria de Pontevedra. Crosses indicate sample locations. White crosses

studied along the central axis of the ria.
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pointed out that the surficial sediment distribution of

low-field magnetic susceptibility (Fig. 2) can mostly

be explained by this textural and hydrodynamic

interplay. The increase in diamagnetic carbonate

content toward the ria margins, where the coarse

material accumulates, results in generally low sus-

ceptibility values. The highest values of susceptibil-

ity appear along the central axis, where the clay

content is high and where carbonate bioclasts are

scarce; and toward the outer part of the ria, where

oxygenating conditions dominate and favour authi-

genic formation of Fe oxide and oxyhydroxide.

Magnetic susceptibility gradually decreases toward

the inner part of the central axis because organic

matter decomposition causes reducing conditions.

This anoxic/sulphidic environment drives the dis-

solution of the magnetic oxides and oxyhydroxides

that dominate the susceptibility signal in the outer

part of the ria.
3. Material and methods

Three gravity cores (between 60 and 90 cm in

length) were taken from the inner (core 1), middle

(core 2) and outer (core 3) parts of the Ria de

Pontevedra along its longitudinal axis (Fig. 1). Each

core was sampled at 3 cm intervals using plastic

cylinders of approximately 5 cm3 volume. The

remainder of the sediment was saved for textural

and geochemical analyses. A further 18 samples were

collected from the upper 15–20 cm of the seabed with

a shipeck grabber. Part of each sample was saved and

stored in 11 cm3 plastic cylinders after they were

open-air-dried. The remainder of the sample was wet-

sieved and the b64 Am fraction was retained for

separate measurements following a similar procedure.

These grab samples were taken along the central axis

of the Ria de Pontevedra in order to complete a full

transect and to support the geographical validity of the

core data.

Several textural and geochemical properties were

measured (grain size, total organic carbon [TOC]

content, and CaCO3 content, all using standard

procedures (Guitián and Carballás, 1976). Elemental

analysis was performed by X-ray fluorescence

(XRF). Mn speciation was determined by the method

of Ure et al. (1993), using acetic acid for exchange-
able/carbonate fraction, hydroxylammonium chloride

acidified with nitric acid for the oxide/oxyhydroxide

fraction and hydrogen peroxide plus ammonium

acetate for the organic and sulphidic fraction.

Mineralogy was analysed by X-ray diffraction

(XRD), and selected samples were also examined

by scanning electron microscopy (SEM). A detailed

account of the sedimentological and geochemical

results from these cores is beyond the scope of this

paper, but these data have been presented elsewhere

by Rubio et al. (2001). These authors suggested

some basic relationships between magnetic suscept-

ibility and key geochemical indicators, which

prompted us to pursue further this line of research,

by making a more complete set of susceptibility

measurements, and establishing the remanence prop-

erties of these cores. Their results are used for

comparison and are referred to in the discussion of

the presented data when necessary.

Magnetic measurements were made of the core

samples in plastic cylinders after they were air-dried,

and the results expressed on a dry-weight base. Low-

field magnetic susceptibility (v), the coercitivity of

remanence (Hcr), and S ratios, S�0.1 T=�IRM�0.1 T/

IRM3 T and S�0.3 T=�IRM�0.3 T/IRM3 T, were

calculated for each sample. v was measured in a

Kappabridge, KLY-2 magnetic susceptibility meter

and is expressed in mass-specific units (m3 kg�1).

Frequency dependence of susceptibility (vfd) was

calculated as the percentage of measured values at

frequencies of 0.74 and 7.40 kHz obtained using a

Bartington Instruments MS2B sensor. Isothermal

remanent magnetizations (IRMs) were imparted step-

wise in a MMPM9 pulse magnetizer in fields up to 3

T. Magnetic remanence was measured using an

AGICO JR-5A spinner magnetometer. Anhysteretic

remanent magnetizations (ARMs) were measured in a

2G Enterprises cryogenic magnetometer to obtain

vARM and ARM100/IRM100 parameters.

Wave propagation modelling was computer-simu-

lated using the REFDIF Software (GIOC, 1995),

which is based on Kirby and Dalrymple (1983,

1985). This tool assumes a refraction–diffraction

model that is weakly non-linear, where the wave

equation is solved using a third-order Stokes

development. This model considers wave shoaling

and energy dissipation processes as important

elements of wave transformation in shallow water.



Table 1

Bottom shear stresses (so=Oqfwv
2) computed from the wave propagation numerical model REFDIF (GIOC, 1995)

s t=threshold value for initiation of motion at the studied core sites. so=values calculated for studied cases for the significant wave height (Ho)

and peak period (Tp) at deep water. Shaded cells indicate seabed remobilization (soNs t). Shaded areas indicate that the threshold conditions are

exceeded.
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This type of model is capable of estimating height

and direction in an area with irregular bathymetry,

and in the presence of obstacles, where diffraction

is considerable. The limitation of these models is

that they do not take into account wave reflection,
Fig. 3. Numerical simulation of wave propagation showing the wave energ

direction (NW) and different wave conditions at deep water: (a) Ho=2.5 m,

Tp=18 s. Ho=significant wave height at deep water and Tp=peak period.
which is considered irrelevant to this study. The

initial parameters for the propagation model were

characterized using the Spanish Port Authority

oceanographic database (Ministry of Public Works)

that included information from both the Spanish
y distribution in the Ria de Pontevedra for the most frequent incident

