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A NEW FACIES MODEL FOR THE MISOA 
FORMATION (EOCENE), VENEZUELA'S MAIN OIL 

RESERVOIR 

R. Higgs* 

The Misoa Formation has produced an estimated 13 billion barrels of oil, and contains 
afurther 11 billion barrels ofproved remaining reserves. The total represents approximately 
50% of the proved reserves of the Maracaibo Basin, Venezuela's most productive region. 
In such a prolific formation, application of an inappropriate facies model to exploration 
and development can have huge financial consequences, in terms of misplaced wells, 
missed pools and miscalculated reserves. 

A deltaic depositional model has been used for exploration and development drilling 
in the Misoa Formation since the 1960s. However, this deltaic interpretation is doubtful 
due to the lack of in situ coal beds, palaeosols and other evidence for emergence 
diagnostic of delta plains. An alternative, tidal-shelf model is proposed here. 

INTRODUCTION 

An appropriate facies model is essential for reliable reservoir prediction and, thus, 
cost-effective exploration and production. The Misoa Formation, which contains more 
recoverable oil than any other formation in the Maracaibo Basin, has traditionally been 
interpreted as deltaic since the 1960s (Brondijk, 1967a; Van Veen, 1972; Zamora, 1977; 
Gonzglez de Juana et al., 1980; Mathieu, 1989; Maguregui and Tyler, 1991; Lagazzi et 
al., 1993; Ambrose et al., 1995). However, the deltaic interpretation is suspect, because 
indicators of emergence characteristic of delta plains, such as coal beds, palaeosols, roots 
and desiccation cracks (e.g. Elliott, 1986), are absent. To escape this dilemma, the Misoa 
Formation would have to be entirely of delta-front origin; this is unlikely because modern 
delta fronts are generally just a few kilometres wide (in a downslope sense), whereas the 
Misoa Formation extends for more than 100 km in all directions (Fig. 1). Instead, an 
alternative, tidal-shelf model is proposed here, based on outcrop studies and published 
core descriptions. (All cores are held confidentially by the state-owned companies Maraven 
and Lagoven.) The new shelf model is profoundly important for future exploration and 
development in Lake Maracaibo, and in adjoining terrestrial concessions offered in the 
1996 Venezuelan licensing round, the first offering in forty years. In particular, the 
predicted reservoir geometries are significantly different in the new model. 
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As described in detail below, five facies can be recognized in most of the Misoa 
Formation outcrops in the MCrida Andes and Serrania de Tmjillo mountain ranges, 
bordering the Maracaibo Basin: (1) mudstones; (2) mudstones containing strings of 
symmetrical sandstone ripples; (3) amalgamated sandy ripple strings with mud partings; 
(4) burrowed, tabular sandstone bodies, mostly 3- tol0-m thick, made up of tabular cross- 
sets individually capped by symmetrical ripples; and ( 5 )  thin (cm) beds of pebble 
conglomerate. These facies can occur in any vertical order. Fossils include bivalves, 
gastropods and echinoids. Trace fossils in the sandstones (Facies 4) include Arenicolites, 
Ophiomorpha, ?Skolithos and Thulussinoides, defining a Skolithos ichnofacies. 

Interpreting these facies, the depositional environment was below fair-weather wave 
base (1.e. offshore) in a large water body, based on: (1) the lack of evidence for emergence; 
and (2) the mudstones and tabular cross-bedding, which are uncharacteristic of a beach 
or shoreface. The echinoids and the Skolithos ichnofacies suggest a sea rather than a lake. 
The cross-sets capped by symmetrical ripples (Facies 4) are interpreted as stacked “event- 
beds” produced by migration of dunes during tide-enhanced storms. Combining these 
inferences, the Misoa Formation outcrops are interpreted as the distal, storm-influenced 
fringes of tidal-shelf sand sheets, analagous to the present-day N W  European Shelf. 

In the subsurface, beneath Lake Maracaibo and adjacent coastal areas, the Misoa 
Formation similarly lacks coal beds and other evidence for emergence, based on published 
descriptions of confidential cores. However, the sandstones show the following differences 
from those at outcrop: (a) they can be thicker; (b) they are less bioturbated, resulting in 
greater preservation of cross-stratification; and (c) they commonly contain mud drapes. 
These differences are interpreted to indicate a more proximal position within the tidal- 
shelf sand sheets, corresponding to the fair-weather-dune zone of modern analogues. 
Besides sheets, there is evidence for isolated sand ridges (as in modem tidal seas), 
inferred from published net sand maps and cross-sections based on well logs. 

Hence, the tidal-shelf model is considered to be applicable to the bulk of the Misoa 
Formation, both at outcrop and in the subsurface. The antiquated deltaic model should 
therefore be abandoned. Sandstone reservoir geometries are predicted to be of two main 
kinds: ( 1 )  sheets, which possibly pinch and swell laterally due to dune topography; and 
(2) “shoestring” sand ridges. 

PETROLEUM SIGNIFICANCE 

Maracaibo Basin 
The Maracaibo Basin is one of the oldest and most prolific producing hydrocarbon 

provinces in the world. Commercial production began in 1914 (GonzBlez de Juana et al., 
1980). Cumulative production reached 33 billion barrels by 199 1, and remaining recoverable 
reserves are estimated at 19 billion barrels (Talukdar and Marcano, 1994). Favourable 
factors include multiple reservoirs, including fractured Cretaceous limestones and numerous 
Tertiary sandstones, and an exceptional source rock, the Cretaceous La Luna Formation 
(Zambrano et al., 1971; Gonziilez de Juana et al., 1980; James, 1990). Tectonically, the 
Maracaibo Basin evolved from a passive margin in the Cretaceous to a foreland basin in 
the Tertiary (Pindell and Barrett, 1990). 

