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A B S T R A C T  

Vertical sequence analysis within 1500-2500 m thick coarse-grained coalfield 
successions allows six sedimentary associations to be distinguished. These are 
interpreted in terms of depositional environments on, or related to alluvial fans 
which fringed a fault bounded source region. (i) Topographic valley and fanhead 
canyon fills: occurring at the bases of the coalfield successions and comprising 
sporadically reddened, scree, conglomeratic thinning and fining upward sequences, 
and fine-grained coal-bearing sediments. (ii) Alluvial fan channels: conglomerate 
and sandstone filled. (iii) Mid-fan conglomeratic and sandstone lobes: laterally 
extensive, thickly bedded ( 1-25 m) and varying from structureless coarse conglo- 
merates and pebbly sandstones, to stratified fine conglomerates and cross-bedded 
sandstones. (iv) lnterlobe and interchannel : siltstones, fine-grained sheet sand- 
stones, abundant floras, thin coals and upright trees. (v) Distal fan: 10 cm-1.5 m 
thick sheet sandstones which preserve numerous upright trees, separated by silt- 
stones and mudstones with abundant floras. and coal seams. The sheet sandstones 
and normally arranged in sequences of beds which become thicker and coarser or 
thinner and finer upwards. These trends also occur in combination. (vi) Lacustrine: 
coals, limestones, and fine-grained, low-energy, regressive, coarsening upward 
sequences. 

Proximal fan sediments are only preserved in certain basal deposits of these 
coalfields. The majority of the successions comprise mid and distal alluvial fan 
and lacustrine sediments. Mid-fan depositional processes consisted of debris flows 
and turbulent streamflows, whilst sheetfloods dominated active distal areas. A 
tropical and seasonal climate allowed vegetation to colonize abandoned fan 
surfaces and perhaps resulted in localized diagenetic reddening. Worked coals, from 
10s cm-20 m thick, occur in the distal fan and lacustrine environments. 

These alluvial fan deposits infill 'California-like' basins developed and preserved 
along major structural zones. In many of their characteristics, in particular the 
occurrence of thinning and fining, and thickening and coarsening upward sequences 
and niegasequences. these sediments have similarities to documented ancient 
submarine fan deposits. 

* Present address: Department of Geological Sciences, University of Durham, South Road, 
Durham DHI 3LE, England. 

0037-0746/78/0800-045 1 $02.00 iQ 1978 International Association of Sedimentologists 



452 

INTRODUCTION 

‘An alluvial fan is a body of detrital sediments built up by a mountain stream at the 
base of a mountain front’ and commonly having the shape of a segment of a cone 
(Blissenbach, 1954, p. 176). Sedimentation is characterized by an accumulation of 
debris within a drainage basin and its sporadic transference to  the mountain front 
(Beaty, 1963, 1970. 1974; Bull, 1964a, b:  Denny, 1965, 1967; Hooke, 1967. 1968). 
Deposition results from deceleration due to  the increase in flow width and decrease in 
flow depth as floods emerge from the confines of the feeder canyon or fanhead channel 
(Bull, 1964a; Denny, 1965). The locus of deposition on a fan surface depends on the 
presence of channels. Over a period of time the cutting, infilling, migration and 
abandonment of channels results in fairly even fan sedimentation (Beaty, 1963, 1970, 
1974: Denny, 1965, 1967; Lustig, 1965; Hooke, 1967, 1968; Bull, 1972). At any time 
much of the fan surface is inactive, being the site of weathering. pedogenesis and 
erosion (Bluck, 1964; Denny, 1965, 1967; Lustig, 1965; Hooke, 1967, 1968, 1972). 

Modern fans have been described most frequently from arid and semi-arid climatic 
settings (e.g. Blissenbach, 1954; Bull, 1964a, b, 1972: Lustig, 1965; Denny, 1965, 
1967; Hooke, 1967; Williams, 1970; Meckel, 1975), and ancient fan sediments inter- 
preted almost exclusively so (e.g. Allen, 1965a; Laming, 1966; Bluck, 1967; Miall, 
1970; Groat, 1972; Steel, 1974, 1976; Steel & Wilson, 1975; cf. McGowen & Groat, 
1971 ; Hubert, Reed &Carey, 1976). However, modern fans also occur in other climatic 
regimes, their occurrence being primarily a function of topography and sediment 
supply (e.g. Winder, 1965; Curry, 1966; Legget, Brown & Johnson, 1966; Murata, 
1966; Broscoe & Thomson, 1969; Johnson & Rahn, 1970; Wasson, 1977a). 

The purpose of this paper is to  describe coarse-grained coal-bearing alluvial fan 
and lacustrine sediments which probably accumulated under a tropical and ?seasonal 
climate. These ancient fan sediments are viewed in terms of processes and these 
related to  depositional environment, whilst bearing in mind that climate, vegetation 
and processes, themselves interrelated, have evolved (Schumm, 1968).* 

SETTING 

The La Magdalena, Matallana (Ciiiera-Matallana) and Sabero coalfields are 
located on thc southern flank of the Cantabrian Mountains, in the Province of L e h ,  
Northern Spain (Fig. 1). Thick coal-bearing Stephanian successions rest uncon- 
formably on folded Precambrian-Namurian strata. These coalfields occur within a 
belt of small, isolated Stcphanian A-C basins (5-175 km2 in size), in  which sedimen- 
tation began progressively later from Sabero westwards. Thick conglomerates, poorly 
sorted lithic sandstones, lacustrine shales and coals typify these deposits. 

Previous work, stratigraphy and structure 
Previous work in La Magdalena, Matallana and Sabero has bccn almost entirely of 

a stratigraphical nature (van Amerom & van Dillewijn. 1963; Hclmig, 1965; Wagner, 

* Since this paper was completed considerable additional data on alluvial fans has been published 
by Bull (1977) and Wasson (1977b). 
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Fig. I .  Geological map of the Cantabrian Mountains, Northern Spain. Stratigraphic ages (based on 
floras) for the Stephanian coalfields, from Wagner (1970) and Knight (1975). A =Alejico, B=Bardaya, 
C=Correcillas. refer to locations mentioned in the text. 

1966, 1971b; Evers, 1967; van den Bosch, 1969; Wagner & Artieda, 1970; Knight, 
1971, 1974, 1975; van Staalduinen, 1973). Terms such as continental, limnic and 
paralo-limnic have been used to describe these deposits. 

The stratigraphies of the studied coalfields are illustrated in Fig. 2. Those of 
Matallana and Sabero are well established following the mapping of Wagner (1971 b) 
and Knight (1975). The La Magdalena coalfield has not yet been mapped stratigraph- 
ically and the succession of Fig. 2 represents a well exposed road section measured by 
the author (La Magdalena-Mora de Luna). 

Inter-coalfield correlation exists at  a general level only (Wagner, 1970, 1971 b), 
although Knight has attempted several correlations of Sabero and Matallana whose 
outcrops are separated by only 10 km (Knight, in Wagner, 1971a; Knight, 1974, 
1975). 

Structurally thc three basins are similar, being broadly synclinal, with sediments 
striking E-W. A well preserved, though faulted and sometimes tectonically repeated 
northern limb, contrasts with a highly tectonized, dissected and shortened southern 
limb. 

Extensive deep mining continues in the coalfields of Matallana and Sabero. 

General characteristics of the deposits 
Thick, coarse conglomerates occur in the basal formations of the coalfields and 

are prominent to  varying levels in the overlying successions. Well-rounded clasts are 
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Fig. 2. Stratigraphies and the generalised occurrence of the six sedimentary associations within the 
coalfield successions. Correlations based on Wagner (1970) and Knight (1974, 1975). 

ubiquitous in all Carboniferous and Stephanian conglomerates in the Cantabrian 
Mountains, irrespective of environment of deposition. Roundness does not appear to  
result from recycling, because an extensive conglomeratic source formation is lacking 
(van Loon, 1972) and there appear to  be no multi-cycle clasts or half round pebbles 
(Tanner, 1976). Rounding may have resulted from rapid weathering under a tropical 
climate (Tricart, 1972; Thomas, 1974), from transport in highly concentrated debris/ 
turbulent flows (Winder, 1965; Scott & Gravlee, 1968), or from abrasion in place 
(Schumm & Stevens, 1973). 