Tp=14 s; (b) Ho=3 m, Tp=10.5 s; (c) Ho=4 m, Tp=12 s; (d) Ho=6 m,
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Grid of Measurement and Record of Waves

(REMRO) buoys, and the predictive model of wave

generation. On the Galician coast, the most frequent

wave direction was NW, with average probability of

recurrence of 0.46 (168 days yr�1). The simulations

were based on a wide range of significant wave

heights and peak periods (Table 1; Fig. 3) from the

NW, comprising a total probability of around 0.4

(146 days yr�1).
Table 2

Entrainment conditions for the uppermost sediment of the three

cores for case 2

Core D50

(mm)

s t dp

(m)

H

(m)

so

1 0.01720 0.1698 22 1.05 2.937

2 0.01525 0.1699 35 0.66 0.773

3 0.01340 0.1707 47 1.16 1.069

D50=median grain size calculated from the upper 20 cm of each

core. s t=threshold shear stress necessary to initiate sedimen

movement (Shields, 1936). dp=water depth. H=significant wave

height in each core location for case 2. so=shear stress reached at the
core locations for case 2 (Jonsson, 1966).
4. Results

4.1. Wave energy

Examples of wave propagation in the Ria de

Pontevedra considering different wave heights and

peak periods from the NW and a mean tide level

are shown in Fig. 3. Arrows indicate wave

direction (orientation) and intensity (length). This

type of model estimates the wave height from a

predefined bathymetric grid. The model results

facilitate computation of the wave propagation

coefficient (Kp) in the ria interior, which is defined

as the ratio between the significant wave height in

deep water (Ho), and the significant wave height at

a given point (H). The cases studied are given in

Table 1.

These results show that the wave distribution

pattern in the Ria de Pontevedra is constrained by

the presence of the islands of Ons and Onza, which

define two entrances at the northern and southern

ends of the ria mouth (Fig. 1). The general pattern

of wave action shows that the maximum wave

energy is concentrated in the outermost exposed

areas of the ria. The southern entrance is wider, so

wave crests entering this way tend to penetrate

deeper into the ria. In general terms, wave energy is

smaller in the axial region due to the greater water

depth. In the inner part of the ria, the wave energy

concentrates in a well-defined corridor, the position

of which varies depending on the deep-water wave

conditions (see shadow areas in Fig. 3). Such

variations are related to the wave peak period (Tp)

for each case, as this parameter determines whether

the waves propagate from deep to intermediate or

shallow-water depths. The longer the period, the

deeper the transition. Consequently, the evolution of
waves along the ria that are mostly controlled by

wave refraction will be constrained ultimately by

when and where the waves touch bottom. This

pattern is completely consistent with the sediment

distribution described in the previous sections: the

presence of coarse-grained sediment is greater at

shallow depths and toward the open sea, whilst the

finer-grained material concentrates at greater depths

and toward the inner parts of the ria.

The wave height results, considered along with

depth and surficial sediment grain size at the three

coring sites, facilitate the estimation of entrainment

conditions. Comparison of the threshold shear stress

(st), determined from the median grain size of the

upper sediment layer (Shields, 1936), and the wave

bottom shear stress (s0) exerted at these localities

(Jonsson, 1966) indicates surficial sediment remobili-

zation for most of the cases studied (Table 2).

Furthermore, the results also highlight that the waves‘

transport capacity is somehow independent of the

deep-water significant wave height. Waves of 2.5 m

height are capable of mobilizing the sediment at the

three sites studied, whilst for 3 m high waves, entrance

conditions are not attained at any of the locations. This

is mostly conditioned by the position of the wave

energy corridors in the inner zone of the ria.

4.2. Magnetic mineralogy determined by SEM and

XRD analyses

Initial SEM and XRD analyses identified several

mineralogical components that might contribute to the

sediment magnetic properties (López-Rodrı́guez et al.,

1999; Rubio et al., 1999, 2001). We present here the

results of further work specifically oriented toward the
t
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identification of magnetically relevant mineral phases.

We have identified detrital, authigenic and anthropo-

genic magnetic phases. The upper 20–30 cm of cores

3 (outer) and core 2 (middle) are dominated by Fe

oxides and oxyhydroxides. Detrital minerals like

ilmenite and ilmenohaematite occur either as isolated

grains (Fig. 4a) or forming part of mud chips (Fig. 4c).

Fly ashes (Fig. 4b) occur in a variety of sizes and

textures, with variable composition but most are iron-

rich. Authigenic goethite has been positively identi-

fied in these samples, mainly as partial replacements

of shells (Fig. 4e) or other carbonate skeletal parts

(Fig. 4f,g). Authigenic Fe sulphides, ranging from

monosulphides (Fig. 4d,l) to pyrite (Fig. 4h–j), are

widely present in the lowermost part of these cores,

and completely dominate core 1 (inner, Fig. 4d). Iron

sulphides are also present in the topmost samples of

cores 2 and 3, but they are restricted to confined

microenvironments like foraminifer tests, where

reducing conditions may have developed locally

(Fig. 4k).

4.3. Cores geochemistry: Fe, S and Mn with depth

Vertical profiles of total content in Fe, S and Mn

for cores 1, 2 and 3 are shown in Fig. 5. Fe and Mn

were chosen due to their sensitivity to diagenetic

changes and S was chosen as an indicator of organic

matter status. In core 1, the near-constant values for

Fe and Mn with depth suggest homogeneous negative

redox potential values and, therefore, it is unlikely that

the surface sediments present suitable conditions for

oxidation and precipitation of either Fe or Mn oxides.