Misoa Formation 
Of the 52 billion barrels of proved reserves (produced and remaining) in the Maracaibo 

Basin, approximately 50% occurs in the Misoa Formation, comprising 13 billion already 
produced and 1 1 billion remaining (Talukdar and Marcano, 1994, table 29.1). Misoa 
Formation reserves are distributed among 19 principal fields beneath Lake Maracaibo 
and adjacent coastal areas, including eight “giant” fields with individual reserves exceeding 
500 million barrels (Talukdar and Marcano, 1994). Misoa Formation sandstones are 
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Fig. 1. Location map, showing the approximate present extent of the Misoa Formation (at outcrop 
in theMCrida Andes, Serrania de Trujillo and Sierra dePerij4 mountains; in the subsurface beneath 
Lake Maracaibo and the adjacent plains). Numbers locate the two measured sections of Figs. 3 and 
4. Letters indicate the locations of cores described in detail in the literature: A, central and B, 
northern Lake Maracaibo (Van Veen, 1972); C, Lagunillas field (Maguregui and Tyler, 1991; 

Ambroseetal., 1995). 

mostly “quartzose sandstones” and “subgreywackes” (van Andel, 1958), with excellent 
reservoir properties: average porosity among 263 samples from various fields is 20%, and 
average permeability among 178 samples is 240 millidarcies (Scherer, 1975, in GonzAlez 
de Juana et al., 1980). 

With such large reserves remaining to be produced from the Misoa Formation, a 
reliable model of the depositional environment is critical, not only for development and 
to maximize recovery by efficient location of development wells, but also in exploration 
for additional reserves. 

MISOA FORMATION: GENERAL GEOLOGY 

Distribution 
The Misoa Formation extends beneath much of Lake Maracaibo and the adjacent 

coastal plains, and crops out in the surrounding mountain ranges of the MCrida Andes, 
Serrania de Trujillo, and Sierra de Perij5 (Fig. 1). Its overall geometry is a NE-thickening 
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wedge, reaching a thickness of approximately 5 km in the type area in the Serrania de 
Trujillo (Brondijk, 1967a; Gonzalez de Juana et al., 1980). The NE limit of the Misoa 
Formation is unknown due to burial beneath the overthrust Lara Tectono-Sedimentary 
Complex (Stephan, 1985). The NW and SE limits are erosional truncations due to 
ongoing uplift in the Sierra de Perija and MCrida Andes. The SW limit is poorly defined, 
because wells are few in southern Lake Maracaibo and in the plains NW of the lake: a 
pinchout is inferred by the Author beneath Lake Maracaibo, as is seen in a transect along 
the front of the MCrida Andes (Brondijk, 1967b, Fig. 2). In contrast, beneath the NW 
plains, the Misoa Formation grades laterally SWward into the MiradorFormation (Zambrano 
et al., 1971, Lamina 11). 

No type section has been described for the Misoa Formation, but Brondijk (1967a) 
nominated a composite reference section comprising three river sections in the N W  
Serrania de Trujillo. Access to these sections is difficult, and detailed sedimentological 
studies have not been conducted. However, a new road across this sector of the Serrania, 
along the Rio Misoa valley, exposes excellent roadcuts, which have been studied 
sedimentologically (Lagazzi et al., 1993). 

Age and stratigraphy (Fig. 2) 
The age of the Misoa Formation is Early to Middle Eocene, based on foraminifera and 

palynomorphs (Brondijk, 1967a; Van Veen, 1972; Muller et al., 1987). In the Serrania 
de Trujillo, the formation is conformably underlain and overlain by marine shales (Trujillo 
and Pauji Formations). In contrast, in the subsurface the Misoa Formation is bounded by 
unconformities, with marine sandstones, shales and limestones of the Guasare Formation 
below, and marine strata of the La Rosa Formation above. 

In the subsurface, the Misoa Formation is divided by oil companies into two intervals, 
“C” overlain by “B”, each of which is further subdivided on the basis of well-log 
correlations (Walton, 1967). 

Lithology 
Although sandstones and shales are dominant, the Misoa Formation contains some 

limestone beds in its lower portion in the Serrania de Trujillo (Brondijk, 1967a). These 
bioclastic limestones, up to 2-m thick, contain red algae, benthonic foraminifera and 
molluscs. The limestones are “seldom encountered” beneath Lake Maracaibo (Brondijk, 
1967a, p. 7), and being a minor component of the formation, are not considered further 
here. However, it is worth noting that the limestones are fully consistent with the marine- 
shelf origin proposed for the Misoa Formation in this paper. 

MISOA FORMATION FACIES AT OUTCROP 

The following facies descriptions and interpretations are based on the Author’s visits 
to numerous sections throughout the MCrida Andes and Serrania de Trujillo, including 
parts of the reference sections and the new roadcuts in the Rio Misoa valley. Two sections 
were logged at the centimetre scale, one in the SE Serrania de Trujillo near Agua Viva, 
and another in the MCrida Andes near Valera (Figs. 3 and 4, drafted at reduced scale). 
The Agua Viva section is laterally equivalent to the lowermost beds of the MisoaFormation 
of the subsurface (basal “C”), according to Lagazzi et al. (1993). In contrast, the Valera 
section represents the very top of the Misoa Formation, immediately below the C a ~ s  
Formation (Fig. 3). Thus, the two illustrated sections are stratigraphically far apart. A 
sedimentological log of the Agua Viva section was also illustrated by Lagazzi et al. 
(1993). 