Texturally, sandstones are poorly sorted and composed of angular to  sub-angular 
grains. They are predominantly lithic or sub-lithic, arenites or greywackes (Pettijohn, 
Potter & Siever, 1973). Sedimentary rock fragments of chert, quartzite and shale 
abound. Sandstone petrographies and compositions of conglomerate clasts indicate a 
predominantly sedimentary source area. 

Fresh-water faunas typify the lacustrine intervals of the coalfields (Eagar & Weir, 
1971 ; Wagner, 1971 b ;  Knight, 1975; Heward, 1976). However, a few localized horizons 
yielding brackish-marine faunas have also been recorded (Fig. 2 ;  Knight, 1971, 1974, 
1975; Heward, 1976). Fossil floras abound within the alluvial fan sediments and have 
been the subject of several publications (Wagner, 1966. 1971b; Wagner & Artieda. 
1970; Knight, 1974, 1975). 
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Vertical sequences and sedimentary associations are readily distinguishable in the 
field. Vertical sequences can be observed on several scales and normally change 
progressively. They range from individual beds (cm-m thick), sequences of related 
beds (m-10s m thick), to megasequences, consisting of arrangements of sequences and 
beds (10s-100s m thick). Sedimentary associations consist of vertical sequences and 
may themselves be arranged into megasequences. The characteristics of beds, vertical 
sequences and sedimentary associations enable reconstruction of depositional pro- 
cesses, depositional environments and long-term behaviour of depositional systems. 

Methods of study 
Well-exposed, though isolated, road and stream sections were measured in detail, 

particular attention being paid to the nature of the individual beds (lithology, sedi- 
mentary structures, flora and fauna), grain size variations, bed contacts, the lateral 
extent of beds and their relative palaeocurrents. The latter, with the exception of long 
axes clast orientations, were difficult to obtain. 

Grain size of shale to sand grade sediments was estimated visually in the field. An 
average maximum clast size was measured for conglomerates from the longest axes of 
the twenty-five largest clasts. These were taken 1-5 m either side of the section line 
and at intervals normally not greater than 1 m. 

S E D I M E N T A R Y  A S S O C I A T I O N S  

Within the La Magdalena, Matallana and Sabero coalfield successions six sedi- 
mentary associations can be identified : topographic valley and ?fanhead canyon fills, 
alluvial fan channels, mid-fan conglomeratic and sandstone lobes, interlobe and 
?interchannel, distal fan, and lacustrine. 

Topographic valley and ?fanhead canyon fill association 
Description 

At the bases of the coalfield successions localized accumulations of conglomerates, 
sandstones, shales and coals occur confined within palaeo-hollows or valleys of the 
underlying surface. 

In the La Magdalena coalfield small (100s m wide and 10s m deep), conglomerate 
filled palaeo-valleys are cut into folded and cleaved Precambrian turbidites (van den 
Bosch, 1969 ; Heward, 1976). These conglomerates contain locally derived, angular 
fragments of shale and sandstone, up to 50 cm. They are polymodal, unstratified, lack 
fabric and are matrix supported, the matrix consisting of smaller rock fragments. The 
top few metres of underlying Precambrian and finer-grained horizons within the 
conglomerates are commonly reddened. 

Basal deposits from the northern margin of the Matallana coalfield include a 2 km 
wide and 300 m deep conglomerate filled valley at Correcillas (C on Fig. l), and a 
smaller fine grained accumulation at Bardaya ( B  on Fig. 1)  containing several thick 
coal seams. 

At Correcillas, the palaeo-valley eroded in folded Palaeozoic formations is infilled 
by thick unstratified coarse conglomerates (Figs 3-5). Clasts are well rounded, 
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Fig. 3. Palaeotopographic valley-fills. (a) View to N W  across margin of valley-fill at Correcillas, 
Matallana coalfield, where folded Devonian and Namurian limestones are overlain by Stephanian B 
conglomerates. Younging to middle left. (b) Reconstruction of Correcillas palaeo-valley; after 
Wagner (1971b). (c) Reconstruction of valley-fill at Alejico, Sabero coalfield; after Knight (1975). 

polymodal and consist predominantly of quartzite and limestone (Fig. 5a). Con- 
glomerates vary from clast to  matrix supported and have a red coarse sandstone- 
granule-sized matrix. Individual beds, 10s cm-20 m thick (Fig. 4a), defined by 
differences in clast size, or clast/matrix support, are separated by fine-grained interbeds 
and are laterally continuous across the valley f i l l  (Fig. 5b). Trough cross-bedding in 
reddened fine-grained sandstone interbeds indicates transport to the North. Red and 
red-green mottled rootlet beds, of siltstone or mudstone, occur at  several horizons. 
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Fig. 4. (a) Section through conglomeratic part of valley-fill at Correcillas, Matallana coalfield; see 
Fig. 3b for location. (b) Legend to figures in this paper. 
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Fig. 5. Valley-fill sediments at  Correcillas, Matallana coalfield. (a) Polymodal, clast supported, bedded 
though unstratified pebble and boulder conglomerates, comprising sub  rounded-well rounded 
limestone quartzite and sandstone clasts. Younging to top right; hammer handle 30 cm long. (b) View 
to East llustrating the lateral continuity of the individual conglomerate beds and sequences of Figs 
4a and 5a. Younging to top right. 

The laterally extensive conglomerate beds appear to be crudely organized into 
sequences, 15-65 m thick, in which bed thickness. maximum clast size and overall clast 
size decreases upward, and matrix support becomes more prominent upwards (Fig. 4a, 
thinning and fining upward sequences). These sequences are themselves broadly 
organized into two thinning and fining upward megasequences (Fig. 4a). 



These reddened conglomerates are abruptly overlain by grey. coal-bearing. finer 
sedimcnts, which still occur within the valley-fill (Fig. 3b). 

In the Sabero coalfield (data from Knight, 1975), locally derived conglomerates 
and coal-bearing sediments occur within a Northeast-Southwest graben feature near 
Alejico (A on Fig. I :  Alejico Beds, Figs 2 and 3c). During the deposition of the 
lower formations of this coalfield, thicker successions always accumulated over the 
syn-sedimentary Alejico graben feature. 

Jnterpretntion 
These localized basal accumulations infill palaeotopography or developing basins 

and are similar to deposits described by Reinemund (1955), Melton (1965), Selley 
(1965), McGowen & Groat (1971) and Stephenson (1972). Scree and/or colluvial 
debris (Leopold, Wolman & Miller, 1964: Costello & Walker, 1972) appear to be 
important constituents of the La Magdalena and Sabero accumulations. 

The coarse grain size, lack of channelling, lateral extcnt. presence of clast and 
matrix supgort, and the unstratified nature of the conglomerates at  Correcillas. 
suggest that they were probably transported by somc form of mass-flow (Johnson, 
1970; Fisher, 1971; Middleton & Hampton, 1973; Walker, 1975a; Lowe, 1976; 
Rodine & Johnson, 1976; Enos, 1977). The 15-65 m thick thinning and fining upward 
sequences (Fig. 4a) are perhaps comparable to submarine fan sequences of similar 
style, normally considered to  have accumulated within major channels (Mutti & 
Ricci-Lucchi, 1972; Walker & Mutti, 1973; Mutti, 1974: Ricci-Lucchi, 1975; Walker, 
1975b, c, 1977: van Vliet, 1978). 

The infilling and burial of these palaeotopographic depressions implies that source 
areas were uplifted relative to  basins. Coals require a high water table for their 
preservation, which is of significance when the underlying bedrock was commonly 
limestone. The reddened Precambrian surface in La Magdalena suggests that the 
localized reddening of these deposits is Stephanian. The nature of the reddening, its 
sporadic occurrence and the red-green mottled rootlet beds at  Correcillas appear 
compatible with a diagenetic origin (van Houten, 1964; Walker, 1967, 1974). 