Hence surface enrichment is not seen at this site. The

anoxic/suboxic zone is present from 1 cm below the

surface, which leads to the reduction of Mn and Fe

oxides and SO4. In contrast to core 1, cores 2 and 3

show a progressive downward depletion in Fe and Mn

from approximately 20 cm depth. The depth of

sudden change of Fe and Mn concentrations can be

used as a marker of the redox-cline. The higher Fe

contents in near-surface sediments in cores 2 and 3

occur at slightly deeper depths than Mn due to the

increased sensitivity of Mn to redox change (Cochran

et al., 1998). The enhancement of Fe and Mn in

estuarine sediments is a well-documented phenom-

enon (Zwolsman et al., 1993; Valette-Silver, 1993;

Spencer, 2002). The reduction of Fe3+ and Mn4+
results in the mobilization and upward diffusion of

these metals to oxic surface sediments where they are

re-precipitated either as oxides, or occasionally as

carbonates (Farmer and Lovell, 1984). Examples of

re-precipitation and replacement by Fe and Mn are

common in carbonate bioclasts in cores 2 and 3 (Fig.

4e and f). With burial comes the microbial decom-

position of organic material, resulting in the bacterial

utilization of O2 and other inorganic oxidizing agents

such as NO3�, MnO2, Fe(OH)3 and SO4
2� (Froelich et

al., 1979; Santschi et al., 1990; Buckley et al., 1995).

This is consistent with the low S levels observed in

the top 15–20 cm of cores 2 and 3, and its gradual

increase with depth (Fig. 5). For core 1, the high

content of organic matter caused higher levels of

anoxia and, in turn, higher contents of S.

However, diagenetic increase of Fe and Mn may

occasionally be masked by grain size, where the use

of metal/Al ratios, as a grain size proxy, highlights the

diagenetic effect (as can be seen in Fig. 5 for the Fe).

For this reason, it is useful to determine the sediment-

bound metal phases by sequential chemical extraction

(Fig. 6). In core 1, Mn is significantly bound to the

organic/sulphidic phase, but in cores 2 and 3 it is

mainly bound to oxyhydroxides. This is consistent

with stronger reducing conditions in core 1 than in

cores 2 and 3. If Mn is available in solution, it may be

re-precipitated with calcite at increased alkalinity,

which can be confirmed by the higher Mn percentages

in the exchangeable/carbonate fraction in cores 2

(28.66%F6.20) and 3 (37.34%F4.21) in comparison

with core 1 (12.44%F2.17). Although, in general

terms, Mn levels are low, and suggest suboxic

conditions in all cores. Similar conclusions were

obtained for Fe by Rubio et al. (2001).

4.4. Magnetic properties

For the three cores studied, variation in v shows a

distinctive pattern controlled by water depth and

distance of the coring sites to the open sea (Fig. 7a).

The highest values in v occur in the upper part of all

three cores. The vertical profiles for cores 2 and 3

then show a marked decrease in v with depth until a

stable value similar for all three cores is reached. In

contrast, core 1 has a much flatter profile. The depth

at which v is lowest depends on the core location and

increases toward the open sea. Average v values for



Fig. 4. Electron microscope images of detrital, anthropogenic and authigenic iron oxide phases found in different parts of the Ria de Pontevedra.

(a) Typical detrital ilmenohematite showing faint exsolution lamellae. (b) Iron-rich magnetic fly-ash. (c) Mud chip containing small grains of

ilmenohematite (arrowed). (d) Typical organic pellet from the internal area of the ria. The numerous small bright dots represent a wide range of

iron sulphides ranging from monosulphides to pyrite. Only a few are arrowed. (e) Goethite replacements (bright areas) within foraminifer shells,

that are typical of the outer areas of the ria. (f) Partial goethite replacement of a shell fragment (bright area). (g) Color mapping of Fe showing

the iron-rich (goethitized) areas in f. (h) Composite pyrite spherule made of small cubic crystals precipitated in clayey sediments of the inner part

of the ria. (i) Similar to h, but occurring in the outer areas of the ria, associated with restricted microenvironments within shell interiors. (j) Pyrite

may also occur with euhedral octahedral crystal morphologies. (k) Example of extensive pyrite occurrence in restricted microenvironments such

as the interior of foraminifer chambers. (l) Detail of the association of several forms of iron sulphides (bright spots and aggregates) occurring in

shell interiors and closely connected to organic matter. The arrow points at a monosulphide (Fe:S=1), whilst the more abundant aggregates are

typical botryoidal forms form of pyrite (2Fe:S=1). All but b and h (relief) are backscattered electron images of resin impregnated samples. Grey

scales and brightness are not comparable between pictures.
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Fig. 5. Sediment grain size, vertical distribution of Fe, Fe/Al, S and Mn (Fe and S, after Rubio et al., 2001) and their corresponding TOC (%)

and CaCO3 (%) contents for cores 3, 2 and 1.
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Fig. 6. Sequential extraction for Mn: in exchangeable/carbonate positions, associated with oxides and hydroxides, and bounded to sulphidic/

organic phases.
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the uppermost high-v layers also increase toward the

open sea.