Based on all but one of the sections visited, five facies can be discriminated in the 
Misoa Formation at outcrop. The facies are described individually below, and certain 
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Fig. 2. Stratigraphic context of the Misoa Formation. Stratigraphy from Brondijk (1967a) and 
Zambrano et al. (1971). Age ranges are from Gonzailez de Juana et al. (1980) and Muller et al. 

(1987). The central column corresponds to the region of Locality 1. 

interpretations are deduced for each of the facies in turn, while a more complete 
environmental interpretation is given at the end, considering all five facies together. 

Facies 1 
This facies consists of mudstones, in units 0.5- to 5-m thick, with up to 20% siltstone 

and sandstone intercalated as horizontal streaks (1-5 mm) and trains of connected, 
symmetrical ripples (1 -5 cm). Millimetre-scale lamination is generally visible, slightly 
to strongly disrupted by burrows, which include Arenicolites. Scarce bivalves were 
observed in the present study, and echinoid fragments were found at Rio San Miguel near 
Mene Grande. 

Interpreting these characteristics, Facies 1 was deposited in a permanent water body 
(lake or sea), as shown by the lack of desiccation cracks or other indicators of emergence. 
Salinity indicators are absent, except in those intervals with echinoids, which indicate 
fully marine conditions. Ripple symmetry indicates the influence of waves, implying that 
the ripple strings represent storm beds. Combining these inferences, the most likely 
depositional environment for Facies 1 is the distal part of a storm-influenced marine 
shelf, below fair-weather wave base and above storm wave base. 

Facies 2 
The main difference from Facies 1 is a higher proportion (20-70%) of sandstone 

streaks and ripples. Some sandstone intercalations are thicker (5-10 cm) and can be 
capped by symmetrical ripples of longer (dm) wavelength (e.g. Lagazzi et al., 1993, Fig. 
24). The interpreted environment is the same as for Facies 1, but more proximal. 
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Fig. 3. Sedimentological log of the Misoa Formation and part of the overlying Caus Formation. 
The section is a roadcut on the Valera-Isnotu road, 5 km east of Isnotu (Locality 1 in Fig. 1). 
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Fig. 4. Sedimentological log of the Misoa Formation. The section is a roadcut 5 km north of the Agua 
Viva checkpoint (''~Zcubula'') of the Guardia Nacional, on the road to Carora (Locality 2 in Fig. 1). 

For legend, see Fig. 3. 

Facies 3 
The proportion of ripple-strings is even higher (70- loo%), such that amalgamation of 

ripple strings is common, forming decimetre- and metre-scale sandy units with thin (<5 
cm) mudstone partings. The interpreted environment is the same as for Facies 1 and 2, 
only yet more proximal. 

Facies 4 
Facies 4 consists of tabular (non-channelled) sandstone bodies mostly 3- to 10-m thick, 

which are the most distinctive feature of the Misoa Formation at outcrop (Fig. 5a). The 
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sand is generally very-fine or fine grained. Internally, the sand bodies consist of sub- 
tabular, asymptotic cross-sets, 5- to 70-cm thick. Set boundaries are expressed as parting 
surfaces and, like the cross-stratification, are partly to completely erased by bioturbation. 
Cross-lamina azimuths are difficult to determine because of bioturbation and the two- 
dimensional nature of the exposures, but appear relatively constant within any sand body; 
in one case, however, two successive cross-sets show apparently opposed cross-laminae, 
forming “herringbone” cross-bedding (Fig. 4 at43 m; Fig. 5b). Thin (<5 cm), discontinuous 
mudstone layers separate some sets, generally overlying symmetrical ripples (of short or 
long wavelength) developed at the top of the underlying cross-set. Trace fossils include 
Arenicolites, Ophiomorpha and Thalassinoides, defining a “Skolithos ichnofacies” 
(Pemberton et al., 1992). Long, vertical tubes previously identified as Skolithos (Van 
Veen, 1972; Lagazzi et al., 1993) are in some cases linked at the base, forming a “U’ (i.e. 
Arenicolites); thus, Skolithos awaits confirmation. Fossils include bivalves and gastropods 
(Fig. 3 at 11 m; Fig. 4 at 60 m). Moulds of whole echinoids are common in the Valera 
section (Fig. 3).  

Turning to interpretation, the Skolithos ichnofauna suggests normal marine salinities 
(Pemberton et al., 1992), while intervals with echinoids are definitely marine. Facies 4 
sand bodies are inferred to have accumulated episodically, as successive “event-beds”, 
as indicated by the rippled bed tops and mudstone partings, which suggest breaks in 
deposition. A complete event-bed is visualized as comprising one or more cross-sets, 
capped by symmetrical ripples; the ripples were susceptible to erosion during the next 
“event”. The ripple symmetry implies that the “events” were storms. The presence of 
high-angle cross-bedding, instead of hummocky cross-bedding typical of storm beds 
(Dott and Bourgeois, 1982), suggests that the storm currents were supplemented by tidal 
currents (Johnson and Baldwin, 1986). Comparable tide-storm interactive systems have 
been inferred in the literature for numerous formations worldwide (summary in Johnson 
and Baldwin, 1986). 

Facies 5 
This facies consists of thin beds of pebble conglomerate. Four beds ranging from 3- 

to 15-cm thick occur in the Agua Viva section (Fig. 4). The beds can occur at any position 
within a sand body (at the top, base or internally), or may be encased in mudstone (Fig. 
4 at 6 1 m). Pebbles are of two varieties: (1) chert, ranging from hard and black to powdery 
and white; and (2) quartzite. 

