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Abstract

Two small, alluvial-lacustrine subbasins developed during the early restraining overstep stages of the Oligocene–Miocene As

Pontes strike-slip Basin (NW Spain). Later, the basin evolved into a restraining bend stage and an alluvial-swamp-dominated

depositional framework developed. The palaeobiological record demonstrates that the Oligocene–Miocene palaeoclimate in

NW Spain was subtropical, warm and humid to subhumid. The metamorphic and igneous basin catchment yielded clay

assemblages made up by kaolinite, illite and Al-smectite. Illite occurred as an original mineral in the source rock area, whereas

kaolinite and Al-smectite resulted mainly from weathering of feldspar and clinochlore, respectively. This detrital primary clay

assemblage remained preserved in the colluvial, alluvial fan and shallow lacustrine facies, whose early diagenesis was influenced

by diluted, poorly evolved pore waters with neutral to slightly alkaline pH. The original clay assemblage was mildly to strongly

transformed under early diagenetic conditions in the lacustrine and swampy environments where significant hydrochemical and

Eh–pH changes took place. A fibrous magnesium-rich clay mineral-dominated assemblage (palygorskite and sepiolite) formed

in shallow, saline lakes and palustrine zones under the influence of magnesium-rich, alkaline waters. Moreover, kaolinite-

enriched assemblages formed in deep lacustrine, swamp and swamp-related alluvial zones under the influence of slightly to

highly acidic pore waters. Pore water acidic conditions, characterising environments with organic matter accumulation, led to

early diagenetic transformation of Al-smectite into kaolinite. This process was relatively limited in some environments such as

organic matter-rich bottoms in meromictic lacustrine zones, whereas it was pervasive in peat-forming swamp zones.

The stratigraphic relationships between the diverse clay mineral assemblages in the As Pontes Basin fill demonstrate the

coeval development of rather diverse clay compositions. This clearly reflects the influence on clay assemblages of

palaeoenvironmental changes forced by the morphological and tectonic evolution of the catchment–basin system. The interplay

between climate and tectonic processes in the source areas did not result in major variations of the clay minerals fed into the

basin. Conversely, this tectonic-sedimentation interplay influenced the evolution of the drainage and the water balance in the

depositional zones, causing a complex environmental–hydrochemical evolution to occur. As a consequence, drastic early
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diagenetic changes affected the original clay mineral assemblages and resulted in a variety of early diagenetic assemblages. The

As Pontes case study emphasises the major influence of palaeogeographical and tectonosedimentary evolution on the

claymineral record in nonmarine depositional systems. The depositional record in As Pontes Basin demonstrates that

morphological and tectonically forced environmental and hydrochemical changes can result in variations similar to those forced

by low-order climatic changes and that, in some cases, the role of climate can be negligible.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Depositional and early diagenetic clay mineral

assemblages in nonmarine basins constitute a poten-

tial record of morphological, tectonic and climatic

changes on ancient continental surfaces (Webster

and Jones, 1994; Armenteros et al., 1995; López

and González, 1995). Nevertheless, the understanding

of the evolution of these assemblages is often biased

by overemphasis on the importance of palaeoclimate

on clay transformation and/or neoformation (Singer,

1979, 1984; Long et al., 1997; Karakas and Kadir,

1998). In fact, source area lithology, tectonics and

drainage evolution, which significantly influence con-

tinental basin hydrochemistry, can be leading factors

that interact with climate and modify composition,

distribution and evolution of clay mineral assemb-

lages.

Small nonmarine basins usually have small catch-

ment areas with few rock types. As a consequence, clay

mineral assemblages can be rather homogeneous,

except where significant syndepositional palaeocli-

matic and/or tectonic–morphological changes affect

weathering and erosion processes in the source areas or

force significant palaeoenvironmental changes in the

basin. These syn-depositional palaeoenvironmental

changes are often related to the basin hydrological

balance, which apart from climate may also depend

on tectonic forcing on the basin catchment and drainage

pattern. Changing depositional hydrochemistry in-

volves varying pH and ionic concentrations in both

surface and pore waters. All of these influence pedo-

genic processes and early burial diagenesis, which

change the original clay signatures.

The tectonosedimentary evolution of the Oligo-

cene–Miocene As Pontes Basin, NW Spain, com-

prises several stages, which can be distinguished by

marked environmental and sedimentological changes

throughout the stratigraphical succession in a rela-

tively small area (Cabrera et al., 1996). Various clay

mineral assemblages, interpreted solely as the result of

palaeoclimatic changes (Medus, 1965; Brell and

Doval, 1979), have been recorded in the As Pontes

Basin fill. Nevertheless, no clear relationships have

been established so far between the clay assemblages

and the structural and sedimentary evolution of the

basin. This paper focuses on relationships between

clay mineral assemblages and palaeoenvironmental

changes in the As Pontes Basin and its catchment.

Processes of clay formation in the source area as well

as preservation, transformation and neoformation of

clay minerals in the evolving basin environments are

analysed.

2. Geological setting

The Late Oligocene–Early Miocene As Pontes Ba-

sin (NW Spain) is a small basin (12 km2) that deve-

loped in a NW–SE oriented strike-slip fault system

(Cabrera et al., 1996). The basin is bounded to the

north by E–W and NW–SE oriented thrusts, whereas

the Tertiary deposits, reaching up to 400 m in thick-

ness, unconformably onlap the Precambrian–Palae-

ozoic metamorphic Variscan basement at the southern

basin margin (Figs. 1 and 2). In the basin catchment,

bedrock consists mainly of slates, schists, metagrau-

wackes, quartzites and minor gneisses and granitoids

(Fig. 1).

Sedimentation in the As Pontes Basin was closely

controlled by tectonics. The Alpine north–south com-

pression in NW Spain produced on a NW–SE ori-

ented, km-length shear zone, which resulted in the

development of laterally stepped, normal and reverse

faults (Ferrús, 1998). These tectonic structures gave

rise to two main depocentres, the so-called eastern (E-)
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and western (W-) subbasins, separated by a tectoni-

cally conditioned threshold. Small-sized alluvial,

lacustrine and swamp depositional systems developed

within these depocentres. The threshold was buried at

the time the normal faults became inactive (Fig. 2b).