In a similar fashion, frequency-dependent suscept-

ibility (vfd) also reflects water depth and distance of

the coring sites to the open sea (Fig. 7b). vfd in the

uppermost 15 cm of core 3 (outer) is around 7%,

which suggests a significant contribution to v made

by viscous superparamagnetic (SP) grains in this

layer. Between 15 and 25 cm there is apparently no SP

contribution, with vfd around 0%. Below 25 cm, the v
signal is so weak that vfd cannot be reliably

determined, and interpretation of vfd below this depth

is not possible. vfd variations in core 2 (middle)

mirrors the behaviour of core 1 but the magnetic

signal weakens at a shallower depth. The suscepti-

bility for all of core 1 (inner) is as weak as in the

lowest parts of cores 3 and 2, so meaningful vfd values
could not be determined.

v reflects the bulk concentration of magnetizable

material down-core, independently of the grain size

of the magnetic components. Magnetic mineral

concentrations are higher toward the top of the

cores, particularly in the outer areas of the ria. vfd
reflects the concentration of very small superpara-

magnetic (SP) grains, which have higher concen-

trations in the upper part of the cores and in
sediments from the outer and more marine-influ-

enced areas of the rias.

Variation in magnetic properties provides a finger-

print of the diagenetic processes that lead to the

dissolution and precipitation of magnetic minerals at

different depths. This is mostly the consequence of

organic matter remineralization and wave-related

oxygenation, as suggested by the geochemical data.

However, full exploitation of the capability of

magnetic properties to reveal diagnostic information

about how these diagenetic changes take place

requires further investigation of the nature and

magnetic state of the magnetic phases involved, as

revealed by remanence-related properties.

Room temperature remanence properties are good

indicators of magnetic mineralogy. Their study allows

better definition of their contribution to the observed

susceptibility behaviour with depth. IRM acquisition

curves for the three cores (Fig. 8) provide useful

information regarding the presence and distribution of

low- and high-coercivity phases down each core.

Three major zones of distinct coercivity behaviour can

be identified in core 3. Samples located above 20 cm

saturate in relatively low fields (200 mT), indicating

that a low-coercivity mineral dominates the observed

signal, such as magnetite. Samples located between 20



Fig. 7. (a) Magnetic susceptibility variations with depth for cores 1, 2 and 3. Solid squares=bulk susceptibility, open squares=carbonate-free

susceptibility. (b) frequency dependence of magnetic susceptibility and (c) susceptibility of anhysteretic remanent magnetization (vARM): solid

squares=vARM, open solid squares=vARM CaCO
3
-free
, circles=ARM100/IRM100.
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Fig. 8. Remanence properties of studied cores showing their characteristic zonation with depth and distance to the open sea. Isothermal remanent magnetization (IRM) acquisition

curves for cores 3 and 1 are normalized to their saturation values (Mr/Mrs) and are shown as examples of each zone. Zone A (brown) is dominated by low coercivity magnetite. Zone

B (light grey) is dominated by high-coercivity goethite. Intermediate coercivity minerals like greigite and/or pyrrhotite dominate zone C (yellow). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of the article.)
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cm and 30 cm do not saturate at 3 T, indicating the

dominance of a high-coercivity mineral such as

goethite at this depth. The lowermost samples show

intermediate coercivity behaviour, with Hcr values of

between 100 and 200 mT, suggesting the posibility

that ferrimagnetic iron sulphides like greigite and/or

pyrrothite make a significant contribution here. IRM

acquisition curves for core 2 (not plotted here) can

also be grouped in a similar way to those of core 3. In

contrast, core 1 does not exhibit this marked zonation

with depth, showing coercivity values in the range of

the lowermost part of core 3 throughout the whole of

the profile (Fig. 8).

Variations in IRM acquisition behaviour facili-

tated definition of three vertically distinct diagenetic

zones (A, B and C) in the three cores. In Fig. 8, each

of these zones is characterised by simple parameters

derived from the IRM curves, including the coer-

civity of remanence (Hcr) and the S ratios. The Hcr

parameter is proportional to the magnetic hardness of

the sample (coarse-grained magnetite-type behaviour

being bsoftQ, fine-grained behaviour being harder,

with a haematite/goethite-type behaviour being hard-

est). The surficial values for Hcr are lowest (30–40

mT) in the outermost parts of the ria (core 3). These

values increase gradually toward the inner part of the

ria (cores 2 and 1). In cores 2 and 3, Hcr increases

slightly with depth until it sharply increases (80–90

mT) at intermediate depths (12 cm in core 2 and 20

cm in core 3), and decreases again showing a more

complex pattern. In contrast, Hcr in core 1 increases

gradually with depth without any sharp changes,

matching the trends observed in the lowermost part

of cores 3 and 2.

This magnetic zonation is also supported by the S

ratios calculated using both 100 mT (S�0.1 T) and 300

mT (S�0.3 T) reverse fields (Stober and Thompson,

1979; Thompson and Oldfield, 1986; Bloemendal et

al., 1988), which are estimates of the relative

contribution of soft and hard magnetic phases,

respectively. Cores 2 and 3 (Fig. 8) show initial

S�0.1 T and S�0.3 T values between 0.8 and 0.9. These

values are sustained down to a depth of 20 cm in core

3, and only down to 12 cm in core 2 (zone A in Fig.

8). S�0.1 T and S�0.3 T values at these depths are

similar, supporting the occurrence of a soft magnetic

mineral like magnetite as the main remanence carrier.

Deeper in cores 2 and 3, S�0.1 T and S�0.3 T undergo a
sharp decrease to values of 0.1 and 0.6, respectively,

which matches the relative Hcr increase at those

depths. This observation suggests that this part of

cores 2 and 3 (zone B) is dominated by a high-

coercivity phase like goethite, which is also supported

by the XRD data. The S ratios of cores 2 and 3 in zone

C increase (Fig. 8), although they do not generally

reach the values observed in zone A. The S-ratio

behaviour of the whole of core 1 resembles zone C in

cores 2 and 3. The variation of S�0.1 T and S�0.3 T in

core 1 is smooth, showing a slight increasing trend

with depth. Differences between surficial (S�0.1 T

around 0.4 and S�0.3 T around 0.7) and basal samples

(S100 around 0.5 and S300 around 0.9) are small but

significant.