Alluvial fan channel association 
Description 

Twenty t o  thirty channels were observed cutting into sediments of the mid-fan lobe, 
interlobe and distal fan associations (Figs 6 and 7). Width thickness ratios vary from 
4 - 25 for channels filled with clast supported conglomerate, to  9 - 38 for channels 
filled by sandstone or pebbly sandstone. Fills are massive or cross-bedded and in most 
cases infill appears to  have been rapid. A few large conglomerate filled features may 
have been supply channels to down-fan areas (Fig. 6a). However, the absence of lag 
conglomerates, lack of sorting, rare stratification and the overall nature of many 
others suggests they result from major erosive floods rather than prolonged channel 
occupation (Fig. 7a). The orientations of channels and their internal sedimentary 
structures are similar to palaeocurrents from adjacent sediments, suggesting that they 
paralleled the general direction of sediment dispersal (Fig. 7b). 

hi terprvtation 
The interpretation of the described examples as alluvial fan channels depends on 
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Fig. 6. Alluvial fan channels. (a) Clast supported, congomerate filled channel, 150 m wide and 60 ni 
deep, cut into finer-grained distal fan sediments. Younging to top right. Correcillas, Matallana coal- 
field. (b) Channellized, matrix supported conglomerates and coarse sandstones eroded into finer- 
grained distal fan sheet sandstones. Younging to top right. Aq : aqueduct. Vegacervera, Matallana 
coalfield. 
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Fig. 7. Alluvial fan channels. (a) Internal structures and grain size distribution within a sand-filled 
channel. Near La Magdalena, La MagdalenaMora de Luna road. (b) Comparison of the pdaeo- 
currents from two sand filled channels with those from adjacent distal fan sheetflood sandstones. 
Location as above. 

their occurrence within a series of sedimentary associations which are most rcadily 
explained in the context of alluvial fans. The coarseness, rapid variation in grain size, 
lack of sorting, mode of infill and the described palaeocurrent pattern may be typical 
of alluvial fan channel deposits (cf. Hunt & Mabey, 1966; Bull, 1972). 

Mid-fan conglomeratic and sandstone lobe association 
Description 

Thickly-bedded ( 1  -25 m), coarse sandstones, pebbly sandstones and conglomerates 
occur as laterally extensive units from 100s m-km. The considerable variation within 
this association can be viewed in terms of four specific facies, unstratified conglom- 
erates, stratified conglomerates, pebbly sandstones and cross-bedded sandstones 



462 

A UNSJRATIFIED 
CONGlOMERATE 

, , 1  

c l a y  srlt sand 4 20 
ave niax. c 

cm 
last SIZQ 

B STRATIFIED 
. CONGLOM€RATE 

, , )  

c P€BBlY SANDSTONE 

. kio 

>,.*.;....::-. .' ;.-.;: ;.: 
,:: ....,.:."-. 
............. .. :." TI  . ... ......... ............ .: ...! ::;. 
............. ........ 

A -  
& L- 

D CROSS-BEDDED 
SANDSTONE 

v 
v 
v 

- w  
u- L/ 

. -V , 
v v  

n- 

Fig. 8. Examples of the four facies which can occur singly or combined within mid-fan lobe deposits. 
Sections adjacent to La Magdalena-Mora de Luna road. 

(Fig. 8). Lobe sequences may comprise a single or combination of facies which may 
have sharp or gradational contacts with one another both vertically and laterally. The 
thickness of these deposits and their lateral extent indicate that large volumes of 
sediment were involved in their accumulation. Broad patterns of occurrence and the 
interbedding and lateral gradation of the different facies implies that these deposits, 
whilst differing in processes of transport and accumulation are related t o  the same 
sort of depositional event. 

Individual lobe sequences are separated by finer-grained (interlobe) sediments, 
siltstones, rootlet beds and thin coals (Figs 13 and 14). Lobe sequences are sharp 
based, marked by a dramatic increase in grain size and show only minor evidence of 
erosion, some rest without erosion on thin interlobe coal seams. 

Unstratified conglomerates (Figs 8A and 9) are well rounded, polymodal and are 
commonly clast supported. Clast size varies up to  50+ cm and the average clast size is 
normally in excess of 5-10 cm. Clast support occurs most frequently with coarser 
grained conglomerates. Unstratified conglomerate beds (1-25 m thick) are laterally 
extensive over 100s m (Fig. 14b) up to 5 km. They are composed of relatively homo- 
geneous Conglomerate (Fig. 9a), but contain occasional cross-bedded sandstone lenses. 
Vertical trends in clast size illustrate that sand lenses separate depositional events, o r  
pulses of sedimentation within an event (Fig. IOa). and also indicate the common 
presence of inverse and normal grading (Walker, 1975a). In Fig. IOb it is of interest to  
note the occurrence of inverse grading in sections where the clast supported con- 
glomerate is thickest and the passage laterally into normally graded conglomerate as 
the bed thins to the East. 
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Fig. 9. Mid-fan lobe. (a) Coarse-grained, clast supported unjtratified conglomerates, comprising well 
rounded quartzite clasts. Younging to top left; red mini-van 3.2 ni long. La Magdalena-Mora de 
Luna road, north of Garnfio. (b) As above, conglomerate considered to be the product of a debris 
flow event. The overlying fine conglomerates and cross-bedded sandstones possibly being declining 
floodwater deposits. Younging to top right; pick handle 75 cm long. Location as above. 
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Fig. 10. Trends in clast size across mid-fan unstratified conglomerates. La Magdalena-Mora de Luna 
road, north of Garaiio. 

A thin horizon of coarse pebbly sandstone occurs at the base (Figs 8A, 10b and 
14b) and the uppermost few cm-m of these conglomerates are normally graded and 
may be overlain by finer-grained matrix supported conglomerate and/or a discon- 
tinuous horizon of cross-bedded sandstone (Fig. 9b). 

Imbrication is occasionally directly observcd and is frequently indicated by clast 
long axes orientations (Fig. 1 1 ) .  The clast fabric consists of an imbricate 'a' long axis 
parallel to flow, as indicated by adjacent cross-bedding measurements, and the inter- 
mediate 'b' axis transverse to flow. This type of fabric is particularly common in the 
resedimented submarine conglomerates of Davies & Walker ( 1  974) and Walker 
(1975a, d, 1977) who suggest i t  results from clast deposition from suspension. It 
contrasts with an 'a' axis transverse to flow and imbricate 'b' axis fabric considered to 



AIhivicrl firti ond lacustriiie sediments 465 

' ORlENlATlONS 
N 

t 

Fig. 11. Three examples of clast fabrics from mid-fan unstratified conglomerates illustrating the 
general occurrence of an 'a' axis imbrication (parallelling palaeoflow, the latter derived from adjacent 
cross-bedding). La Magdalena-Mora de Luna road, north of GaraAo. 

result from bedload rolling (Rust, 1972: see also Enos, 1977, for discussion of con- 
glomerate fabrics). 

Stratified conglomerates (Figs 8B and 12) are considerably less common and occur 
as beds 1-5 m thick. They consist of clast, or more rarely, matrix supported fine 
conglomerates (clast size is normally less than 5 cm). Minor channelling, tabular 
cross-bedding and parallel stratification occur (Fig. 12). 

Pebbly sandstones (Fig. 8C) occur in units 1-13 m thick which are massive or 

Fig. 12. Fine-grained. faintly parallel stratified mid-fan conglomerate overlain by a trough cross- 
bedded coarse sandstone. Younging to top left; hammer handle 40 cm long. West of Garafio, La 
Magdalena coalfield. 
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cross-bedded. Clasts are sparse, generally 1-3 cm long (max. ca. 10 cm). Drifted tree 
trunks are abundant. 

Cross-bedded sandstones (Fig. 8D)  occur in units 1-7 m thick which vary irregu- 
larly from coarse to  fine-grained. Trough cross-bedding predominates, although 
parallel bedding and irregularly bedded sandstones containing abundant drifted tree 
trunks also occur. Water escape structures are common. 