Facies successions 
The five facies alternate vertically in an apparently random manner (Figs. 3 and 4). As 

a result, sand bodies can appear to have sharp or gradational bases, and sharp or gradational 
tops (Fig. 6). Outcrop examples with gradational bases and sharp tops, forming coarsening- 
up successions, have been reported previously (Van Veen, 1972; Lagazzi et al., 1993), 
but are only one of four possible configurations (“Type 1” in Fig. 6).  

INTERPRETED DEPOSITIONAL ENVIRONMENT 

Considering the facies together, the lack of evidence for emergence suggests that the 
Misoa Formation was deposited in a permanent water body (sea or lake). A sea is the more 
likely: the rare intervals with echinoids are definitely marine, while the Skolithos ichnofacies 
characterizing much of the formation is probably marine. Deposition below fair-weather 
wave base can be inferred from: (1) the presence of mudstone beds, requiring periods of 
negligible bottom-currents; and (2) the tabular-cross-bedded nature of the sandstones, 
which contrasts with the parallel-, low-angle-, or trough cross-stratification characteristic 
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5a 

5b 

Fig. 5a. Typical Misoa Formation sandstone body (Facies 4) at the Agua Viva section (Fig. 4 , 3 2 5  
40.0m). Right way up. Internal parting surfaces are sub-parallel, indicating that the constituent beds 
are essentially tabular, although degraded dune forms are locally visible (e.g. about 1 cm “NW” of 
person’s head). (b) Herringbone cross-bedding at the Agua Viva section (Fig. 4 at 43 m). The 
horizontal parting surface, highlighted by the solid black line, separates cross-sets with oppositely 
dipping cross-laminae (parallel to the dashed lines). The cross-stratification is partially erased by 

vertical cylindrical burrows, which are difficult to see in this photograph (see text). 
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of the foreshore and shoreface. On the other hand, deposition above storm wave base is 
indicated by the pervasive symmetrical ripples. Sand bodies of Facies 4 are interpreted 
as amalgamated event-beds produced by tide-enhanced storms. The same storms may 
have produced the ripple strings of Facies 3,2 and 1, which are interpreted as increasingly 
distal equivalents. Thus, the various Misoa Formation facies are interpreted to represent 
successive positions along tidal-shelf sand sheets influenced by storms (Fig. 7), similar 
to Anderton’ s (1976) model for the Precambrian Jura Quartzite in the Dalradian Supergroup 
of Scotland. This model is based on modem tidal-current transport paths on the present- 
day N W  European Shelf, which produce sand sheets showing “downdrift” fining and 
zonation of bedforms (Belderson et al., 1982; Stride et al., 1982). During periods when 
the tidal currents are aided by other currents, such as storms, the bedform zones migrate 
downdrift, temporarily occupying more-distal positions (Stride et al., 1982). 

In the tidal-shelf model, Facies 4 event-beds correspond to the “climbing dunes” zone 
of Anderton (19761, representing a storm-provoked excursion of dunes into an otherwise 
mud-depositing region (Fig. 7). Individual event-beds should therefore contain multiple 
(climbing) cross-sets, but these have not yet been confirmed in the field, probably due 
to masking by bioturbation. At the end of each event, the dunes were subdued by waves, 
leaving a more or less tabular bed with a wave-rippled upper surface. According to 
Anderton (1976), climbing dunes can be deposited either on the flat sea floor, or in 
channels eroded during a slightly earlier phase of the storm; such channeling is therefore 
to be expected in the Misoa Formation, but was not observed in the present study. 

The thin conglomerates of Facies 5 are attributed to winnowing of pebbles in the 
(upcurrent) fair-weather dune-belt during severe storms (Fig. 7), providing pebbles for 
transport and deposition downcurrent. 

The dominance of unidirectional palaeocurrents in any one sand body is consistent 
with other ancient analogues (Anderton, 1976; Levell, 1980), and with the unidirectionality 
of net sand transport in modem analogues (Belderson et al., 1982). The occurrence of 
herringbone cross-bedding confums the influence of tides, and could indicate intertonguing 
of two sand sheets derived from opposite directions, at a “bedload convergence” (Johnson 
et al., 1982). 

The variability among vertical facies successions suggests that the migration history 
of the sand sheets was variable. For example, sand sheets with gradational bases (Types 
1 and 4 in Fig. 6) are interpreted to reflect gradual progradation of the sand body, due 
either to a relative sea-level fall, or an increase in sediment supply controlled by climate, 
tectonics or an autocyclic mechanism such as delta switching. In contrast, a sharp base 
suggests either: (1) that the sand body was established abruptly, perhaps by a change in 
tidal circulation caused by a storm-induced change in geography; or (2) that the advance 
of the sand body was a response to forced regression (cfPlint, 1991). The tops of sand 
sheets can likewise be gradational or sharp, both of which reflect abandonment, either 
due to geographic reorganization or due to drowning by a rise in relative sea level. 
Anderton (1976) also reported apparently random interbedding of facies in the Jura 
Quartzite; as possible causes, he suggested changes in water depth and variations in tidal 
regime due to minor changes in geography. Similarly, Hein (1 987) reported poor definition 
of sequences in tidal-shelf deposits of the Lower Cambrian Gog Group. 