This distinct magnetic zonation is also detected in

changes of the coercivity spectrum with depth, which

can be estimated by the size of the gap between the

S�0.1 T and S�0.3 T ratios. In summary, 80% of the

remanence in zone A (uppermost horizon) is domi-

nated by low coercivity minerals (probably magnetite).

In contrast, the remanence at greater depths is

dominated by a wider spectrum of coercivities, or at

least by two or more populations of minerals with

distinct coercivities. In zone B, 10% of the remanence

is dominated by minerals with coercivity b100 mT

(possibly magnetite), between 40% and 50% of the

remanence is carried by minerals with coercivity b300

mT (probably greigite) and about 50–60% of the

remanence is carried by minerals with coercivity N300

mT (goethite). In the lowermost zone C, 60–80% of the

magnetization is carried by minerals with coercivities

b300 mT, but N100 mT, suggesting the occurrence of

greigite and/or pyrrhotite. Whilst this zonation is

mostly due to the mineralogical composition, intra-

zone trends may result from grain size variations.

Finally, vARM was used to estimate the contribu-

tion of single domain (SD) magnetic minerals (F
around 0.03 to 0.5 Am in magnetite) with coercivities

b100 mT (Fig. 7c). The highest values of vARM are

found in the upper part of cores 2 and 3, but they

decrease with depth until a value close to zero is

reached. This indicates the virtual absence of SD

minerals in the lowest parts of cores 2 and 3. Only

the uppermost sample of core 1 has a vARM value

above the background level, although even this value

is significantly lower than in the uppermost part of

the other two cores. These trends and threshold
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depths also match the behaviour of v (Fig. 7a) with

depth. This indicates that (a) the depth-decreasing

pattern of v and vARM is caused by the same

process, and (b) that the major contributor to v in the

upper parts of the three cores are SD minerals and

(c) that paramagnetic minerals dominate the back-

ground values of v.
Investigation of concentration independent quo-

tients like ARM100/IRM100 (Fig. 7c) provides infor-

mation about the relative proportion of SD versus

multidomain (MD) magnetic grains (FN100 Am)

within a magnetic assemblage. For all cores, this

parameter follows a general trend consistent with

progressive dissolution of small grains, and subse-

quent relative increase in grain size, which is

comparable to the v and vARM trend, but it gives

extra information about the low-susceptibility zones

identified earlier (Fig. 7). In particular, core 1 reveals

a maximum value at ~20 cm, which is followed by a

marked drop. This behaviour is repeated quasi-cycli-

cally with peaks at approximately 30, 50, 70 and 90

cm. Similar behaviour is also apparent in the lower

parts of cores 2 and 3, and is probably caused by

variation in grain size and/or by variation in the

proportion of higher-coercivity minerals such as

greigite. Roberts (1995) has pointed out that the

occurrence of greigite in a SD-like state is typical of

anoxic environment; this may be proposed as an

alternative explanation for the higher ARM100/IRM100

values in this interval. This may be related to

dissolution enhancement within layers that produced

variations in grain size, or compositional sorting

during sedimentation. Magnetotactic bacterial

enhancement below redox fronts, a common feature

in marine sediments (op. cit.) has also been consid-

ered. However, TEM inspection of numerous mag-

netic extractions and the study of First-Order Reversal

Curve (FORC diagrams, Roberts et al., 2000) and

Wohlfarth ratios in similar environments of the

adjacent rias of Vigo (Mohamed et al., 2004) and

Arousa (Emiroglu et al., 2004) showed no positive

evidence of their occurrence.
5. Analysis and discussion

Magnetic properties reveal three distinct diage-

netically modulated zones in the cores studied. In
summary, 80% of remanence in zone A is dominated

by ferromagnetic minerals, probably magnetite. In

contrast, in zone B, 10% of the remanence is

probably due to magnetite, between 40% and 50%

is probably due to greigite and about 50–60% by

goethite. In zone C, 60–80% of the remanence is

probably carried by greigite and/or pyrrhotite. vfd
and vARM indicate that this mineralogical zonation is

also accompanied by variations in magnetic grain

size with a general increase in magnetic grain size

down-core, which is also consistent with the Hcr and

S-ratio profiles which is also accompanied by an

increasing proportion of paramagnetic minerals.

Further geochemical and mineralogical evidence

indicates a slight offset of the Mn and Fe enhance-

ment in zone A of cores 2 and 3, an enrichment

trend of S with depth in cores 2 and 3, and

widespread precipitation of pyrite in zone C (all

cores, but especially core 1). This zonation seems to

reflect magnetic grain size and compositional

changes resulting from progressive diagenetic mod-

ification of the magnetic assemblages, with smaller

scale variations probably associated with detrital

inhomogeneities within layers. Local wave condi-

tions at the three sites studied effect periodic

remobilization and concomitant oxygenation of the

upper sediment layers.

5.1. Evidence of diagenesis

Geochemical analyses allowed us to investigate in

detail the origin of the observed variations in the

magnetic signals of the cores. Textural properties of

the sediment did not correlate significantly with any

of the magnetic properties, so the observed magnetic

variability is not sufficiently explained by changes in

detrital input.