The relative occurrence of unstratified conglomerates, stratified conglomerates, 
pebbly sandstones and cross-bedded sandstones is illustrated in the basal part of the 
La Magdalena succession (Fig. 13). where both thinning and fining, and thickening 
and coarsening upward megasequences occur. In  the thinning and fining upward 
megasequence (Fig. 13A), the decrease in bed thickness and grain size is parallelled by 
an overall change in the predominant type of lobe facies from unstratified con- 
glomerate to stratified conglomerate to pebbly sandstone to  cross-bedded sandstone. 
A reverse pattern occurs in the coarsening upward megasequences (Fig. 13B. C). 
Finer-grained coal-bearing interlobe deposits occur interbedded throughout. 

Interpretation 
The unstratified conglomerates could be interpreted as debris flow deposits, 

reworked debris flow dcposits, or be the deposits of powerful streams. The sharp non- 
erosive bases, occurrence in well-defined relatively thick units, absence of stratification 
(although in coarse conglomerates the latter may not occur), lack of sorting, presence 
of inverse and normal grading, presence of imbrication, and the nature of the fabric 
are all in accord with transportation and deposition by a debris flow mechanism 
(Beaty, 1963, 1970, 1974; Bull, 1964a. 1972; Hooke. 1967; Johnson, 1970: Fisher, 
1971 ; Middleton & Hampton, 1973; Walker, 1975a: Lowe, 1976; Enos, 1977), and 
argue against a reworked debris flow (Beaty, 1963; Hooke, 1967; Broscoe & Thomson, 
1969: Johnson & Rahn, 1970), or stream origin (Nilsen, 1969, Vaeroy Conglomerate). 

The grading and fabric of these unstratified conglomerates indicate that clasts were 
free to move relative to  one another. Inverse grading is a common feature of highly 
concentrated flows (Middleton, 1970; Walker, 1975a, b, c). Whether these coarse- 
grained mass-flows relied primarily on a matrix phase of water and clay, clast disper- 
sive pressure, or turbulence for their continued motion is debatable, however, their 
deposits are more closely analogous to  the turbulent resedimented conglomerates of 
Davies & Walker (1974), Walker (1975a, c, 1977) and Hendry (l976), than to  Walker’s 
(1975a) predicted characteristics for subaerial debris flows. The non-erosive bases of 
the described examples imply limited turbulence, and flow was most probably in a 
laminar fashion (Johnson, 1970). The rarely occurring matrix supported conglo- 
merates correspond more closely to  Walker’s ( I  975a) characteristics and to  ancient 
sediments interpreted as  subaerial mudflows or debris flows (Bluck. 1967; Miall, 
1970; Steel, 1974; Steel & Wilson, 1975). These matrix supported conglomerates and 
some unstratified pebbly sandstones may be viewed as the product of more viscous or 
more dilute mass flows, occurring as separate events, or laterally to, or downflow 
from, clast supported conglomerates (Beaty, 1963, Figs 2 4 ) .  

Unstratified conglomerate units may represent a single depositional event, a series 
of pulses within an event (cf. Sharp & Nobles, 1953; Beaty, 1963; Bull, 1964a; John- 
son, 1970; Johnson & Rahn, 1970; Wasson, 1974), or several different periods of 
accumulation. Generally they exhibit a single inverse trend in clast size, suggestive of a 
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single phase of accumulation [Fig. lob). Other conglomerate units may be the product 
of at least two phases of accumulation whose timing is uncertain (Fig. 1Oa). In com- 
parison with the dimensions of recent debris flows (Beaty, 1963, 1974; Hooke, 1967: 
Johnson, 1970; Johnson & Rahn, 1970: Rodine & Johnson, 1976) it appears that most 
of these unstratified conglomerates accumulated as the result of very large flood 
events. 

The cross-bedded sandstone lenses which separate conglomerates and the dis- 
continuous sandstones which cap conglomerate beds are interpreted to be deposits of 
the declining floodwater stage known to accompany and in particular succeed debris 
flows (Chawner, 1935; Sharp & Nobles, 1953; Beaty, 1963. 1974; Wasson, 1974; 
probable ancient examples: Bluck, 1967; Steel, 1974). 

Stratified conglomerates are finer-grained and better sorted than the debris flow 
deposits, which combined with their stratification and associated minor channelling, 
suggests deposition from turbulent water. They compare closely to the streamflood 
deposits of Bluck (1967), Steel (1974) and Steel & Wilson (1975). 

In the pebbly sandstones and cross-bedded sandstones, the common occurrence of 
stratification and cross-stratification implies that tractional activity of turbulent 
streamflows was important in their deposition. The prominence of dewatering struc- 
tures may result from rapid accumulation. 

The thickness and relative coarseness of the previously described deposits suggest 
they occupy a comparatively proximal fan position and hence are termed 'mid-fan 
lobe deposits'. The exact geometry of mid-fan lobe deposits (whether convex-upward 
or convex-downward in cross-section) remains to be established, however, their lateral 
extent indicates accumulation on topographically smooth surfaces lacking channels 
that might concentrate deposition (Beaty, 1963, 1974; Lustig, 1965). The occurrences 
of thin coals within the interbedded (interlobe) deposits implies that major deposi- 
tional events were separated by considerable periods of time. Palaeocurrents for lobe 
deposits in each of the coalfields suggest sediment sources to the South and Southeast 
(Figs 11 and 13; Heward, 1976). 

The distribution of the four basic types of mid-fan facies in the megasequences of 
Fig. 13 can be interpreted in terms of increasing or decreasing proxirnality of flood 
deposits. A depositional model can be envisaged of proximal coarse unstratified 
conglomerates (debris flows), passing downfan into fine stratified conglomerates 
(turbulent streamflows), in turn passing into pebbly sandstones, or cross-bedded 
sandstones (turbulent streamflows). During the progradation or gradual abandonment 
of a fan segment increasingly proximal or distal flood deposits accumulated (Fig. I3), 
as suggested elsewhere by Bluck (1967), Steel (1974) and Steel & Wilson (1975). 

On modern alluvial fans grain size decreases downfan and downflow (Eckis, I928 ; 
Sharp & Nobles, 1953; Beaty, 1963; Bluck, 1964; Denny, 1965, 1967; Lustig, 1965; 
Hunt & Mabey, 1966; Bull, 1972; Meckel, 1975; Tanner, 1976). With regard to the 
downflow change in process, the transition debris flow-turbulent flow can result from 
dilution in sub-aqueous environments (Hampton, 1972), subaerially such a transition 
may be questioned. However, on modern semi-arid fans, sedimentation near the fan 
apex is commonly the result of debris flows or mud flows (Beaty, 1963, 1974; Hooke, 
1967). On the lower portions of fans, sediments are normally water borne, by floods 
either accompanying proximal mass-flows, or by lesser storms reworking these proxi- 
mal sediments (Chawner, 1935; Beaty, 1963; Denny, 1965. 1967; Hooke, 1967; Rahn. 
1967; Johnson & Rahn, 1970). 
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Interlobe and ?interchannel association 
Description 

Massive siltstones, fine-grained rippled sandstones, rootlet beds and thin coals 
occur as 2.5-26 m interbeds (mean 10.9 in) between mid-fan lobe deposits (Fig. 14). 
Individual beds are normally cm-m in thickness and laterally continuous over 10s m 
of outcrop. Well preserved plants abound (Fig. 14ah and dewatering structures and 
upright and tilted tree trunks are characteristic (Fig. 14d). Sand grade sediments 
around these trees are frequently centroclinally cross-bedded (Underwood & Lambert, 
1974). Sparse palaeocurrents parallel and also diverge from those of adjacent lobe 
accumulations (Fig. 13). 

Interpretation 
These sediments were deposited in the intervals between, or lateral to, lobe 

depositional events. Many of their characteristics suggest periodic rapid deposition 
(cf. Elliott,'1968; Broadhurst & Loring, 1970; Lowe, 1975). The  centroclinal cross- 
bedding results from sediment accumulation in scours around upright Culumites and 
Sigillarians. Periods of non-deposition and high water tables allowed peats (coals) to  
form and be preserved. The absence of siderite nodules, normally abundant in fine- 
grained coal-bearing deposits, may result from better drainage conditions. 