A new facies model for  the Eocene Misoa Formation, Venezuela 

COMPARISONS WITH THE SUBSURFACE 

Published descriptions of Misoa Formation cores from Lake Maracaibo and adjacent 
coastal areas reveal the following similarities to the outcrops: 
1. The overall facies association consists of metre-scale alternations of sandstones and 
mudstones containing sand ripples (Van Veen, 1972; Maguregui and Tyler, 199 1 ; Lagazzi 
et al., 1993; Ambrose et al., 1995). 
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Fig. 6. Variability of Misoa Formation vertical successions at outcrop, interpreted in terms of 
migration behaviour of tide-influenced shelf sand sheets. No horizontal scale implied. Bed-thickness 
successions are grossly simplified. Lateral terminations are inferred (not observed). Differential 

compaction neglected. The diagrams represent proximal-distal or axial-lateral sections. 
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2. Coal beds and other evidence for emergence are absent. The only published reference 
to coal beds in the Misoa Formation is Zambrano et al. (197 1, p. 509), who state that coal 
appears towards the western shore of Lake Maracaibo; however, in their fence diagram 
(LBmina II), these coal beds are indicated as belonging to the Mirador Formation. 
3. Sandstones are mostly very-fine and fine grained, dominated by decimetre-scale 
cross-bedding, and containing Ophiomorpha, bivalves, gastropods and echinoids (Van 
Veen, 1972; Maguregui and Tyler, 1991; Ambrose et al., 1995). 
4. Sand bodies can have sharp or gradational bases and tops, resulting in variable 
vertical sequences (coarsening-up, fining-up, or neutral; Van Veen, 1972; Maguregui 
and Tyler, 1991; Ambrose et al., 1995). 

Notwithstanding these similarities, three differences are discernible in the nature of the 
sand bodies in the subsurface: (a) they can be thicker, commonly 5- to 20-m thick (Van 
Veen, 1972, Fig. 9), compared to 3- to 10-m at outcrop; (b) they are less bioturbated, 
resulting in greater preservation of cross-stratification; and (c) they commonly contain 
mud drapes within the cross-sets (“laminillas de arcilla” of Van Veen, 1972, p. 1087). 
These differences can be interpreted as reflecting a more proximal position along the tidal 
sand-transport path, within the fair-weather dune belt (Figs. 7 and 8). This would not only 
explain the greater thickness, but also the reduced bioturbation, reflecting near-constant 
motion of the sand substrate (fair-weather dune migration), unfavourable for colonization 
by animals. The model also explains the mud drapes, which are “a distinctive, i f no t  
entirely diagnostic, feature of tidal deposits” (Johnson and Baldwin, 1986, p. 260), and 
are deposited during slack-water pauses in (fair-weather) dune migration. Mud drapes are 
not to be expected at outcrop, in sand bodies of the climbing-dune belt (Facies 4), because 
dune migration only occurs there during storms, which lack slack-water interludes. 

In addition to sheets, there is evidence for isolated sand ridges, which are the other main 
type of sand deposit of modern tidal shelves (“sand banks” of Belderson et al., 1982, and 
Stride et al., 1982). Modem examples are tens of kilometres long, 1- to 3-km wide, 1- 
to 10-km apart, and 10- to 50-m high (Belderson etal., 1982, Table 3.3; Stride etal., 1982, 
Fig. 5.16). The presence of sand ridges in the Misoa Formation is suggested by linear 
“thicks” spaced 1- to 2-km apart on published net-sand isopach maps derived from well 
logs in the Lagunillas field (Fig. 1 ; Maguregui and Tyler, 199 1, Figs 8 ,9  and 10; Ambrose 
et al., 1995, Figs 9b, 21, 23 and 29). These “thicks” do not directly indicate sand-ridge 
dimensions, because each map represents the cumulative thickness of numerous sand 
bodies in a stratigraphic interval. However, closely-spaced well logs allow individual 
sand bodies to be correlated, indicating the presence of laterally disconnected, elongated 
sand bodies 0.5- to 2-km wide and 5- to 10-m thick (Maguregui and Tyler, 1991, Figs 
12, 13 and 14; Ambrose et al., 1995, Fig. 24). These sand bodies are interpreted here to 
be offshore sand ridges; by contrast, Maguregui and Tyler (1991) and Ambrose et al. 
(1995) interpreted them as deltaic distributary channels and delta-front tidal sand ridges. 
Their small thickness (5-10 m), compared to heights of 10-50 m for modern sand ridges, 
could reflect degradation by storm waves following abandonment (“moribund sand 
banks” of Stride et al., 1982). 

Distinction between sand sheets and sand ridges is difficult from cores alone, due to 
the similarity of the sedimentary structures. Both sheets and ridges are mantled by 
migrating sand dunes (the “sand waves” of Belderson etal., 1982, and Stride et al., 1982), 
so the internal sedimentary structure in both cases is cross-bedding, with or without mud 
drapes and bioturbation. Furthermore, vertical successions are similar: sand ridges can 
show either fining-up or coarsening-up trends (Dalrymple, 1992), and the same is probably 
also true of sand sheets, Thus, distinguishing between sand sheets and sand ridges in the 
Misoa Formation is difficult from cores; the same applies to grain-size profiles inferred 
from well-logs (cf. Zamora, 1977). The distinction therefore requires additional information 
on: (1) external geometry (sheet or shoestring), obtained from outcrops or detailed well- 
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A. FAIRWEATHER CONDITIONS 
Normal tidal currents 

"DOWNDRIFT"-FINING AND 
-THINNING SAND SHEET 

6. STORM CONDITIONS out. 
a9 Tidal currents enhanced by storm waves 

and wind-driven currents . A\@* nesj&A 

DOWNCURRENT 
EXPANSION OF 
SAND SHEET 

Fig. 7. Model of Misoa Formation tidal-shelf sand sheets. (A) Fair-weather conditions; peak tidal- 
current velocities decrease distally. @) Storm conditions. After the storm, the fair-weather dunes are 
rebuilt and the climbing-dune belt reverts to fair-weather mud sedimentation. Due to the increasing 
relative influence of storms distally, cross-bedding is of fair-weather origin in the proximal sand 
sheet and storm-produced in the distal sheet (Fig. 8). Not to scale. Block is of the order of tens to 

hundreds of kilometres long. After Anderton (1976) and Johnson and Baldwin (1986). 
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log correlations; or (2) internal architecture, such as the arrangement of palaeocurrents 
and “master-bedding” surfaces, obtainable only in good surface exposures (Stride et al., 
1982). 