During the later basin evolutionary stages, a strike-slip

restraining bend resulted in the upper siliciclastic and

coal facies, deposited in alluvial fan and swamp

environments (Fig. 2b).

The palaeobiological and sedimentological record

(Medus, 1965; Baltuille et al., 1992; López et al.,

1993; Cabrera et al., 1994; Sáez and Cabrera, 2002) of

the As Pontes Basin demonstrates that the Oligocene

palaeoclimate in NW Spain was subtropical, probably

with dry and rainy seasons and affected by high-

frequency humid–subhumid cycles. No evidences

for strong aridity can be inferred from the overall

composition of the palaeofloras. These data are in

agreement with the palaeolatitudinal location of Iberia

during Late Oligocene–Early Miocene times (Smith,

1996; Andeweg, 2002).

The sedimentary fill of the As Pontes Basin

developed over 7 my, from Late Oligocene to Early

Miocene (Huerta et al., 1997). It has been split into

five major stratigraphic units (Fig. 2b,c) on the

basis of the relative abundance of alluvial, lacustrine

and swamp deposits, their stacking pattern and

geometric tectonosedimentary relationships (Cabrera

et al., 1996; Ferrús, 1998). The low rank of the

lignites in the As Pontes Basin provides evidence of

the shallow burial conditions to which the basin fill

has been experienced (Cabrera et al., 1995). This

fact guarantees that the clay mineral assemblages

preserved in the sedimentary successions are pri-

Fig. 1. Regional geological setting of the As Pontes Basin. The Precambrian and Palaeozoic rocks constitute a Variscan basement, which was

affected by the Alpine deformation of the northern Iberian margin, in the western end of the Pyrenean orogen. The present basin catchment,

shown as a reference, may be similar to that existing during the late stages of basin evolution.
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mary or have underwent only very early diagenetic

changes.

3. Sampling and analytical techniques

A total of 355 mudstone samples, mainly from five

well cores and an outcrop section (Fig. 2), were

collected for mineralogical analysis. The sampling

was focused on the control of the clay mineralogical

changes in the various alluvial, lacustrine and swamp-

related systems and covered as far as possible the

diverse facies.

Semiquantitative clay minerals analyses were car-

ried out on 201 mudstone samples from diverse facies

assemblages (colluvial, alluvial, palustrine–lacustrine,

Fig. 2. (a) Geological sketch of the As Pontes Basin showing the main alpine structures that affect the basement and the location of the studied

well cores and surface section (S7). (b) Longitudinal section of the Tertiary As Pontes infill showing the main stratigraphic units, sedimentary

facies, basement structures and the location of the sampled sections. (c) Transverse section of the W-subbasin infill. Core wells 10010 and 5003

record mainly alluvial contributions from the southern source areas, whereas core wells 2106 and 642 record a northern and a mixed northern–

southern feeding, respectively. The longitudinal and transverse sections in b and c share the horizontal and vertical graphic scales.
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Fig. 3. Stratigraphic correlation of facies assemblages of Unit 1 between logs of the E-subbasin core wells. Relative clay mineral and carbonate

percentages are represented, together with vertical and lateral relationships among the clay assemblages. Short lines on the left side of the logs

indicate sample locations. Interfingering from SW to NE between the alluvial fan facies and the mixed siliciclastic–carbonate lacustrine–

palustrine assemblage. The larger kaolinite content in core well 10010 is a distinctive feature compared with the low content of this mineral in

core wells 642 and 5003, which may record contributions from the northern source areas.
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shallow lacustrine, deeper lacustrine and swamp). A

representative portion of each sample was ground in a

tungsten carbide ring mill to obtain fine powder for

bulk mineralogy. A portion of each one was disaggre-

gated and deflocculated by successive washing with

distilled water. The < 2-Am size fraction was separated

by centrifugation. Oriented specimens were prepared

for X-ray diffraction (XRD) by smearing a paste of

< 2-Am fraction onto a glass slide to minimize size

fractionation of the clay particles (Moore and Rey-

nolds, 1989). Identification of clay mineral phases was

made after air-drying, ethylene glycol solvation and

heating at 550 jC for 2 h the oriented mounds. All the

X-ray diffraction analyses were performed using a

Siemens D500 X-ray diffractometer and Cu Ka radi-

ation.

Quantitative estimation of the bulk mineralogy

used the method of Chung (1974). Semiquantitative

estimation of clay mineral constituents was carried out

on the ethylene–glycol solvated XRD patterns using

area measurements and peak intensity ratios (Schultz,

1964; Biscaye, 1965). Peak intensity ratios cited in

Biscaye (1965) were used for illite, smectite and

kaolinite, whereas those of Van der Marel (1966)

were used for palygorskite and sepiolite. Peak super-

position, mainly of illite and palygorskite, were

resolved using the computer program APD (Phillips).

Additional bulk analyses of the deeper lacustrine

facies (154 samples) enabled its more extensive quali-

tative characterization. The total organic carbon (TOC)

content in some mudstone samples was determined

with a NA1500 elemental organic analyser, coupled to

a gas chromatograph.

Fifty selected samples of the diverse facies assemb-

lages were further studied by scanning electron micro-

scopy (SEM; Hitachi S 2300 and JEOL JSM 840

equipped with an AN-10.000 LINK energy dispersive

X-ray microanalyser). Seven samples from carbonate-

rich lacustrine–palustrine facies were observed and

analysed with transmission electron microscopy (Hita-

chi H-800 MT with H-8010 STEM and SEM system

and KEVEX EDS microanalyser). Analyses were

carried out in STEM mode and, to minimize element

diffusion, the electron was beam rastered over an area

of the particle (Peacor, 1992). Quantitative micro-

analyses of illite, smectite and palygorskite were

carried out in order to determine mean structural

formulae.

The carbonate bearing beds and laminae of Unit 1

were sampled from the same core-wells (Figs. 2 and

3). The quantitative estimation of carbonate content

was carried out by decomposition of the samples with

HCl and titration of excess acid with NaOH using a

702SM Trinitro Automatic Titrator. Bulk mineralog-

ical composition of the carbonate samples was deter-

mined by X-ray diffraction (XRD) using a SIEMENS

D500 diffractometer. The composition of carbonate

samples was also determined by standard XRD semi-

quantitative methods (Chung, 1974).