It is suggested that these interlobe deposits are the result of minor floods. The 
laterally extensive and rapidly accumulated, massive siltstones and rippled sheet 
sandstones, are probably sheetflood deposits (McGee, 1897; Rahn, 1967: Bull, 1972; 
Thorbecke. 1973). The majority of the occurrences of this association are demon- 
stratively of 'interlobe type'. Similar sediments might, however, accumulate on the 
interfluves between, or levees of, relatively permanent fan channels (Sharp, 1Y42; 
Hooke. 1967). 

Distal fan association 
Description 

These sediments are characteristically fine-grained, varying from mudstones to 
fine sandstones, although occasional coarser sandstones also occur. Sandstone beds, 
10 cm-1.5 m thick, are laterally continuous across outcrops 10s-100s m wide (Fig. 
16a) and channelling is only rarely observed (Figs 6b and 16a). These sheet sandstones 
are sharply based, occasionally sole marked (grooves) and individual beds fine 
upwards. Palaeocurrents, though sparse, continue to indicate a source to the South 
(Fig. 7b; Heward, 1976). Intraformational conglomerates at  the base of beds are 
overlain by parallel laminated, cross-laminated, or massive and irregularly bedded 
sandstones. Drifted logs are common in some of these sheet sandstones and yet 
absent from others. Subsequent to deposition these beds have been deformed by 
loading (Figs I5 and 16b, which is almost ubiquitous), or by water escape. 

Sandstone beds are separated by siltstones and mudstones which vary in thickness 
from a few cm (Fig. 16b) up to  m (Fig. 16a). Interbeds of carbonaceous mudstones, 
thin coals and workable coals also occur, with or without underlying rootlet beds. 
Well preserved plants occur within the sandstones, but particularly in the siltstones 
and mudstones. Upright and tilted tree trunks abound (Fig. 16b: Wagner & Artieda, 
1970, their Fig. 22; Knight, 1971, his 'Co/un?ifes forest bed'). 



470 

Fig. 14. Interlobe and mid-fan lobe deposits onthe La Magdalena-Mora de Luna roadside. (a) Perfectly 
preserved fern frond lying obliquely to bedding: the latter indicated by biro, 14.5 crn long. (b) In- 
versely graded, laterally extensive, clast supported, mid-fan unstratified conglomerate. Younging to  
top right; pick handle 75 cm long. (c) Upright tree (decorticated Sigillarian) within rapidly accurnu- 
lated interlobe siltstones; hammer handle 30 cm long. (d) Typical interlobe sediments: structureless 
siltstones (with well preserved floras), rootlet beds and thin coals. Younging to top right; pick handle 
75 cm long. 
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Fig. 15. Examples of distal fan sheetflood sandstone sequences, interbedded shales, rootlet beds and 
coals. A-asymmetric thickening and coarsening upward sequence; B-asymmetric thinning and 
fining upward sequence; C,D-symmetric thickening and coarsening, and thinning and fining upward 
sequences. Near La Magdalena, La Magdalena-Mora de Luna road. 

Sandstone beds are normally arranged in packets or sequences (1.5-10 m thick), 
separated by coals, lacustrine sediments, or prominent rootlet horizons. Sequences of 
beds may be asymmetrical and generally, thicken and coarsen upward (Figs 15A and 
16a), or thin and fine upward (Fig. 15B), or may be symmetrical and consist of the 
superimposition of the two (Figs 15C, D and 16a). Some of the thickening and 
coarsening upward sequences directly overlie lacustrine shales (Fig. 17D). 

Interpretatiotr 
Similar accumulations of solemarked sheet sandstones occurring in coal bearing 

successions and containing upright trees have been described by Stanley (1968), Way 
(1968) and Duff & Walton (1973). They were interpreted as crevasse splays (Stanley, 
1968; Duff & Walton, 1973) and the deposits of meandering streams (Way, 1968). 

In the described sediments a crevasse splay origin is considered unlikely owing to  
the lateral continuity of sandstone beds, the failure of at least some beds to pinch out 
within the substantial outcrops (cf. Leeder, 1974, his Fig. 2), the vertical persistence of 
this type of sedimentation for 100s m, the absence of adjacent vertically stacked 
channel complexes, and the general parallelism of palaeocurrents with those of other 
associations and with the orientations of minor channels. 

Laterally extensive. sharply based sandstones, which fine upwards, might be 
interpreted as shallow meandering stream deposits (Allen, 1964, 1965b, 1970). There 
are few differences in thickness o r  character between these sheet sandstones and some 
interpreted meandering stream sequences. However, the absence of epsilon cross- 
stratification and the abundance of upright trees and well-preserved plants argues 
against a meandering stream origin. 

In contrast a sheetflood origin provides a depositional mechanism capable of 
explaining the characteristics of these sheet sandstones (McGee, 1897: Rich, 1935; 
Davis, 1938; Bull, 1964a. 1972; Rahn, 1967; Thorbecke, 1973; for descriptions of 



472 

Fig. 16. Distal fan. (a) Sheetflood sandstone sequences: TC=thickening and coarsening upward. 
TF=thinning and fining upward. 1.5 m deep sand filled channel arrowed. Younging to top right. 
North of Saelices, Sabero coalfield. (b) Upright and tilted Culurni/rs (arrowed) passing through a 
series of loaded sheetflood sandstones separated hy thin shales. Younging to top right; hammer 
handle 30 crn long. Near La Magdalena, La Magdalena-Mora de Luna road. 
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modern events and deposits, and Cummins, 1958; Laming, 1966; for interpreted 
ancient deposits). 

Sediments of this association occur interbedded with those of the lacustrine 
association and also with the distal representatives of the mid-fan lobe association 
(Heward, 1976 for detailed sections). Periodic sheetfloods are considered to have led to 
the rapid accumulation of sheet sandstones, as suggested by the presence of upright 
trees and the abundance of dewatering structures (Broadhurst & Loring, 1970; Lowe, 
1975). Minor or waning floods may be represented by the interbeds of siltstone and 
mudstone. Individual sheetflood events were normally separated by sufficient time to 
allow the colonization and growth of plants to considerable size on the surface of 
previous deposits. Longer breaks in sedimentation allowed plant debris to accumulate, 
resulting in carbonaceous mudstones, thin coals and coals of workable thickness 
(20 cm-l.5+ m). 

The thickening and coarsening upward, and thinning and fining upward sequences 
of sheetflood sandstones (Figs 15 and 16a) may be analogous to outer fan and fan 
fringe turbidite sequences of similar style (Mutti & Ricci-Lucchi, 1972; Walker & 
Mutti, 1973; Mutti, 1974. 1977; Ricci-Lucchi, 1975; van Vliet, 1978). Theorganization 
of these sandstones into sequences suggests that the sheetfloods are distal represen- 
tatives of mid-fan lobes undergoing progradation or abandonment, rather than the 
of variable storm events reworking older proximal fan deposits. Thus, the style of the 
sequences reflect the gradual or abrupt, initiation and termination of sedimentation 
within a depositional segment (Figs 15 and 16a). The minor channels occasionally 
observed in this association (Figs 6b and 16a) probably resulted from obstructions to 
sheetflow (McGee, 1897), or were eroded during more turbulent flood events. 

Lacustrine association 
Descriptiori 

Lacustrine coarsening upward sequences, 5-140 m thick, are prominently developed 
in each of the coalfields (Figs I7 and 18). They are of two types, defined by thickness 
and lateral extent. 

Large-scale sequences ( 15- I40 m thick) coarsen upward from bioturbated black 
faunal mudstones, through grey shalcs with thin solemarked sandstones and into fine- 
grained sandstones (Fig. 17A, B). These fine-grained sandstones are parallel laminated 
(at times with primary current lineation), cross-laminated, and tabular or trough 
cross-bedded. The upper boundary of sequences is delimited by the first evidence of 
emergence and plant colonization. These thick sequences comprise the prominent 
mappable shale formations of the coalficlds (e.g. Cascajo Formation of Matallana, 
Gonzalo and Quemadas Formations of Sabero, Fig. 2). Northward sediment transport 
paths continue to predominate within this association. 