The organic carbon content showed a positive

correlation with sulphur, similar to what is generally

reported in normal marine environments (Berner,

1984). S/C, S/Fe and C/S ratios are generally used

to characterize the depositional environment, partic-

ularly regarding the presence of O2 or H2S.

A S/C ratio of 0.36 is the global average in normal

marine sediments (Berner and Raiswell, 1983; Rais-

well and Berner, 1986). Samples from cores 2 and 3

have S/C ratios that are close to this value, 0.32F0.11

and 0.30F0.13, respectively. In contrast, samples
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from core 1 have S/C ratios of 0.20F0.07, which is

well below the reference value. Samples from the

upper part of cores 2 and 3 (mostly from zones A and

B) have the lowest concentration of both S and C,

which correspond to the values reported for magnet-

ite-dominated zones by Kao et al. (2004), whilst all

the samples from core 1 and most of the lowest part of

cores 2 and 3 (zone C) correspond to values for the

greigite-dominated zone of Kao et al. (2004).

Further to this comparison, two of these indicators

of diagenesis were plotted against two magnetic

properties (Fig. 9). An iron to sulphur ratio was

calculated as 2Fe/S. This ratio is based on the

stoichiometry of pyrite and approaches unity as pyrite
Fig. 9. Comparison of geochemical and magnetic evidence
increases in concentration. As pyrite is the end

product of suboxic diagenesis at the penultimate stage

of sulphate reduction due to bacterial remineralization

of organic matter, its presence throughout zone C is a

clear indicator of reductive diagenesis.

Low C/S ratios also have been used to indicate an

advanced stage of transformation of organic matter,

and thus, of diagenetic evolution (Leventhal, 1983;

Borrego et al., 1997). 2Fe/S was plotted against v
(Fig. 9a) and C/S against Hcr (Fig. 9b). The results for

2Fe/S vs. v show a strong positive correlation

between the two parameters (R=0.9249, Fig. 9a), with

high values for the 2Fe/S ratio corresponding to high

susceptibility values. Furthermore, the uppermost
of diagenesis, (a) 2Fe/S vs. v and (b) C/S vs. Hcr.
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samples from core 3 have the highest v values, with

those from core 2 showing intermediate values, while

lowermost samples from these cores, and all the

samples from core 1, exhibit the lowest v values. This

indicates that the processes that are responsible for the

decrease in susceptibility are linked to the processes

that release Fe, and make it available for pyrite

nucleation and crystalline growth, i.e. diagenesis.

C/S also correlates significantly with Hcr (R=

�0.702, Fig. 9b). In this case, there is a negative

correlation with the uppermost samples from core 3

showing the lowest Hcr and highest C/S ratios. In core

2, the uppermost samples have intermediate values for

both parameters. Samples located at intermediate

depths in these two cores have the highest Hcr values,

and intermediate values for the C/S ratio. For the

lowermost samples of these cores, and for all the

samples of core 1, this relationship is lost as shown by

the poorer correlation (R=�0.559) obtained when

results from intensively diagenetically modified core 1

are computed along with data from cores 2 and 3 (Fig.

9b). This indicates that the observed Hcr variability in

the uppermost zones (A and B) of cores 2 and 3 is

affected by diagenesis. As diagenesis progresses, Hcr

increases up to a maximum value. The increase in Hcr

is explained by a change in the relative contribution of

at least two ferrimagnetic minerals during differential

dissolution of magnetic oxides and oxyhydroxides,

and during growth of ferrimagnetic iron sulphides as a

result of organic matter oxidation. For samples located

at intermediate depths, IRM acquisition curves (Fig.

8) indicate that the principal carrier of remanence is a

high-coercivity mineral, probably goethite, which was

also positively identified by XRD analyses. Below a

certain depth, these iron oxide and oxyhydroxide

minerals are completely dissolved and a new authi-

genic mineral, such as a ferrimagnetic iron sulphide,

becomes the principal carrier of the remanence.

Down-core magnetite dissolution processes are well

known in deeper water marine environments. Changes

in the relative stability of magnetic phases have also

been recently documented in detail for shallower

continental shelf marine environments (Yamazaki et

al., 2003; Emiroglu et al., 2004). In particular, Liu et

al. (2004) describe progressive growth of greigite at

depth after the progressive dissolution of hematite and

magnetite. The results of Liu et al. (2004) are

consistent with those presented here.
5.2. Evidence of wave climate forcing of the diage-

netic pathway

The geographic distribution of the three cores

studied shows that trends in the magnetic suscepti-

bility (v) are clearly controlled by distance to the open

sea, and core depth. This pattern can be recognised in

all of the properties measured. This suggests a strong

spatial relationship between depositional processes,

sediment particle size and magnetic properties of the

sediment. This textural relationship does not exist

with sediment depth, which suggests the importance

of post-depositional mineralogical transformation of

the sediment. Evidence of this textural coupling in

surficial samples is presented in Fig. 10, where several

textural, geochemical, and magnetic parameters are

compared along the ria axis. A gradual increase in

susceptibility is evident toward the W, along the

central axis of the ria (Fig. 10a and e), which is more

evident in the surficial susceptibility data (Fig. 2).