4. Basin fill facies and basin evolution

A variety of colluvial, alluvial, shallow to deep

lacustrine and marsh–swamp facies associations

developed in As Pontes Basin. A short description

and interpretation of the depositional and early dia-

genetic characteristics of these facies associations is

provided to give an overview of the major basin fill

characteristics and the overall palaeoenvironmental

evolution.

4.1. Colluvial scree facies assemblage (1)

Up to a few metres thick, lenticular, fine-grained,

matrix to clast-supported breccias occur locally at the

bottom of the basin infill (Fig. 2b; 0–1 m, log 642, in

Fig. 3). The breccia framework is made up by pebble-

to cobble-size slate and quartz clasts up to a few

centimetres in size. Monomictic lenses of quartz

breccias and conglomerates with subangular clasts

are locally recognised. The breccias are very imma-

ture texturally and record short-transport, colluvial

scree deposition fed directly from the metamorphic

and igneous substratum. The clay-dominated matrix

includes illite, smectite and kaolinite.

4.2. Alluvial fan facies assemblages (2)

The alluvial fan assemblages range from proximal

fine-grained, quartz-dominated conglomerates, wackes

and coarse-grained sands to middle and distal fine-

grained sandstones and siliciclastic mudstones. Small

alluvial fans, 1 km in radius, developed during the

early evolutionary stages of the basin and later coex-

isted with larger fans, which in some cases reached up

A. Sáez et al. / Sedimentary Geology 159 (2003) 305–324310



to 3.5 km in radius (Fig. 2). The evolution of the

alluvial fan systems was controlled mainly by the

headward extent of the catchment, the increasing

depositional surface and varying subsidence in the

basin. The diverse stacking trends observed in the

alluvial assemblages record the shift, spreading and

retreat of fan systems, either at the foot of basin margin

tectonic scarps or adjoining the southern source areas

(Fig. 2b,c). Broadly, three main depositional situations

have been distinguished taking into account source

area location, radial extent of the fans and relationships

with organic-rich deposits (coals and coaly mud-

stones):

(a) Alluvial fan deposits fed from the southern source

areas occur in wells 5003 and 10010 (Fig. 3).

These belong to the lower part of Subunit 1A in

the E-subbasin and correspond to an evolutionary

stage characterised by absence of peat-forming

marsh–swamp environments (Fig. 2). Conse-

quently, these alluvial deposits do not show

lateral or vertical transitions to either coal seams

or dark-coloured mudstones. Mudstones are

scarce in the proximal and middle fan facies

assemblages, which are dominated by grey to pale

green massive lithic wackes and quartzose sand-

stones, which locally contain floating out-of-size

quartz granules. Distal alluvial facies consist

dominantly of pale green siliciclastic mudstones

interbedded with thin, fine-grained sandstone

beds. Thin horizons of carbonate nodules (high

magnesium calcite, HMC) and root traces in the

distal mudstone-dominated beds record mild early

pedogenic diagenesis, which took place in palus-

trine zones where pore waters were neutral to

slightly alkaline and with a relatively high Mg/Ca

ratio. Illite, kaolinite and smectite are the major

clay minerals recorded in these assemblages;

minor traces of chlorite occur in the lowermost,

basin bottom-related samples (Fig. 3).

(b) Alluvial fan deposits fed from the northern source

areas are well developed in the lower part of well

642 (Fig. 3 Subunit 1A, E-subbasin) and in well

2106 (Fig. 4 Units 2–5 E-subbasin). The

siliciclastic mudstone beds recorded in these

wells are massive, green to grey and dark brown.

The colour depends mainly on organic matter

content, which increases towards the middle–

distal alluvial fan zone facies. Reddish shades

occur rarely in the proximal–middle alluvial facies

recognised in well 2106. In well 642, the thin

middle–distal alluvial deposits overlying the

colluvial assemblage show similar characteristics

and mineralogy to those observed in wells 5003

and 10010 (Fig. 3). In well 2106, minor coal seams

and dark-coloured, organic-rich clays occur inter-

bedded with the alluvial fan facies. Moreover, the

stratigraphic framework (Fig. 2) shows that a

significant proportion of the alluvial facies are

related to coal seams. This fact suggests that during

deposition and early diagenesis, the alluvial mate-

rials were influenced by acidic pore waters gene-

rated in marsh–swamp zones where peat accumu-

lation took place. Major kaolinite, illite and minor

smectite have been determined in the alluvial

mudstone deposits.

(c) Alluvial fan deposits also accumulated at the foot

of the normal fault scarp that bounded the western

side of the basin threshold (Fig. 2). These deposits

are well observed in well 6006 (Fig. 4, Units 1–5,

W-subbasin), where the massive mudstone beds

are green, grey, dark brown and black, containing

up to 40% organic matter. The percentage of

mudstones with high organic contents increases

towards the inner basin zones where marsh–

swamp sedimentation was dominant (see facies

assemblage 6). In well 6006, the proximal–middle

to distal alluvial fan successions of Units 1–5

closely interfinger with coal seams and dark-

coloured, organic-rich clays. In view of this

geometric relationship, the alluvial fan facies

evolved under the influence of acidic pore water

conditions. Illite and kaolinite in varying propor-

tions are the major clay minerals recorded in the

alluvial mudstones, whereas smectite is very rare

(Fig. 4).

4.3. Shallow terrigenous lacustrine facies assemblage

(3)

Green to pale grey, massive siliciclastic mudstones

and sandy mudstones related to alluvial facies occur in

the Subunit 1A of the E-subbasin (Fig. 3, well 10010).

These deposits have locally yielded scarce fossil

remains of limnic organisms (ostracods). Moreover,

some shelly green mudstone beds occur interbedded
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within a thick coal seam, which is present in Unit 1 of

the W-subbasin (Section 7, Fig. 4). The mudstones are

up to a few decimetres thick, massive, organic matter-

poor and yielded widespread freshwater gastropod

(Planorbidae) shell fragments, which are preserved

as calcite.