Small-scale coarsening upward sequencss (5-20 m thick) are typically less extensive 
than their large-scale counterparts (Figs 17C, D and 18). Parallel laminated or bio- 
turbated faunal grey shales are normally succeeded by laminated and cross-laminated 
siltstones and fine-grained sandstones. Commonly, in the upper parts of these small- 
scale sequences, distal fan sheet sandstones occur (Fig. 17D). I n  the sequence illus- 
trated by Fig. 18, individual beds, characterized by degree of cementation, rippling, 
wave rippled top surfaces, or loading, were found to be laterally extensive across the 
outcrop (120 m). Thin ostracod and Spirorbis bearing limestones (5-20 cm) occur 
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Fig. 17. Examples of lacustrine coarsening upward sequences (note differing scales). A-north of 
Saelices, Sabero coalfield; B-near La Magdalena, La Magdalena-Mora de Luna road; C and D- 
Vegacervera, Matallam coalfield. 

interbedded with grey shales at the base of several of these sequences in the Pastora 
Formation of the Matallana coalfield (Figs 2 and 17D). These limestones consist of 
smooth, thin shelled ostracods (Carbonita), and Spirorbis, in a calcitic matrix con- 
taining only minor amounts of detrital clay. 

Fresh-water faunas typify the finer-grained portions of both types of coarsening 
upward sequence and consist of the phyllopods Leaia and Estlreria. the smooth 
shelled ostracod Carbonita and the non-marine bivalves Antliraconuuta and Anthra- 
conaiu (Wagner, 1971b; Knight, 1971, 1974, 1975; Eagar & Weir, 1971; Heward, 
1976). Slightly brackish Niaditids have also been recorded by Knight (personal 
communication) and the limited Occurrences of brackish-marine faunas have been 
mentioned previously. 

Some of the thickest coals of the Matallana and Sabero coalfields occur, in asso- 
ciation with, or immediately succeeding lacustrine deposits. Fig. 19 illustrates the 
Pastora seam of Matallana which attains untectonized thicknesses in excess of 20 m. 
This seam represents the combination of thinner coals to the West and passes quite 
abruptly into a basin centre lacustrine shale lens (Wagner, 1971 b). Wagner suggested a 
Northwest-Southeast lake with a marginal swamp facies, the coal forming from the 
accumulation of in sitii vegetation and drifted plant remains. 

Interpretation 
These deposits, consisting predominantly of fresh-water faunal shales, have pre- 

viously been regarded as lacustrine (Evers, 1967; Wagner & Artieda, 1970; Wagner, 
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Fig. 18. Small-scale coarsening upward sequence (see Fig. I7C):and lacustrine-distal fansequences. L = 

lacustrine, TC=thickening and coarsening upward sheetflood sandstones, Aq -aqueduct. Younging 
to top right. Vegacervera, Matallana coalfield. 

1971b; Knight, 1971, 1974, 1975). They have many features considered indicative of 
lacustrine sediments (Visher, 1965: Picard & High, 1972) and are closely comparable 
with specific ancient lacustrine deposits (Klein, 1962: Belt, 1968; Duff & Walton, 
1973; van de Kamp, 1973: Hubert et al., 1976). 

Studies of lacustrine sedimentation suggest that lakes can infill in at  least two ways: 
by peripheral accretion, including simple progradation of the shoreline or the out- 
building of lacustrine deltas, or by the rather uniform deposition of silts and clays 
over the entire lake area (Visher, 1965: Picard & High, 1972; van de Kamp, 1973). 

The described sequences, with their apparent lack of channels, which might be 
indicative of lacustrine deltas (McEwen, 1969; Butzer, 1971 ; Stephen & Gorsline, 
1975), suggest gradual shoreline progradation into a low-energy lake. Furthest out in 
the lake only suspended sediment accumulated, whilst near the shore, downslope 
directed tractional currents and sporadic reworking occurred. With the possible 
exception of granule sized beds of lithic fragments in some La Magdalena sequences 
(Fig. 17B) there seems no evidence of lacustrine beach deposits (Butzer, 1971 ; Hooke, 
1972; van de Kamp, 1973: Wasson. 1974). A model may be envisaged of an  alluvial 
shoreline building out during flood events, which extended to, and beyond, the fan 
base (Butzer. 1971, Fig. 2.34). 

Apart from one exception (distal representative, cross-bedded sandstone, of a mid- 
fan lobe deposit), these lacustrine deposits were observed interbedded with sediments 
of the distal fan association. These lacustrine intervals imply the development of a lake 
covering, what was formerly, part of the distal fan. Many of the small-scale sequences 
of variable extent could be the product of changes in lake level, a feature characteristic 
of modern lakes (Butzer. 1971 : Picard & High, 1972; Coventry, 1976). Others could 
result from the infilling of lagoons which might typify some areas of fan shoreline 
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Fig. 19. Thickness and facies changes within the Pastora coal seam, Matallana coalfield; after Wagner 
(1971 b). 

(Butzer, 1971, Fig. 2.34). Other small-scale sequences and their larger counterparts, 
probably result from the abandonment and subsidence of depositional fan segments, 
or from tectonic readjustments affecting the depositional basin (Hooke, 1972). 

The occurrence of very thick coals is common in lacustrine settings (Hacquebard & 
Donaldson, 1969). In addition to the area being totally removed from clastic sediment 
supply, rates of subsidence and plant accumulation must have been similar to producc 
thick coals. The development of a basin centre shale lens in the Pastora seam (Fig. 19) 
compares with an example described by Bouroz ( 1  960) from the Dauphin6 Basin, 
France, and is in contrast to the basin centre clean coal and marginal shale reported by 
Hacquebard & Donaldson (1969). 

THE OCCURRENCE O F  THE ASSOCIATIONS WITHIN 
THE LA MAGDALENA, MATALLANA AND 

S A B E R 0  COALFIELDS 

The broad distribution of the six associations within the observed parts of the 
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coalfield successions is illustrated in Fig. 2. The probable predominant palaeo- 
locations of these three successions, in terms of an alluvial fan model ( to  be described). 
are indicated on Fig. 20a. These represent only probable palaeo-locations, as adjacent 
fans, subject to  the same climatic conditions, can have different grain size distributions 
and clast compositions reflecting differing drainage basin characteristics (Bull, I964b : 
Denny, 1965 : Hooke, 1967: Meckel, 1975). Likewise, fans in adjacent sedimentary 
basins may be predominantly sandy or conglomeratic zis the probable consequence of 
differing tectonic settings (Steel, 1976). 

In the La Magdalena coalfield succession the lower 850 m (along the La Magdalena- 
Mora de  Luna road) consists predominantly of conglomerates which overlie a basal 
scree accumulation. The conglomerates occur in three fan megasequences, the lowest 
thinning and fining upward, and the subsequent two, thickening and coarsening 
upward (Fig. 13). The decrease in bed thickness and grain size in the lowest mega- 
sequence (Fig. 13A) is parallelled by a progressive change from proximal todistal mid- 
fan lobe deposits. Such megasequences probably indicate declining sediment supply, 
resulting frdm scarp retreat and denudation of topography, or perhaps from the 
gradual abandonment of a fan segment (Bluck. 1967; Williams. I969 : Deegan, 1973: 
Steel, 1974; Steel & Wilson, 1975). The 200 m thickness of the described example may 
indicate the latter to be unlikely. 

The two thickening and coarsening upward megasequences (Fig. 13B, C ;  210 and 
220 m) arc accompanied by a progressive change from distal to  proximal mid-fan lobe 
deposits. They probably result from progradation of a fan segment or of the fan 
itself, their scale indicating major progradational phases. Such phases are probably 
tectonic in origin resulting from the relative uplift of thc highland source area (Deegan, 
1973; Steel & Wilson, 1975; Steel, 1976). 