The variability of vertical successions in the subsurface (coarsening-up, fining-up, or 
neutral) is interpreted to reflect advance or retreat of sand sheets and ridges, due to: 
(1) relative sea-level changes; or (2) variations in sediment supply controlled by tectonics, 
climate or an autocyclic mechanism. 

The apparent absence of sand ridges at outcrop, as indicated by the exclusively sheet- 
like geometry of Facies 4, suggests that ridges were developed only in relatively proximal 
areas of the shelf, represented by present-day subsurface regions. This, in turn, could 
indicate that ridges formed preferentially during relative rises in sea level, causing the 
sediment to be confined relatively close to shore, whereas sand sheets possibly represent 
highstands and/or relative falls in sea level. 

COMPARISON WITH PREVIOUS INTERPRETATIONS 

Having demonstrated that a tidal-shelf model adequately describes much of the Misoa 
Formation, both in the subsurface and at outcrop, a summary of previous interpretations 
of the depositional environment is instructive. 

Subsurface 
As mentioned above, the Misoa Formation beneath Lake Maracaibo is conventionally 

regarded as deltaic, following Van Veen (1972), who visualized a delta comparable in 
size to the modern Mississippi, fed from the SW by a fluvial system preserved as the 
Mirador Formation. Previously, Zambrano et al. (1971) hinted at a more marine 
interpretation, described vaguely as “marino-parhlico” (p. 506), with the Misoa Formation 
deposited in a “Platform Province”, seaward of a “Deltaic Province” corresponding to 
the Mirador Formation (their Fig. 9). Additionally, these authors stated that a large part 
of the Misoa Formation in south-central Lake Maracaibo is marine (p. 509). 

Modifying the traditional deltaic model somewhat, Maguregui and Tyler ( 199 1) proposed 
that the Misoa “B-2” interval at the Lagunillas field was deposited on the outer part of 
a tide-dominated delta (intertidal lower delta plain and subtidal delta front). The same 
model was extended to the entire “C” interval of this field by Ambrose et al. (1995). 
However, the model is inadequate for two reasons: (1) the Misoa Formation here, as 
elsewhere, lacks desiccation cracks characteristic of the intertidal delta plain (e.g. Dalrymple, 
1992, Fig. 29); and (2) it is inconceivable that marshes (hence, coal beds) of the upper 
delta plain did not prograde over the supposed lower delta plain and delta front during 
the deposition of such a thick interval (1,500 m Misoa “C” at Lagunillas; Ambrose et al., 
1995, Fig. 3). 

Finally, two drawings by Parnaud et al. (1995, Figs. 16 and 17) imply shelf deposition 
for the entire Misoa Formation, but no accompanying explanation or references were 
given. 

Outcrop 
Brondijk (1967a, p. 10) interpreted the Misoa Formation of the type area as 

“predominantly a shallow marine deposit, with mostly sheetlike sand and shale bodies 
and very little channeling or lensing. Such fauna as is present suggests shallow marine 
conditions with frequent brackish influences”. In contrast, Van Veen (1972, p. 1079) 
proposed the following delta-oriented interpretation for the same area (author’ s translation): 
“Zt is possible that the sandstones were deposited in front of or beside a delta, as a 
complex of islands in the form of littoral barriers ..... or as a widespread delta-front sheet 
sand, or as fluvio-marine bar-finger sands”. A deltaic setting was also inferred by 
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fairweather dun s e symmetrical rip es pi 

DISTAL SAND SHEET: amalgamated storm beds; PROXIMAL SAND SHEET: 
each bed represents one storm and consists of deposited by fairweather dunes; 
cross-bedded sand deposited by climbing dunes, cms-bedded sand with mud drapes; 
smoothed and rippled as the storm ends partings represent storm scours 

Fig. 8. Inferred cross-sectional geometry and internal architecture of Misoa Formation sand sheets. 
A parallel-sided distal sheet, characteristic of the present-day outcrops, is thought to pass into a 
dune-covered proximal sheet in the subsurface. Not to scale. Length is of the order of tens to hundreds 
of kilometres. Thickness is typically 3 to 10 m distally and 5 to 20 m proximally. For clarity, only three 
successive storm-produced erosion surfaces are shown in the proximal sheet, numbered 1 to 3, which 
can be flat or broadly channelled. Corresponding storm beds 1 to 3 were deposited in the distal sheet. 
Following each storm, fair-weather dunes were rebuilt in the proximal zone, while mud was deposited 

over the distal zone. The entire sheet was draped in mud following abandonment. 

Lagazzi et al. (1993), who proposed the following range of environments for outcrops 
in the Serrania de Trujillo: floodplain, strandplain, tidal channel, distributary channel, 
distributary mouth bar, and prodelta marine. 