Facies assemblage 3 records brief lacustrine epi-

sodes. These are characterised by siliciclastic supply

and occasionally interrupted peat deposition in the

swamp environments. The occurrence of freshwater

gastropod remains and the preservation of calcitic

shells suggest that neutral to slightly high pH con-

Fig. 4. Stratigraphic correlation of facies assemblages (Units 1–5). Correlation between core well 2106 (W-subbasin), core well 6006 and

surface Section 7 (E-subbasin) is shown. Clay mineral abundance and clay assemblages are shown. Note that smectite is a minor, widespread

component in the proximal to middle alluvial fan facies in core well 2106. Kaolinite is the sole component in some of the studied swamp facies

samples. Short lines on the right side of the logs indicate sample locations.
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ditions prevailed during the accumulation and early

diagenesis of these shallow lake deposits. Illite, kao-

linite and significant amounts of smectite are the

major clay minerals recorded in the siliciclastic mud-

stone bed facies. This clay mineral assemblage is

similar to that observed in some of the alluvial fan

facies.

4.4. Cyclical mudstone–carbonate palustrine–lacus-

trine facies assemblage (4)

These deposits are largely present in Subunit 1A of

the E-subbasin and comprise mainly green siliciclastic

mudstones and marls, alternating with whitish dolo-

stone and limestone beds (Fig. 3). Both mudstones and

carbonates make up a few decimeter- up to a fewmeter-

thick cycles, with a maximum frequency of about 0.5 m

(Fig. 5).

The green mudstones and marls (Facies 4a) are

massive to vaguely laminated, organic-poor deposits

(TOCf 1%), which were mainly contributed from

fringing distal alluvial fan zones (samples 1, 4, 5, 8 in

Fig. 5). HMC, LMC and dolomite characterise the

carbonate-rich, locally nodular mudstones suggesting

pore waters with high Mg/Ca ratios. Moreover, the

mudstones often yield athalassic faunal assemblages

(Anadón, 1989; Plaziat, 1993) including monospecific

accumulation horizons of Hydrobia and other gastro-

pods (Potamides). These faunal assemblages suggest

saline water conditions, which could be a result of

negative water balance periods. Poorly preserved,

corroded sponge spicules and diatom frustules also

occur, suggesting relatively high pH in the pore waters

that favoured early diagenetic silica release. TEM

observations reveal the presence of micrometric opal.

The whitish carbonate beds (Facies 4b) are massive,

micritic and show greenish shades depending on their

clay content (samples 2, 3, 6, 7; Fig. 5). They often

display pedogenic features such as root traces, vertical

and horizontal skew planes and nodules suggesting

subaerial exposure. Dolomite and subordinate HMC

and LMC are the most common carbonates. Major

palygorskite, illite and minor smectite and kaolinite

are the most significant clay minerals and sepiolite has

been locally recognised (Fig. 3).

Shallow, closed-drainage lacustrine zones devel-

oped in the E-subbasin during the earlier stages of

sediment fill when water level changes where fre-

quent. Highstand lake levels resulted in expanded

shallow holomictic lacustrine zones and subaqueous

Fig. 5. Mudstone–carbonate cycles in the palustrine– lacustrine facies assemblage of Subunit 1A (see stratigraphic location in Fig. 3, core well

5003). Sepiolite is usually related to the carbonate-rich beds, particularly those showing higher magnesium. See text for further explanation.
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deposition of massive green mudstones and marginal

palustrine carbonates, whereas lowstand lake levels

gave rise to lacustrine contraction and extensive dep-

osition of palustrine carbonates even under subaerial

conditions. Persistence of this depositional framework

resulted in mudstone/carbonate cycles. These record

repeated high-frequency deepening–shallowing pro-

cesses linked to expansion and contractions of the lake

featuring low-gradient, marginal lacustrine ramps

(Sáez and Cabrera, 2002). The occurrence of fibrous

clay minerals, palygorskite and sepiolite, which are

exclusive to these facies, is interpreted as a result of

highly alkaline, magnesium-rich pore waters, which

characterised the early lake systems developed in the

E-subbasin.

4.5. Organic-rich, deep lacustrine facies assemblage

(5)

This facies assemblage comprises up to 12-m-thick

deposits (Subunit 1B), which overlie the widespread

erosive surface located at the top of Subunit 1A (Fig. 3).

The lower part of the sedimentary successions com-

prises fine-grained turbidites, mud-dominated shales

and thin clay-carbonate rhythmites that were depos-

ited in offshore lacustrine zones up to 15 m deep.

They grade upwards into bioclastic coaly mudstones

deposited in lacustrine bench environments (Sáez and

Cabrera, 2002).

The offshore shales have TOC contents ranging

from 12% to 33%. Low and high magnesium calcite

and minor siderite make up the carbonate laminae in

the rhythmite facies. The isotopic composition of the

primary carbonates in these rhythmites suggests that

the lake system was closed (Sáez and Cabrera, 2002).

These shales and rhythmites yielded a distinctive

freshwater palaeobiota (gastropods, frogs), suggesting

that dissolved solids remained low. The high organic

matter contents determined in the mud-dominated

shales suggests that their early diagenesis could be

influenced by acidic pore waters. Illite and kaolinite

are the only major clay minerals recognised in these

deposits (well 5003, Fig. 3).

The widespread occurrence of well-laminated facies

and the good preservation of organic matter indicate

that the lake water column was perennial and deep

enough to allow long-term water stratification (mer-

omixis). The microlaminated clay-carbonate couplets

suggest seasonal and/or multiannual to decennial,

climatically forced limnological changes (Sáez and

Cabrera, 2002).

4.6. Swamp coal facies assemblage (6)

The lignite seams in the As Ponte Basin show a

large variety of petrological and mineralogical fea-

tures, which have been widely described (Cabrera et

al., 1995; Huerta, 1998). Most of the seams are humic

coals although some bright, liptinite-dominated coals

also occur. The pure coal seam facies grade laterally

and vertically into coaly mudstones. Kaolinite is the

major and often single clay mineral in these facies

(e.g. in five samples of Section 7, Fig. 4), whereas

minor illite occurs locally.