This trend is virtually opposite to that exhibited by the

trend in sand content (Fig. 10b). This trend is easily

explained by the important contribution of diamag-

netic biogenic carbonate to the coarse fraction of the

sediment due to the high productivity, i.e. shellfish,

associated with the observed seasonal upwelling in the

area (Vilas et al., 1996). A similar tendency is

followed by the TOC (Fig. 10c) which can be mostly

explained by textural control of the sediment, as it

would normally be expected that coarser sediment

would have lower TOC values. Also relevant, in terms

of grain size-/composition-related changes, is the

opposite trend observed between magnetic suscepti-

bility (v) and total Fe (Fig. 10d), which also supports

the prevalence of post-depositional mineralogical

transformations in the sediments.

Considering the above, the magnetic susceptibility

of the mud fraction (b64 Am) was measured sepa-

rately, in order to minimize textural effects caused by

the contribution of biogenic carbonate and/or ferro-

magnetic (s.l.) grains, such as anthropogenic fly ashes

or detrital hematite and magnetite, in the coarse

fraction (Fig. 10e). Comparison between the magnetic

susceptibility of the mud fraction (vmud, Fig. 10e) and

wave energy (expressed as the wave propagation

coefficient, KP) indicates that both increase toward the

open sea (W), and are significantly positively corre-

lated (Figs. 10f and 11). These two parameters (Kp



Fig. 10. Longitudinal E–W transect of: (a) magnetic susceptibility of the bulk sample, v total; (b) percentage of sand; (c) percentage of TOC; (d)

percentage of Fe; (e) susceptibility of the mud fraction (b64 Am), vmud; (f) wave propagation coefficient, Kp, which is an indicator of wave

energy; and (g) depth. The profiles are based on 18 samples distributed along the central axis of the Ria de Pontevedra whose location is given in

Fig. 2 (crosses joined by the dashed line).
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and vmud) also generally exhibit opposite trends with

the TOC content of the sediment and with water depth

(Fig. 10g), indicating an association between high

mud susceptibility and high wave energy, and greater

depth and lower TOC content.

In the broader picture, all of these relationships

indicate a general pattern of wave climate forcing of

the distribution of coarse carbonate-rich material in

shallow waters, which decreases the susceptibility of

the sediment by diamagnetic dilution. Wave climate

further controls the susceptibility of the mud fraction,

independently of the iron content, which superim-

poses a distinct mineralogical signature that gradually
changes toward the west. The early diagenetic

evolution of the sediments of the Ria de Pontevedra

depends on the upwelling-related organic matter

supply, and on wave-climate-related sediment resus-

pension and associated pore-water oxygenation. It has

been demonstrated above that the degree of pyritiza-

tion and organic C transformation is greater in inner

than in outer areas of the ria (León et al., 2004) and

that wave energy is higher in the outer areas.

Considering these facts, and that seasonal upwelling

in the area has a decreasing influence toward the inner

part of the ria (Prego et al., 2001), it can be suggested

that seabed oxygenation, forced by wave climate



Fig. 11. Correlation between vmud and wave propagation coefficient, Kp.

Table 3

Suspension transport and sedimentation conditions for case 2

Core D50

(mm)

dp

(m)

w (m/s)

(Stokes’

law)

u* Sedimentation

time

(St)

1 0.01720 22 0.0002617 0.0028653 23.4 h (1 day)

2 0.01525 35 0.0002057 0.0007541 47.3 h (2 days)

3 0.01340 47 0.0001589 0.0010429 82.2 h (3.4 days)

D50=median grain size calculated from the upper 20 cm for each core.

dp=water depth. w (m/s)=fall velocity calculated from Stokes’ law as

a function of the corresponding D50 at this site. u*=shear velocity

calculated for case 2. St=time required for the particles to reach the

bottom, and subsequently the time available for OM oxidation.
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remobilization, is the main factor controlling the

redoxomorphic diagenesis in the area.

5.3. Hypothesis testing: magnetic susceptibility as a

proxy for sediment transport and subsequent diage-

netic pathways in the Ria de Pontevedra

This hypothesis has been more strictly tested

using the wave propagation model presented earlier.

The Shields (1936) diagram predicts larger threshold

shear stresses at the sediment/water interface from

the inner to the outer part of the ria, as the median

grain size within the silt range decreases in that

direction. Note that considering the wide range of Ho

and Tp values for the ria (Table 2), the conditions

required to entrain sediment are exceeded for at least

half of the year, which would keep the upper

sediment layer well oxygenated. Other important

information obtained from these calculations is that

wave height does not cause a gradual eastward

remobilization of sediments on the sea bottom. Over

a given threshold value, seabed remobilization starts

everywhere nearly simultaneously.

Once clayey sediments at the three sites have

started to move, local sedimentation rates, which

mostly depend upon grain size, can easily be

estimated from settling velocities (w) following

Stokes’ law. The settling velocity gradually decreases
from the inner to the outer areas according to the

median grain size trend (Table 3). However, for the

wave action to result in effective resuspension of the

unconsolidated sediments on the sea bottom, and for

the above calculations to hold, the settling velocity

should not exceed the wave shear velocity (u*),

according to the criterion wb1.25u* (Bagnold, 1956)

for suspension. This criterion is satisfied for all three

cores (Table 3), which indicates that, for the estimated

wave conditions, resuspension will occur most of the

year.