DISCUSSION 

Compatibility of Misoa Formation thickness with shelf model 
The great thickness of the Misoa Formation (up to 3 km beneath Lake Maracaibo) is 

not unusual among shelf successions, suggesting that basins can maintain a steady state 
or equilibrium shelf profile for extended periods, with storm waves or tides sweeping 
excess sediment into deeper water, thus creating a long-term balance between sediment 
accumulation and subsidence (Seilacher, 1982; Covey, 1986). According to Covey (1986), 
foreland basins attain steady state only after the early deep-water “flysch trough” has 
been filled; excess sediment is then swept longitudinally out of the basin into the adjacent 
(remnant) ocean. However, this model is at odds with the evidence, discussed below, for 
a contemporaneous flysch trough north of the “Misoa Shelf’. Other examples of thick 
tidal-shelf deposits are the Jura Quartzite (> 5 km; Anderton, 1976), the Lower Sandfjord 
Formation (1.5 km; Levell, 1980) and the Gog Group (> 500 m; Hein, 1987). 

Incised valleys at the base of the Misoa Formation? 
The unconformity at the base of the Misoa Formation overlies shelf deposits (Guasare 

Formation; Zambrano et al., 1971), suggesting that it was formed by the subaerial 
exposure of a shelf (Type 1 sequence boundary of Van Wagoner et al., 1988). Such 
unconformities are characterized by incised valleys filled with fluvial and estuarine 
deposits (Van Wagoner et al., 1990). Incised valleys can thus be predicted to occur at the 
base of the Misoa Formation, offering a potential hydrocarbon “play”. In the “interfluves” 
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between incised valleys, the unconfonnity is likely to be overlain directly by shelf 
deposits, except for a possible thin (dm) transgressive lag (Van Wagoner et al., 1990). 

Incised valleys have also been postulated within the Misoa Formation, based on 
intervals with a “blocky” log character (Marais-Gilchrist and Higgs, 1993) and seismic 
anomalies (Pestman et al., 1994). Alternatively, some of these anomalies could represent 
isolated tidal sand ridges, encased in shale, offering an equally interesting exploration target. 

Palaeogeograph y 
Conventional palaeogeographic maps show the Misoa Formation merging S W-wards 

into the fluvial Mirador Formation, the transition supposedly taking place beneath S W 
Lake Maracaibo (e.g. Zambrano et at., 197 1, Fig. 9; Gonz5lez de Juana et al.,  1980, Figs 
VI-6 and VI-8). However, this configuration is contradicted by seismic profiles, which 
show SW-ward onlapping at the base of the Misoa Formation (Perdomo and Bot, 1986; 
Marais-Gilchrist and Higgs, 1993), demonstrating that a non-depositional high separated 
the “Misoa Basin” from a separate “Mirador Basin”. This high was invoked as early as 
1948 by Schaub (p. 223), as a “threshold, separating ..... twoprovinces”, to explain the 
contrasting stratigraphy on either side. According to Brondijk (1967b, p. 39), the high 
“separated sedimentation completely along its southeastern part (the Avispa Mass@ and 
partly at its (plunging?) northwestern end (the Palmar Uplift) ”. The high was shown on 
cross-sections and a map by Van Veen (1972, Figs 1, 8 and 15), but he expressed 
uncertainty as to whether it was syn- or post-depositional. 

Thus, Lower and Middle Eocene palaeogeographic maps need to be modified to 
include a non-depositional Palmar-Avispa High (cJ: Mathieu, 1989). Instead of the 
Mirador Formation merging with the Misoa Formation across present-day Lake Maracaibo, 
as on conventional maps, the two formations possibly merged around the NW end of the 
high (Fig. 9). Here, braided streams (Mirador Formation) are inferred to have met a tidal 
sea (Misoa Formation), defining a braidplain delta (Orton, 1988). Under Lake Maracaibo, 
the shelf deposits of the Misoa Formation are inferred to pass SW-ward into a narrow 
fringe of coastal-plain deposits diachronously onlapping the Palmar-Avispa High (Fig. 9). 

The Palmar-Avispa High could arguably be regarded as a reactivation and prolongation 
of the Mtrida Arch, a Mesozoic basement high which crosses the present-day Mtrida 
Andes, and which was progressively onlapped by Lower Cretacous deposits (Zambrano 
et al., 1971; Lugo, 1994). The Mtrida Arch was indeed reactivated in the Early Eocene 
according to Zambrano et al. (1971), but as a high whose influence did not reach as far 
N W  as Lake Maracaibo (contrast their Fig. 9 with Fig. 9 of this paper). 

The sediment-transport direction on the “Misoa Shelf’ is poorly constrained, due to 
the difficulty of measuring palaeocurrents in the field, as already mentioned, and in cores. 
This problem is partly resolved by considering the regional distribution of proximal (core 
descriptions) and distal (outcrop) control points. However, the few core descriptions are 
clustered and remote from the outcrops (Fig. 1). so the sediment-transport direction can 
only be loosely constrained, to between NE-ward (i.e. offshore, Fig. 9) and SE-ward 
(alongshore). A further complication is that the transport direction could have varied 
temporally; for example, sand sheets may be characterized by alongshore transport, and 
ridges by offshore transport. 

The orientation of the net-sand “thicks”, interpreted as tidal sand ridges, provides a 
possible clue to the transport direction, because modern North Sea ridges are typically 
orientated obliquely, with their long axes angled at 7 to 15” to the transport direction 
(Kenyon et al., 1981). The “thicks” are oriented NE-SW in the Misoa “C” interval 
(Ambrose et al., 1995) and ENE-WSW in the “B-2” interval (Maguregui and Tyler, 
199 1). These orientations, taking obliquity into account, suggest that sediment transport 
in the ridge systems was offshore rather than alongshore (Fig. 9). 
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Fig. 9. Proposed palaeogeography of the Maracaibo Basin during early Middle Eocene time. 
Italics indicate modern geographic features, shown for reference. Palmar-Avispa High concept 

after Brondijk (196713). 