4.7. Basin evolution

Deposition in the As Pontes Basin started with the

development of two isolated subbasins. The E-sub-

basin was slightly larger than the western one and

received more water contributed by a larger catchment

area, as shown by heavy mineral assemblages in the

alluvial fan facies (Barsó et al., 2000). The saline

lacustrine–palustrine mudstone–carbonate cycles of

Subunit 1A suggest that the water balance was vari-

able and often negative in this subbasin that was

hydrologically closed in the early stages of basin

evolution. As a result, shallow, alternately fresh and

saline lacustrine–palustrine zones developed and sol-

ute-rich surface and shallow pore waters became

common. In the W-subbasin, the hydrological balance

was positive. This fact enabled the development of

swamps and shallow lacustrine zones, but no signifi-

cant dissolved solids concentration indicative of a

closed drainage was attained in this setting. Later on

the headward spread of the catchment drainage caused

an increase in water input, resulting in the develop-

ment of persistent swamp–shallow lacustrine zones in

the W-subbasin and a relatively deep lacustrine zone

in the E-subbasin, recorded by deposits of Subunit 1B.

Dilution of the lacustrine waters and development of

meromixis in the E-subbasin accompanied this proc-

ess. The absence of a depositional record of open

lacustrine water bodies in the W-subbasin contrasts

with the relatively large development of lacustrine

deposits in the E-subbasin. This was probably due to
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the larger extent of the catchment that fed the E-

subbasin.

The later evolutionary stages of the basin were

characterised by decreasing sedimentary accommoda-

tion space and changing siliciclastic contributions as

recorded from stratigraphic Units 2–5. This situation

led to a depositional framework made up by fringing

alluvial fans that graded laterally into swamp zones

where no major open water bodies developed (Cab-

rera et al., 1995; Huerta, 1998).

5. Clay mineral assemblages: composition and

distribution

The mean structural formulae of the more abun-

dant minerals (illite, smectite and palygorskite) in

the studied sections have been deduced from anal-

ysis of seven samples (Table 1). In each sample, 20

spot chemical analyses for each mineral were carried

out.

The STEM/EDX analysis showed that all the

smectites were dioctahedral with substitution of sili-

con by aluminium up to 0.24 atoms per half unit cell.

In the octahedral layer, smectite shows substitution of

aluminium by magnesium and iron, and potassium is

the main interlayer cation. This corresponds to a

beidellite-like composition (Guven, 1988) and in

particular to the average beidellite described by

Mayayo et al. (2000). In some cases, the recorded

potassium content suggests some illite interlayering.

Structural formulae determinations confirmed that all

the smectites were of beidellite type. The smectite

grain size is variable and predominantly < 1 Am with

less abundant 2–3 Am grains displaying characteristic

curled borders.

Analyses of the palygorskite reveal a quite homo-

geneous composition that is calcium-rich in compar-

ison with other palygorskite compositions cited in the

literature as summarised by Galán and Carretero

(1999). The average structural formula is shown in

Table 1. SEM observations indicate that in the mud-

stones and marl beds palygorskite consists of fibers

1–2 Am long, which occur mainly as mats including

scattered micron-sized dolomite rhombohedrons (Fig.

6a) and calcite with no well-developed faces. In the

dolostone beds, palygorskite mats coat the dolomite

crystals (Fig. 6b).

Illite is essentially homogeneous in both tetrahedral

and octahedral layers. The substitution of Si by Al in

the tetrahedral layer is about 0.7 atoms per half unit

cell (Table 1).

Table 1

Average structural composition of illite, smectite and palygorskite in

the clay mineral assemblage B (palustrine – lacustrine facies

assemblage, Subunit 1A, E-subbasin)

Interlayer Octahedral Tetrahedral

Ca K Na Al Mg Fe Si Al

Palygorskite 0.34 0.16 0.13 1.41 1.66 0.53 7.83 0.17

Illite 0.03 0.73 0.00 1.55 0.19 0.23 3.42 0.58

Smectite 0.09 0.12 0.04 1.50 0.32 0.24 3.76 0.24

Fig. 6. (a) Palygorskite mats with scattered rhombohedral dolomite

crystals in mudstone from the cyclically arranged palustrine–

lacustrine assemblage (E-subbasin). (b) Palygorskite fibers coat

dolomite crystals and fill the intercrystalline porosity in the

dolostones of subunit 1A (E-subbasin).
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5.1. The clay mineral assemblages

Five major assemblages, which show a diversity of

compositions and include diverse proportions of kao-

linite (K), illite (I), smectite (Sm), palygorskite (Pal)

and sepiolite (Sep) can be established in the As Pontes

Basin (Fig. 7).

5.1.1. Assemblage A: K, Sm, I

This clay mineral assemblage consists of kaolinite,

aluminous smectite (Al-smectite) and illite that occur

in variable proportions. It is the common clay assem-

blage in the colluvial and the alluvial fan successions

and in the thinly bedded, shallow, freshwater lacus-

trine mudstone deposits. Kaolinite is relatively more

abundant in core wells close to the southern basin

margin (Fig. 3).

5.1.2. Assemblage B: Pal, I, Sm (K), Sep local

Palygorskite (60–80%), illite (20–30%) and Al-

smectite (5–10%) are the major components. Up to

144 clay samples from carbonate-rich palustrine–

lacustrine deposits in the E-subbasin enabled charac-

terisation of this assemblage (Fig. 3). Kaolinite occurs

as a very minor component in wells close to the

northern basin margin (e.g. well 642). However, this

mineral is quite common, although in percentages lo-

wer than 10%, in well 10010, located close to the

southern basin margin. Sepiolite content ranges from

5% to 30% in some samples from well 642, whereas it

reaches up to 50% in some samples from well 5003

(Fig. 3).

5.1.3. Assemblage C: I, K

This clay assemblage is characterised by presence

of illite and kaolinite as major minerals. The illite and

kaolinite diffractograms in this assemblage display

sharper peaks than in assemblages A and B. The

assemblage is restricted to the thin, laminated deep

lacustrine deposits. Semiquantitative analysis revealed

that illite (50–75%) is usually more abundant than

kaolinite (25–50%), although in some cases both

minerals show similar percentages in the samples

(e.g. well 5003 in Fig. 3).