The scale of these three fan megasequences, their stacked occurrence and the 
constancy of conglomerate maximum clast size probably indicate periodic tectonism 
of a nearby basin margin. 

Overlying these conglomeratic megasequences, fine-grained, distal fan and lacus- 
trine sediments complete the observed succession. The abrupt termination of the 
supply of conglomerate to the basin may also reflect basin margin faulting. Distal fan 
sheetflood sequences suggest periods of avulsion or progradation followed by gradual 
or rapid abandonment (Fig. 15). These small-scale sequences (1.5-10 m) probably 
result from phases of entrenchment, avulsion or lateral migration of channels feeding 
depositional lobes. However, such sequences could also be distal representatives of 
extensive and prolonged proximal or mid-fan accumulations. 

In the Matallana coalfield, the 10-65 m thick thinning and fining upward sequences 
of mass-flow deposits at  Correcillas may represent gradual fan segment abandonment, 
o r  may be comparable to sequences of similar style described from submarine fan 
deposits, considered to result from gradual channel abandonment (Mutti & Ricci- 
Lucchi, 1972; Mutti, 1974; Ricci-Lucchi, 1975). decreasing sediment supply from the 
source area (Walker, 1975b, 1977), or accumulation on very low angle point bars 
(van Vliet, 1978). 

The thinning and fining upward sequences are broadly organized into two thinning 
and fining upward megasequences, the upper one being abruptly overlain by fine- 
grained coal bearing sediments (Figs 3b, 4a and 5b). These two megasequences (Fig. 
4a, 140 and 110 m) can be interpreted as reflecting scarp retreat and consequent 
reduction in the grade and aniount of sediment supply. However, their scale, stacked 
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occurrence and the dramatic increase in clast size accompanying the second mega- 
sequence may preclude a simple wearing back of an initial fault or erosional scarp 
(as in e.g. Bluck, 1967, his Fig. 14) and imply a phase of uplift prior to the second 
megasequence. These coarse conglomeratic deposits at Correcillas may represent the 
infill of an alluvial fan feeder canyon. 

With the exception of the coarse localized basal 260 m, the Matallana succession is 
composed almost entirely of distal fan and lacustrine sediments (Fig. 2; author’s 
observations and author’s interpretation of Wagner, 1971 b). Distal fan sediments of 
the San Francisco, Pastora and Roguera Formations of Fig. 2 are similar to those of 
Raposa Formation of Sabero, but differ from those of La Magdalena and also those of 
the Sucesiva Formation of Sabero (cf. Figs 6b and 16a). In the former, channellized, 
fine-grained, matrix-supported, cross-stratified conglomerates occur. Whilst the overall 
Matallana succession is finer-grained than La Magdalena. these fine conglomerates 
could be supplied to all the observed distal fan environments. These channellized fine 
conglomerates are probably the product of major floods which could extend into distal 
fan and even lacustrine environments (Fig. 19). They occur interbedded with the fine- 
grained sheetflood sandstones, shales and coals which are typical of La Magdalena 
and the Sucesiva Formation of Sabero. 

The Sabero coalfield, like Matallana, consists almost entirely of distal fan and 
lacustrine sediments (Fig. 2 ;  Knight, 1971, 1974, 1975 and personal communication). 
The detailed work of Knight allows important advances in the understanding of these 
coal-bearing deposits. As in La Magdalena and Matallana, the transport direction for 
the Sabero deposits was predominantly from the South. Differences occur between 
outcrops on the southern (upfan) and northern (downfan) flanks of the coalfield. The 
lower formations on the northern flank are finer-grained, show greater lacustrine 
influence, and contain fewer and thinner workable coals. Sediments of the southern 
flank are coarser-grained, show less lacustrine influence and have a greater number of 
thicker workable coals. The interaction of rates of sediment supply, subsidence and 
compaction, and plant growth, appear to have been most favourable for coal accumu- 
lation in the southern (upfan) area. On the northern flank a similar pattern emerges of 
a western area of lesser subsidence and a few workable coals, which split and become 
unworkable when traced eastward into the higher subsidence Alejico Beds graben 
feature (Fig. 3b). 

Heward (in press) presents a more detailed account of the possible causes of the fan 
sequences, megasequences, and basin-fill sequences (successions) occurring in these 
coalfields, in terms of present-day and hypothetical alluvial fan behaviour. 

DEPOSITIONAL M O D E L  

The modes of occurrence, nature, and consistent petrographies and palaeocurrents 
of the six sedimentary associations, suggest they are related and can be integrated into 
a depositional model. The earliest sedimentation consisted of the infilling of palaeo- 
topography by scree, mass-flow deposits, or finer-grained coal-bearing accumulations. 
Overlying deposits are interpreted to be the product of debris flows, sheetfloods and the 
infill of rare channels. The assemblage of interpreted processes and organization of the 
deposits appear compatible with an alluvial fan origin (Blissenbach, 1954; Beaty, 
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Fig. 20. (a) Predominant palaeo-locations of the coalfield successions in terms of the alluvial fan 
model. (b) Depositional model for the Stephanian A and B sediments of the La Magdalena, Matallana 
and Sabero coalfields. 
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1963, 1970, 1974: Bull, 1964a, b, 1972; Bluck, 1964; Denny, 1965, 1976; Lustig, 1965; 
Hunt & Mabey, 1966: Hooke. 1967, 1968. 1972; Wasson, 1977). A depositional 
model for the described sediments can now be proposed (Fig. 20b). 

Alluvial fans developed along a single or series of fault lines which bounded a 
southerly sedimentary source area. The fault bounded nature of the basin(s) is 
suggested by the thicknesses of successions (1500-2500 m accumulating in a time 
period of less than a Stephanian stage-7 m.y.), by the thicknesses of alluvial fan 
deposits (Denny, 1965, p. 58: Bull, 1972, p. 79) and by the occurrence, scale and 
stacked nature of fan megasequences. By analogy with the dimensions of modern 
alluvial fans (Bull, 1964a: Denny, 1965: Lustig, 1965: Hunt & Mabey, 1966; Hooke, 
1967: Beaty, 1970, 1974) it is unlikely that these sediments accumulated more than a 
few kilometres from a fault scarp, even though. through progressive back-faulting, 
initial sediments may lie at a considerable distance from the eventual basin margin 
(Steel & Wilson, 1975; Steel, 1976). 

Locally developed basal deposits indicate relative topography (for their infill), a 
high water table (for the accumulation and preservation of coals), some syn-sedimentary 
basin development, and a tropical ?seasonal climate for their sporadic diagenetic 
reddening. These basal accumulations may be abruptly overlain by fine grained 
distal fan sediments, suggesting rapid development of the depositional basin. A 
situation on a separate fault block as illustrated in Fig. 20b may be envisaged. 

Laterally extensive sediment accumulations typify these alluvial fans rather than 
channel-fills (cf. Bull, 1972, p. 66; Beaty, 1963, 1974). During a major flood, con- 
glomeratic debris flows probably passed or were reworked downfan into turbulent 
streamflows, which finally passed into sheetfloods (Fig. 20b). Between, or lateral to, 
major events, lesser floods led to the deposition of rapidly accumulated silts and fine- 
grained sheet sandstones. Long periods of non-deposition, between flood events, or on 
inactive areas of the fan surface, allowed plant debris to accumulate and coals to form. 
Commonly, growing vegetation was surrounded by rapidly introduced sediment. The 
occurrence of thin coals in the interlobe deposits, suggests that coals could form and 
be preserved on the fan surface even in ?mid-fan environments. The development and 
preservation of these plant accumulations on the fan surface requires the maintenance 
of a high water table, perhaps by an abundant rainfall (cf. Anderson, 1964). The 
absence of siderite concretions from interlobe sediments and their abundance within 
distal fan and lacustrine deposits, may indicate slightly better drainage conditions at 
higher fan levels. Thicker coals occur interbedded with the distal fan and lacustrine 
sediments. The development of thick coal seams reflects a critical interaction of 
subsidence and rate of plant accumulation (drifted or iri .situ), in the absence of clastic 
sediment supply. 