The seaway of which the “Misoa Shelf “ formed one flank (Fig. 9) was probably either 
partially enclosed or “blind”, based on the evidence for strong tidal currents (Johnson and 
Baldwin, 1986). A “blind” gulf, opening eastward, could have been created by oblique 
collision between the (NE-trending) Caribbean volcanic arc and northern South America 
in Palaeocene-Eocene time (Pindell and Barrett, 1990; Pindell, 1993, Fig. 6K). In this 
gulf, a deep-water trough may have lain north of the “Misoa Shelf’, in front of the 
advancing arc-accretionary complex. Probable remnants of the trough-fill include turbidites 
and olistostromes of the Lara Complex (Matatere Formation), partially coeval with the 
Misoa Formation, which were thrust southward onto the Misoa Formation at the end of 
the Middle Eocene (Stephan, 1985). 

Sand-body geometry and reservoir implications 
Misoa Formation sand bodies are inferred to be of two main types, analagous to those 

of the modern N W  European Shelf namely sand sheets and sand ridges. At outcrop, a 
sheet geometry is indicated by the flat bases and tops of sand bodies (Facies 4; Brondijk, 
1967a), which are interpreted as the distal, storm-deposited fringes of sand sheets. These 
sheets are interpreted to extend (proximally) into the subsurface, where they thicken and 
pass into the fair-weather-dune zone; here, the sheets possibly have undulating upper 
surfaces, if dune topography was preserved following sand-sheet abandonment (Fig. 8). 
Such dunes could have wavelengths and amplitudes in the order of 150-500 m and 3-15 
m, respectively, based on modern examples (the “sand waves” of Beldersotl et al., 1982, 
Stride et al., 1982, and Johnson and Baldwin, 1986). The dunes could be asymmetrical 
or nearly symmetrical (Belderson et al., 1982, Fig. 3 3 ,  depending on the degree of 
asymmetry of the tidal cycle (Allen, 1980). 
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In terms of areal extent, the Misoa Formation sand sheets are envisaged to vary from 
tens to hundreds of kilometres wide and long, similar to modem counterparts on the N W  
European Shelf, which commonly reach 20,000 sq.km in area (Stride et al., 1982), large 
enough to span the entire study area (Fig. 1). In contrast, sand ridges are predicted to be 
much smaller: perhaps tens of kilometres long by 1 - to 3-km wide. Despite their smaller 
size, sand ridges are attractive exploration targets, because they are laterally separated 
and therefore likely to be sealed within shales, forming stratigraphic traps. 

Reservoir compartmentalisation is considered to be characteristic of Misoa Formation 
oilfields, and has been attributed to a combination of faulting and shoestring sand geometry 
(Ambrose et al., 1995). However, in addition to shoestring sands, many sand bodies in 
the Misoa Formation are inferred here to have a sheet geometry, possibly pinching and 
swelling laterally due to dune topography. Consequently, the interconnectedness of 
reservoirs may be greater than is commonly believed. 

Limited fauna of the Misoa Formation 
The overall paucity of fossils in the MisoaFormation could be interpreted as indicating 

less-than-marine salinities. However, although fossil abundance is indeed limited, the 
diversity (number of taxa) is substantial, including foraminifera (mainly benthonics: 
Brondijk, 1967a; Van Veen, 1972), bivalves, gastropods and echinoids. In addition, the 
sporadic limestones in the lower part of the Misoa Formation contain red algae, bivalves, 
gastropods and large calcareous foraminifera (Brondijk, 1967a). This diversity, coupled 
with the Skolithos ichnofacies, suggests that the bottom-water salinity was normal, in 
which case alternative explanations are needed for the low faunal abundance and for the 
near-absence of planktonic foraminifera (Brondijk, 1967a; Fuenmayor, cited in Bolli 
et al., 1994). 

One cause of reduced fossil abundance is diagenetic leaching of carbonate shells, as 
indicated by the fact that all the molluscs and echinoids found in this study occur as 
moulds. Absence of fossils in subtidal sandstones was also attributed to leaching by 
Johnson and Level1 (1995). Additional evidence for carbonate dissolution is seen in thin 
sections (Ghosh et al., 1985). 

Certain benthonic organisms could have been suppressed by high suspended-sediment 
concentrations, supplied to the Misoa Formation shelf by the delta mentioned above. The 
same delta is likely to have produced a freshwater surface plume, fed by prolific (tropical) 
river inflow, which could contribute to the scarcity of planktonic foraminifera. 

CONCLUSIONS 

Outcrop studies, complemented by a survey of published descriptions of confidential 
cores, indicate that the majority of the Misoa Formation can be interpreted to have been 
deposited on a marine shelf, along storm-enhanced, tidal-shelf sand sheets and in tidal 
sand ridges, in contrast to the traditional deltaic model. The new depositional model is 
vital for the reliable prediction of reservoir geometry and, thus, for the better placement 
of exploration and development wells, leading to more economical recovery of 
hydrocarbons. Whereas previous models of the Misoa Formation invoke mainly shoestring 
sand bodies, interpreted most recently as distributary channels and delta-front tidal sand 
ridges (Ambrose et al., 1995), sand bodies are predicted here to have two main geometries: 
(1) sheets up to about 20-m thick, extending tens to hundreds of kilometres laterally, and 
possibly pinching and swelling laterally due to dune topography; and (2) isolated ridges 
tens of kilometres long, up to 3-km wide, and perhaps as much as 50-m thick, by analogy 
with modem examples. Thicker reservoir bodies can, of course, be formed by amalgamation 
of sheets andor ridges. 
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