5.1.4. Assemblage D: K, I (Sm)

This clay assemblage is characterised by a clear

predominance of kaolinite and illite, with minor

presence or even absence of smectite. Both kaolinite

and illite show sharp diffraction peaks. This assem-

blage has been recognised in proximal to distal

alluvial-fan facies associations that are closely related

Fig. 7. Clay mineralogical composition of the mudstone deposits in the As Pontes Basin. The samples cluster in five different clay mineral

assemblages indicated by capital letters A to E. The areas with vertical lines indicate transitions in composition between the different clay

assemblages. The symbol that represents the clay assemblage E in the kaolinite vertex (f 100% kaolinite) corresponds to 134 coal samples

analysed by Huerta (1998).

A. Sáez et al. / Sedimentary Geology 159 (2003) 305–324316



Fig. 8. Palaeogeographic sketches showing the sedimentary environments and clay mineral assemblages (parallelograms), in the three main

evolutionary stages of the As Pontes Basin. (a) Subunit 1A stage; (b) Subunit 1B stage; (c) Units 2–5 stage. See text for further explanation.

These maps represent the maximum spread of lacustrine and swamp environments in the basin.
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to coal-bearing successions accumulated in swamp,

peat-forming environments. The coaly mudstones

deposited in the more distal alluvial environments

are characterised by high kaolinite contents (usually

more than 60%) and minor illite. The illite content is a

little higher in coarse-grained siliciclastic deposits, as

recorded in well 6006 (Fig. 4).

5.1.5. Assemblage E: K (I)

This clay assemblage is characterised by predom-

inance of kaolinite, with minor presence or even

absence of illite. Coal seams and coaly mudstones

deposited in swamp environments usually yield this

clay mineral assemblage (Section 7, Fig. 4). More

extensive qualitative analysis of coaly, organic-rich

facies were carried out by Huerta (1998). Among the

134 samples studied by this author, 74% yielded

kaolinite as the only clay mineral, whereas the remain-

ing 26% of the samples included small amounts of

illite. The kaolinite crystallinity was larger in the coal

seams that displayed minor siliciclastic content.

5.2. Mineralogical changes, vertical and lateral

relationships between the assemblages

The five clay mineral assemblages described above

display some variations in the occurrence and percen-

tages of their major and minor minerals (Fig. 7). The

deposits containing clay mineral assemblage A show

minor to significant kaolinite content changes. More-

over, a clear upward decrease of kaolinite, coeval to

an increase of smectite, is recorded in wells 10010 and

5003 (Fig. 3).

The deposits containing clay mineral assemblage B

shows also minor variations of illite and kaolinite

contents. Nevertheless, the most significant changes

correspond to variations of palygorskite and sepiolite

contents. A remarkable decrease of smectite is recog-

nised in sections where assemblage B-bearing depos-

its overlie assemblage A dominated facies (Fig. 3).

Moreover, detailed analysis of the high-frequency

mudstone-carbonate cycles in facies assemblage 4

shows a loose correlation between carbonate and

sepiolite contents (Fig. 5). Thus, mud-dominated

facies, showing less than 15% of carbonate, are barren

or nearly barren of sepiolite (Fig. 5, samples 1, 4, 5

and 8). Moreover, most of the carbonate-rich beds

(e.g. marls and limestone–dolostone beds with more

than 50% of carbonate) show sepiolite contents higher

than 30% (samplea 2, 6 and 7 in Fig. 5). Thus,

sepiolite occurs related both to dolostones and lime-

stones. In cycles C1–C2, the increase and decrease of

magnesium in calcite and dolomite correlates with the

sepiolite and the carbonate content (Fig. 5).

Finally, the deposits containing clay mineral assem-

blages C, D and E (Fig. 7), which are characterised by

increasing contents of kaolinite in relation to other clay

minerals, show minor to significant variations of the

kaolinite/illite ratio (Figs. 3 and 4).

The stratigraphic-depositional framework in the

As Pontes Basin provides evidence that both presence

and relative dominance of the clay mineral assemb-

lages changed through the successive stages of basin

evolution, and the assemblages display abundant la-

teral and vertical transitions (Fig. 8). The largest

variation in of sedimentary facies and clay mineral

assemblages occurred during deposition of Unit 1

(Fig. 8a,b). The diversity of clay assemblages de-

creased drastically through deposition of Units 2–5,

which was characterised by widespread accumula-

tions of alluvial and swamp related deposits (Fig.

8c).

In the E-subbasin, the clay assemblages A and B

were partly coeval (Fig. 8a). The stratigraphic–sed-

imentological framework reflects a southward spread-

ing of shallow lacustrine–palustrine environments,

which overlie and interfinger alluvial-dominated facies

(Figs. 2 and 3). The clay assemblage C, mainly present

in deep lacustrine deposits, usually overlies assem-

blage B-dominated successions, recording a major

mineralogical change. The observed stratigraphic rela-

tionships suggest that the formation of assemblage C

was coeval with the marginal alluvial fan deposits

characterised by assemblage A (Fig. 8b).

In the W-subbasin, the clay mineral assemblages

recorded in Unit 1 differ from those of the same unit in

the E-subbasin. The clay assemblages A, D and E were

also coeval, recording the close stratigraphic and

genetic relationships between alluvial and swamp de-

positional environments (Fig. 8c).

6. Discussion: origin of the clay assemblages

The origin of the clay mineral assemblages distin-

guished in the sedimentary fill of the As Pontes Basin
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may be explained as a result of the interplay of

tectonic and climatic constrains. Both climate and tec-

tonic relief influenced weathering and erosion pro-

cesses in the catchment areas, thereby controlling

clastic and solute inputs to the basin. Diagenetic

changes of the clay mineralogy in the basin were

mainly driven by its hydrochemical and environmen-

tal basin evolution (Fig. 9).