The minor contrasts in distal fan sediments between those comprising solely sheet 
sandstones (Fig. 16a) and those which also include channellized stratified fine con- 
glonierates (Fig. 6b). probably reflect minor differences in fan size or drainage basin 
characteristics. Similar differences are known from adjacent modern fans (Beaty, 
1963; Bull, 1964a. b: Hooke. 1967) and should be expected in ancient fan deposits. 

These alluvial fans appear to have prograded into a single, or series of, low-energy 
lake(s). Faunas suggest predominantly fresh-water lakes with only occasional brackish 
or brackish-marine conditions. Restricted areas may have undergone evaporation, or 
a sporadic link to the sea established. Loaded horizons commonly occur near the top 
of both small and large scale lacustrine sequences. In the fault bounded basinal setting 
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suggested, some of these may correspond to earthquake shocks and so prove chrono- 
stratigraphic markers within diachronous? lacustrine formations (Sims, 1975). 

Palaeoniagnetic reconstructions for the Carboniferous-Permian locate Northern 
Spain within the tropical belt (Smith, Briden & Drewry, 1973: Turner & Tarling, 1975). 
Hence, these alluvial fan deposits probably accumulated under a tropical ‘.‘seasonal 
climate. The processes interpreted to have been active in their characterization (with 
the exception of vegetation growth), whilst being essentially those of modern semi-arid 
fans (Beaty, 1963. 1970, 1974; Bull, 1964a. b. 1972; Denny, 1965, 1967; Hooke, 1967. 
1968, 1972), also typify small alpine (Curry, 1966; Broscoe & Thomson, 1969), 
paraglacial (Wasson, 1977), and humid fans (Winder, 1965; Johnson & Rahn, 1970). 
Whether similar processes affect modern tropical fans in mountainous southeast Asia, 
o r  whether cxtensive fluvial reworking of mass-flow deposits occurs awaits verification. 
It may be that the Carbo/Permian tropics were typified by processes which today occur 
particularly in semi-arid climates, Schumm’s (1968) concepts of the influence of 
evolving vegetation on processes may be applicable. 

GEOLOGICAL S E T T I N G  O F  T H E S E  S T E P H A N I A N  
COALFIELD A C C U M U L A T I O N S  

The location of these and other Stephanian A-C coalfields (Fig. 1) are clearly 
influenced by prominent structural zones. Debate has centred around whether the 
structural basins are approximately the same as the original depositional basins, or 
whether they represent the preserved fragments of much larger basins (Wagner, 1970, 
1971b; Wagner & Martinez-Garcia, 1974: Knight. 1975: Heward, 1976). 

Faunal evidence suggests that the basin(s) were predominantly fresh-water but 
were subject to occasional brackish-marine conditions. The richness of the floras and 
lack of endemism between coalfields suggests that deposition occurred close to the sea 
in a single large basin, o r  separate basins whose divides did not impede the spread of 
floral elements (Wagner, 1971 b ;  Knight, 1975 and personal communication). 

The inability to correlate adjacent coalfield successions suggests that sediments 
accumulated in either, separate depositional basins, or within a basin lacking basin 
wide phenomena (e.g. major changes in lake level). The systematic younging of the 
Stephanian successions westwards from Sabero (Fig. 1 : Evers, 1967: Wagner, 1971a) 
may indicate either, progressive expansion of a single basin, or that the basins de- 
veloped successively in that direction. The exact nature and setting of these basin(s) is 
hencc uncertain. 

Reading ( 1975 and personal communication) suggested that these coalfield accu- 
mulations may have occurred within a pull-apart basin (Crowell, 1974a, b) which 
developed along a sinuous portion of a strike-slip fault (Le6n line?, Fig. I ) .  To the 
south of this line block faulting occurred along fault splays, and sediments derived 
from these blocks began to  infill the basin (in a similar fashion to the method of f i l l  of 
the Ridge Basin, California, Crowell, 1974a). The subsidence of differing fault blocks 
at differing times may have resulted in the progressive westward younging of the base 
of the Stephanian deposits, from Sabero-Villablino. Alluvial fans developed along 
fault lines in the South and Southeast and prograded to  the North and Northwest, this 
major pull-apart basin being in proximity to  the sea and pcrhaps having a sporadic 
marine connection (cf. Salton Sea-Gulf of California setting, van de Kamp, 1973). 
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Subsequent to the accumulation of alluvial fan deposits and the probable pro- 
gressive backfaulting of the highland/depositionaI basin margin, these Stephanian 
sediments were folded, faulted.and preserved along the still mobile major structural 
zones (the Leon line in the North and the Sabero-Gordon line in the South). 

C O N C L U S I O N S  

The described coal-bearing deposits diKer from those normally regarded as of 
alluvial fan origin, namely coarse grained sediments which occur at  the base, or close 
to the margins of red-bed accumulations. In detail, however, there are many simi- 
larities between the coarser conglomeratic sediments of ‘typical’ alluvial fan deposits 
(Allen, 1965a: Laming, 1966; Bluck, 1967; Miall, 1970; Steel, 1974, 1976; Steel & 
Wilson, 1975) and those described here. Differences lie in the prominence of obvious 
fan sequences on various scales, the abundance of sheetflood sandstones, the growth 
of vegetation and the accumulation of coals. 

As has been noted, these Stephanian deposits have considerable similarities to 
described ancient submarine fan accumulations. The coarse-grained debris flow 
deposits and their downfdn passage into finer stratified deposits are comparable to 
Walker’s ( 1975a, d. 1977) resedimented conglomerate models for ancient submarine 
fans. Likewise, the thinning and fining upward conglomerate sequences, and thickening 
and coarsening, and thinning and fining upward sheetflood sandstone sequences 
appear comparable to submarine fan channel, and outer fan and fan fringe turbidite 
sequences. Periods of non-sedimentation on the described alluvial fans are indicated by 
colonization of vegetation, and longer periods by the accumulation of coals. These are 
equivalent to the distal turbidites and pelagic shales or  limestone interbeds of sub- 
marine fans. The intercalations of lacustrine and distal alluvial fan sediments may 
be comparable to those of submarine fan fringe and basin plain deposits, following 
abandonment of an active depositional fan segment. 

Sequences and megasequences of progressively changing bed thickness and grain 
size appear common to many submarine fan deposits, and are becoming increasingly 
recognized in alluvial fan successions (e.g. Bluck, 1967; Steel, 1974, 1976; Steel & 
Wilson, 1975; this paper). Such sequences require the gradual progradation, abandon- 
ment, or migration of depositional elements. For flood events (debris flows, turbidites, 
sheetfloods, etc.) to form a sequence of gradually changing properties, flood magnitude 
can only vary within certain narrow limits. With greater variation, sequences would be 
obscured by the variable size, grain size and properties of the flood deposits. Hence, 
the occurrence of sequences within submarine and alluvial fan successions reflects a 
regularity of flood magnitude, which in turn can only reflect source area control. In 
turbidite basins, where a series of point sediment sources occur, their interference may 
mask the behaviour of individual elements (e.g. Walker, 1970; Bennetts & Pilkey, 
1976; Ditty et al., 1977; van Vliet, 1978). Also in seismically active turbidite basins, 
where flood magnitude reflects seismicity, sequences may not occur. The absence of 
sequences from some alluvial fan successions may likewise reflect differing drainage 
basin and  tectonic settings (Heward, in press). 

From the literature. the described type of alluvial fan sedimentation does not 
appear unique. Sediments of similar type have been described from the French Massif 
Central ‘limnic’ coal basins by Bouroz (1960) and Vetter (1975), and the sediments of 
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the continental coalfields of eastern North America may be comparable (Massa- 
chusetts: Reinemund, 1955; Mutch, 1968; Stanley, 1968; Connecticut: Hubert 
et al., 1976; Atlantic coast of Canada: Belt, 1968; in particular Nova Scotia: Way, 
1968; Hacquebard & Donaldson, 1969; Duff & Walton, 1973; Ferguson, 1975). 
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