Modelling predicts that, under frequent conditions

(46% of the time), seabed sediments at the three sites

studied is periodically remobilized. However, this
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remobilization trend does not explain the higher

degree of oxygenation expected toward more open

marine conditions, as suggested by the vertical profile

in the magnetic properties of the cores. In contrast, a

clearer pattern emerges when calculating the time for

a particle to fall to the bottom from the free surface,

considering the settling velocity and water depths for

each of the cores (Table 3). Sediments located in the

inner sector of the ria, with higher settling velocities

and a shallower water column to travel through,

require less time to reach the bottom than those at the

ria’s mouth. Consequently, under normal wave con-

ditions, the threshold shear stress for sediments in the

ria’s middle area is exceeded, and they are simulta-

neously remobilised. However, during fair weather

conditions, local sedimentation rates are much higher

in the inner shallow areas than in the outer deep areas

of the ria (Table 3). This effect increases by more than

three times, the sediment residence time in the water

column between the outer (3.4 days) and inner areas

(1 day), and provides a likely scenario for the higher

degree of water column organic matter oxidation in

the outer area. It should be noted that this calculation

is an underestimation of the true residence time

values, because differences between core 1 and core

3 can easily reach an order of magnitude if both, the

tides and the probability of successive periods of bad

weather, are also considered. This model is further

supported by the significant correlation observed

between wave height and clay-fraction magnetic

susceptibility (Fig. 11), where low susceptibility and

associated highly evolved diagenesis ratios (Fig. 9)

correspond to small wave heights and vice versa.

From the above, it can be concluded that the

diagenesis pathway in transitional environments

depends mostly on the local distribution of wave

energy and water depth, rather than on the expected

seabed sediment remobilization. Under similar annual

to decadally averaged sedimentation rates and organic

matter supply, wave climate, coastal morphology and

water depth are the major features that control the

geochemical evolution of a ria system.

Finally, our results show an important dissociation

between spatial distribution in sediment and diage-

netic evolution from the typical estuarine-like ther-

mohaline circulation models that are generally

proposed for the Galician rias (Gómez-Gesteira et

al., 2001; Pardo et al., 2001; Prego et al., 2001; Ruı́z-
Villareal et al., 2002; Souto et al., 2001; Torres-López

et al., 2001). These models explain ria dynamics, as a

departure from the classical Dalrymple et al. (1992)

model, mostly on the basis of a more open exchange

of water masses between the rias and the continental

shelf; their associated seasonal upwelling, and their

estuarine-like circulation, with modulation by local

winds. However, these models fail to explain the

observed sediment and organic matter distribution, as

proposed by Vilas et al. (1996) and Vilas et al. (in

press), and their subsequent diagenetic pathways. The

sediment records studied here clearly show textural

and hydrodynamic controls that are forced by wave

climate, which will ultimately determine key preser-

vation conditions in the sediment record (i.e. strata

formation). These distinctive features are alien to

estuarine-like environments, and constitute the basis

for the long-discussed categorization of rias as a

separate sedimentary environment (Vilas in Perillo,

1995; Vilas, 2000, 2002), and could contribute to their

potential recognition in the geological record.
6. Conclusions

Magnetic signatures of subtidal sediments inves-

tigated in this study are related to their early

diagenetic evolution, which is superimposed on a

complex interplay between detrital, biogenic and

anthropogenic source materials that are forced by

wave climate and water depth. Down-core vertical

variations in magnetic properties are controlled by the

rate of consumption of organic matter and are

modulated by small differences in sediment texture.

Between cores, variations in magnetic properties are

determined by a depth-dependent residence time of

TOC in the water column, because frequency of

waves causes continuous seabed remobilization and

sediment grain size gradation.

In this type of transitional environment, geo-

graphically controlled parameters like water depth

and wave energy exert a major control over the

magnetic properties of the sediments. Magnetic

properties therefore cannot be used for short-scale

correlation, but they can enable rapid and detailed

geochemical characterization, as noted previously by

Verosub and Roberts (1995), Dekkers (1997) and

Larrasoaña et al. (2003) among others. Once the
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relationship between geochemical evolution and

magnetic properties is adequately established, mag-

netic measurements should allow rapid and inex-

pensive data acquisition in these environments. This

is relevant for monitoring and detecting mineraliza-

tion/mobilization processes associated with pollution,

which are especially widespread in coastal ecosys-

tems of high biological productivity and of great

economic importance to the Galician rias of north-

western Spain.

The notorious dissociation between spatial sedi-

ment distribution and subsequent diagenetic evolution

of the sediments, as distinct from the estuarine-like

models generally invoked for the Galician rias,

supports the categorization of ria-type systems as

distinct sedimentary environments. Further studies

will enable evaluation of the basis for potential

recognition of their associated facies in the geological

record.

Finally, magnetic properties have revealed encryp-

ted wave forcing mechanisms that control early

diagenesis in this type of environment. For longer

sediment cores, they will also provide the basis for

estimating the prevalence and temporal scale of such

mechanisms, and their possible relationship with

millennial-scale climatic changes in the area.
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Pardo, P.C., Gil-Coto, M., Pérez, F.F., 2001. Short-time scale

coupling between thermohaline and meteorological forcing in

the Ria de Pontevedra. Sci. Mar. 65, 229–240 (suppl.).

Passier, H.F., Dekkers, M.J., de Lange, G.J., 1998. Sediment

chemistry and magnetic properties in an anomalously reducing

core from the eastern Mediterraneam Sea. Chem. Geol. 152,

287–306.

Perillo, G.M.E., 1995. Definitions and geomorphologic classifica-

tions of estuaries. In: Perillo, G.M.E. (Ed.), Geomorphology and

Sedimentology of Estuaries, Developments in Sedimentology

vol. 53. Elsevier, Amsterdam, pp. 17–47.

Prego, R., Dale, A.W., deCastro, M., Gómez-Gesteira, M., Taboada,
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