6.1. The source area contributions and the clay

assemblages in the colluvial, alluvial palustrine and

shallow freshwater lacustrine facies

Subtropical, warm humid to subhumid climatic

conditions prevailed in NW Iberia from Late Rupelian

to Early Aquitanian (Medus, 1965; Baltuille et al.,

1992). This warm climatic regime enhanced the

development of a relatively dense plant cover in the

basin and the surrounding source areas, although

some open, less densely vegetated landscapes could

also develop. Warm temperatures and relatively high,

although probably seasonal, rainfall regime should

favour extensive weathering of the metamorphic base-

ment and significant solute and detrital contributions,

including clay minerals. Tectonic uplift of the catch-

ment areas also resulted in high erosion rates.

The metamorphic and igneous rocks forming the

basin catchment during the Late Oligocene and Early

Miocene were similar to those cropping out at the

present (Fig. 1). This fact suggests that the Tertiary

hydrochemistry of the catchment system is compara-

ble to the recent hydrochemistry. Accordingly, the

dominant mineral components of these parent rocks

(quartz, K-feldspars, plagioclase, biotite, muscovite

and clinochlore) were the major source for solute and

clastic input to the basin.

The K + Sm+ I assemblage (clay mineral assem-

blage A) recognised in the colluvial facies that directly

Fig. 9. Summary of the main palaeoenvironmental and early diagenetic conditions, which resulted in the formation of the clay mineral

assemblages distinguished in the As Pontes Basin. K, kaolinite; I, illite; Sm, smectite; Pal, palygorskite; Sep, sepiolite. Capital letters A to E and

accompanying parallelograms correspond to the clay mineral assemblages in Fig. 7. Numbers correspond to the facies assemblages.
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overlies the basin substratum is the record of the Late

Oligocene–Early Miocene weathering products in

the As Pontes Basin region. Weathering of slates

and schists could contribute directly some illite,

whereas additional illite and kaolinite could derive

from the hydrolysis of feldspar and mica in the parent

rock.

Al-smectite could result from the alteration of

clinochlore. According to Murakami et al. (1996)

and Gillot et al. (2000), this mineral can be weathered

into Al-smectite under mild weathering conditions,

which result in magnesium release. Thus, the major

occurrence or prevalence of Al-smectite in assem-

blage A would have resulted from the weathering of

clinochlore, which is very abundant in the slates and

schists in the basin catchment (Brell and Doval, 1979;

Barsó et al., 2000) and extremely scarce in the basin

infill.

The clay assemblage A occurs in the alluvial and

shallow freshwater lacustrine deposits (facies assemb-

lages 2 and 3). These deposits do not show significant

traces of early, pervasive diagenesis. The preservation

of carbonate products (i.e. early diagenetic carbonate

nodules, gastropod shells) in the siliciclastic facies

suggests fresh, near neutral to slightly alkaline pore

water conditions. These conditions would allow pres-

ervation of the original detrital clay minerals repre-

sented by clay assemblage A.

The relative homogeneity of the source rocks

prevented large variations in the clay mineralogies

of alluvial deposits. Nevertheless, the alluvial depos-

its that were fed from the northern catchment (wells

642 and 2106) show larger illite and smectite content

than those that were supplied from the southern

catchment (wells 10010 and 5003), which in turn

display larger kaolinite contents. These differences in

the relative proportions of the clay minerals probably

reflect minor differences between the compositions

of the northern and the southern catchment source

rocks (Fig. 1) and/or different flushing of these rocks

due to local relief or permeability variations (Berner

and Berner, 1996). Some of the changes in clay

percentages may also be related to mineral selection

caused by grain size changes of the clay mineral

fraction in the transition to distal alluvial fan zones.

Thus, the smectite increase in lower part of the

Subunit 1A (wells 5003 and 10010, Fig. 3) may reflect

grain size changes in the transition from distal alluvial

fan to shallow lacustrine environments (facies assem-

blage 3).

6.2. Fiber-clay neoformation under saline and

alkaline lacustrine–palustrine conditions

Several factors favoured the generation of fibrous

magnesian clays in the As Pontes Basin: (1) Closed

drainage lacustrine conditions gave rise to high silica

and magnesium concentrations. The magnesium con-

tribution could be significant initially, resulting from

extensive weathering of clinochlore in the source

areas. (2) Additional silica was contributed from

biogenic sources (e.g. sponge spicules and diatom

frustules). (3) Extensive precipitation of primary and

early diagenetic calcium carbonates increased the Mg/

Ca ratio in the basin surface and pore waters. (4) Pore

water alkalinity was relatively high, as a consequence

of the high carbonate content.

In facies assemblage 4, there is a good correlation

between the appearance and further increase of paly-

gorskite and the decline or even absence of smectite,

which is abundant in clay assemblage A. Bearing in

mind that the average percentages of illite and kaolin-

ite are maintained, this suggests that palygorskite

could be neoformed by dissolution–precipitation from

smectite, a process already recognised by earlier au-

thors (Jones and Galán, 1988; Inglès and Anadón,

1991; Webster and Jones, 1994; López and González,

1995; López-Galindo et al., 1996).

The presence of sepiolite in palustrine carbonate-

dominated deposits showing root traces and other

pedogenic features suggests that this clay mineral

was formed in a vadose setting under the influence

of an oscillating water table, characterised by high

magnesium and carbonate solute contents. Formation

of sepiolite in calcic soil horizons may occur by direct

precipitation from concentrated vadose solutions in

the absence or complete fixation of aluminium in

colloidal solution (Jones, 1983). The presence of sepi-

olite in the magnesium-rich carbonate beds suggests

that its formation was favoured in periods were the

lake water was characterised by higher Mg2 + concen-

tration in the presence of Si4 + (Jones, 1983; Webster

and Jones, 1994).

There is an extensive literature focused on the

formation of fibrous clay minerals (palygorskite and

sepiolite) under arid and semiarid climatic conditions
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(Singer, 1984; Jones and Galán, 1988; Chamley, 1989

and citations therein). The occurrence of these miner-

als is often considered to be closely related to semiarid

evaporitic environments where sulphate precipitation

takes place. However, the fibrous clay minerals in the

As Pontes Basin were not generated under such

extreme evaporitic conditions. Closed drainage lacus-

trine–palustrine environments, submitted to a slightly

negative hydrological balance, can also result in mag-

nesium-rich alkaline lake waters, suitable for magne-

sium-rich clays.

6.3. Clay mineral transformation under organic

matter-rich, acidic conditions

Suitable conditions for generation of fibrous, mag-

nesium-rich clay minerals in the E-subbasin did not

prevail during the deposition of the deeper, organic-

rich facies of Subunit 1B (facies assemblage 5). The

distinctive change of clay mineralogy between clay

assemblages B and C (Fig. 3) reflects a remarkable

environmental–hydrochemical change in the lacus-

trine depositional framework of the E-subbasin.

Greater depth and meromixis in the lake water column

resulted in anoxic conditions and in accumulation and

preservation of organic matter on the lake floor. This

organic-rich environment favoured acidic conditions

that enhanced the formation of kaolinite from Al-

smectite (Keller, 1970; Staub and Cohen, 1978;

Chamley, 1989). As a consequence, only kaolinite

and illite were preserved under these conditions.

Clay assemblages D and E are most common in the

peat swamp environments that received a variable

detrital influence resulting in coaly mudstone and

lignite beds. In these environments, where the depo-

sition of the widespread coal seams took place (Unit 1

in W-subbasin and Units 2–5), the early diagenetic

conditions were acidic and prone to the generation of

early diagenetic kaolinite from the terrigenous smec-

tite and illite. The sharper diffraction peaks shown by

kaolinite in As Pontes coals support the early diage-

netic transformation of kaolinite from smectite. This is

in agreement with the clay assemblage descriptions

provided by Chamley (1989) in other organic-rich

environments. Therefore, kaolinite is a major, often

dominant clay mineral in the swamp-dominated suc-

cessions and resulted from both primary terrigenous

accumulation and early diagenetic transformation.

7. Conclusions

The Late Oligocene–Early Miocene As Pontes

Basin evolved mainly under a subtropical warm,

humid–subhumid climate. No evidence for highly

stressing aridity or evaporitic conditions has been

recognised either in the depositional or in the palae-

obiological record. The basin source area was com-

posed of slates and schists, which yielded kaolinite,

illite and smectite. Illite was an original mineral in the

source rocks, whereas kaolinite and Al-smectite

resulted mainly from weathering of feldspar and

clinochlore. This detrital clay assemblage (K, I, Sm)

persisted in some colluvial, alluvial fan and shallow

lacustrine deposits, which underwent mild early dia-

genesis under the influence of diluted, poorly evolved

pore waters with neutral to gently basic pH (Figs. 8a

and 10).

Closed drainage conditions in the E-subbasin

resulted in alternating episodes of high and low solute

water concentration. As a consequence, the primary

detrital clay assemblage was strongly modified because

of a significantly changing lacustrine hydrochemistry.

The magnesium-rich clay mineral-dominated assem-

blage B (Fig. 10) developed in shallow, saline lacus-

trine and palustrine zones submitted to pedogenesis.

High Mg/Ca rates, significant silica contribution and

high pH conditions resulted in extensive transforma-

tion of Al-smectite into palygorskite, whereas sepiolite

was neoformed by direct precipitation (Fig. 10). Else-

where, acidic pore water conditions, developed in

environments with large organic matter accumulation

and absence or low concentration of buffering ions, led

to the alteration of Al-smectite into kaolinite. This

process was relatively mild in the organic matter-rich,

meromictic lacustrine bottom floor environment,

where assemblage C was developed. In addition, the

same process was very pervasive in peat-accumulation

zones, where assemblages D and E developed. Kaolin-

ite acquired stronger crystallinity in the swamp, peat-

forming environments.

The lateral and vertical transitions among clay

mineral assemblages in the As Pontes Basin fill shows

that a large variety of clay minerals can form in an area

of reduced extent subject to rapid depositional and

environmental changes. This emphasises the impor-

tance of palaeoenvironmental change in forcing clay

mineral transformations in the depositional record. The
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interplay between the subtropical, humid–subhumid

climate and the tectonic processes in the source areas

did not result in major variations of the rather monot-

onous original clay assemblage fed into the basin. But

conversely, this interplay gave rise to a complex

environmental–hydrochemical evolution in the depo-

sitional zones, which led to drastic changes in clay

mineral assemblages (Figs. 8–10).

The As Pontes case study provides clear evidence

for the major influence of geomorphic and tectonose-

dimentary processes on the clay mineral record in

nonmarine depositional systems. Autogenic increase

in catchment area through headward erosion and

beheading resulted in larger water input into the basin,

modifying its hydrological balance. Also, faulting and

folding affected both the catchment and the drainage of

the depositional zones, which in turn influenced the

basin hydrological balance. The geomorphic evolution

and tectonics interacted with climate, causing dramatic

hydrological shifts in the basin, which modified dep-

ositional and early diagenetic conditions in alluvial

and lacustrine systems and led to very significant

changes in the composition of the clay assemblages.

Low-order climatic changes are often interpreted in

ancient continental records on the basis of significant,

in some cases dramatic, clay mineral assemblage

variations. Nevertheless, the As Pontes clay mineral

record demonstrates that very different, sometimes

coeval, clay assemblages developed in the various

basin zones due to tectonically forced palaeoenviron-

mental changes. These changes are similar to those

forced by climate change and could lead to misleading

palaeoclimatic conclusions. Consequently, it must be

emphasised that, in some cases, the role of climate can

be diminished or even obliterated by tectonics. There-

fore, integrative understanding of the role of tectonic

constrains on palaeoenvironmental basin evolution is

advisable in order to avoid misleading interpretation

of clay mineral signatures.
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indebted to José Pedro Calvo, Keith A.W. Crook and an

anonymous reviewer for their critical comments and

suggestions.

References

Anadón, P., 1989. Los lagos salinos interiores (atalásicos) con faunas

de afinidad marina del Cenozoico de la Penı́nsula Ibérica. Acta
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and Paleobotanical findings from tertiary lignites of As Pontes

Basin (Galicia, NW Spain). Cour. Forsch. Inst. Senckenb. 173,

153–165.

Cabrera, L., Hagemann, H.W., Pickel, W., Sáez, A., 1995. The coal

bearing Cenozoic As Pontes Basin (NW Spain): geological

influence on its coal’s characteristics. Int. J. Coal Geol. 27,

201–226.
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