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Sequence stratigraphy of the Mesozoic Domeyko basin, northern Chile
John Ardill  (University of Liverpool)

The Domeyko basin of northern Chile records Late Triassic-Early Cretaceous mixed carbonate and
siliciclastic marine deposition along the western margin of Gondwana. The carbonate and siliciclastic
ramp environment is characterised by the deposition of siliciclastic-dominated sediments at times of
low accommodation space (lowstand and late highstand systems tracts) and carbonate-dominated
sediments during periods of high accommodation space (transgressive and early highstand systems
tracts). Along strike variations in siliciclastic sediment supply do not overprint the effects of basin-
wide changes of relative sea-level. Sequence stratigraphical analysis identifies five second-order
sequences resulting from changes in accommodation space and hence, relative sea-level. Within these
second-order cycles a higher-frequency cyclicity has also been identified. Each second-order sequence is
composed of between 3 and 5 high-frequency sequences which results in a second-order composite
sequence, but does not produce the "typical" sequence-sets normally associated with composite
sequences.

Comparison of the relative sea-level fluctuations interpreted from the Domeyko basin succession with
those documented from other similar age South American marginal basins and northern hemisphere
basins allows the distinction of regional from global events, and a methodology for potentially
differentiating between eustatic and tectonic driving mechanisms. The choice of these basins permits
an objective analysis of relative sea-level change using basins of different tectonic setting, on different
continental plates. Relative sea-level fall in the late Early Sinemurian, earliest Pliensbachian, earliest
Aalenian, Early Callovian, earliest Valanginian, and rises in the earliest Hettangian, earliest and Late
Toarcian, Early and Late Bajocian, Late Bathonian and earliest Oxfordian of the Domeyko basin appear
time-equivalent to similar events in other southern and northern hemisphere basins and thus are
interpreted to be products of eustatically driven, global sea-level cycles. Relative sea-level falls in the
earliest Bathonian, Late Oxfordian, earliest Valanginian and rises in the Late Kimmeridgian are
interpreted to be tectonically-driven, continental-scale changes in accommodation space. Although the
earliest Valanginian relative sea-level fall can also be seen globally the sequence boundary is
interpreted to be tectonically-enhanced by documented regional uplift in Chile and Argentina. The
Domeyko basin succession appears to be dominantly controlled by global sea-level fluctuations during
the Early-Middle Jurassic, interpreted to have been driven by glacio-eustasy, and by continental-scale
fluctuations during the Middle Jurassic to mid-Cretaceous.

Mesozoic back-arc basins of western South America record both eustatic and subduction-related
relative sea-level fluctuations. To date, the latter have been assumed to be driven chiefly by Pacific
plate spreading. However, five tectonically-driven sequence boundaries in the Domeyko and Neuquén
basins which have no time correlative expressions in northern hemisphere basins display a close
temporal association with five major Gondwanan fragmentation phases. They are: (A) the earliest
Bathonian (170 Ma) sequence boundary was driven by the separation of Laurasia and Gondwana; (B)
the Late Oxfordian (157 Ma) salinity crisis was driven by the separation of west from east Gondwana;
(C) the termination of the marine Domeyko basin was driven by the fragmentation of east Gondwana;
(D) the termination of the marine Neuquén Basin (114 Ma) was driven by the opening of the South
Atlantic; and (E) the major basin inversion associated with the Peruvian tectonic event (100 Ma) was
driven by the final fragmentation phase within east Gondwana. It is deduced that plate reorganisation
associated with the initiation of new oceans during Gondwanan fragmentation resulted in increased
coupling along the Andean subduction zone producing regional uplift and thus relative sea-level fall.
Responses variously involve: basin barring and Kimmeridgian evaporite production; erosively-based
fluvial sandstones directly overlying offshore marine deposits; closure of the Rocas Verdes oceanic
marginal basin; sequential termination of marine conditions in the Domeyko and Neuquén back-arc
basins; sudden influx of arc-derived alluvial conglomerates resulting from the onset of contractional
tectonics; and an incremental jump in the eastward propagation of the Andean volcanic arc. Discrete
contractional episodes in the otherwise extensional Andean active margin were thus driven by the
incremental spreading phases of the supercontinent. Associated thermal signatures are recorded near
the centre of Gondwana by kimberlite emplacement frequency maxima in southern Africa. Plate
tectonic theory emphasises the dynamic interaction between adjacent plates, whereby relative rates of
motion can be fixed to either the underriding or overriding plate as a reference frame. With reference
to the circum-Gondwana subduction zone, I believe that in the past an overemphasis has been placed
on the motions of oceanic plates in the Pacific region, while overlooking the role that the thermal
evolution of the Pangean supercontinent played in driving circum-Pangean subduction. Thus, careful
sequence stratigraphical analysis of active margin sedimentary basins provides a high resolution
record, presently under-utilised in detecting, identifying and analysing global tectonic events in time.
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Chapter 1 Introduction

1.1 Objectives of thesis

In recent years the concepts of sequence stratigraphy have been applied at increasingly high levels of
resolution, both spatially and temporally, to better understand the architecture of sedimentary
successions and to predict systematic changes in stacking patterns in terms of changing
accommodation space. Studies have focused on siliciclastic systems mainly in passive margin and
foreland basins (eg. Posamentier & Vail, 1988; Van Wagoner er al., 1990; Van Wagoner ef al.,
1991). Commonly studied depositional systems have been largely shallow-marine but some detailed
studies of fluvial and coastal-plain strata have recently been reported (Dam & Surlyk, 1992; Aitken &
Flint, 1994). High resolution sequence stratigraphy of carbonate systems has included analysis of reef
and platform systems (Sarg, 1988; Loucks & Sarg, 1993) but few in-depth studies of mixed carbonate
and siliciclastic environments (Holmes & Christie-Blick, 1993; Southgate et al., 1993) exist and, to
date, none are reported from back-arc basin settings.

This thesis attempts to identify and characterise depositional responses to high-frequency, base-leve!
driven changes in accommodation space in such a setting and examines the effects of local and
regional tectonic events versus global eustatic cyclicity on the resultant stratigraphy. The Mesozoic
Domeyko basin of northern Chile provides an excellent field example of mixed carbonate and
siliciclastic ramp deposits which are constrained within a zone-level ammonite biochronology. The
study area is concentrated along the Chilean Precordillera, known locally as the Cordillera Domeyko.
which exposes the eastern margin of the basin (Figure 1.1). The stratigraphical nomenclature used in
this thesis is that summarised by Callomon (1985) (see also Callomon, 1995) and adopted by the
Geological Society of London (Whittaker er al., 1991).

The Jurassic succession of northern Chile provides an example of mixed carbonate and siliciclastic
ramp deposits but both logistical difficulties and the nature of this study area have influenced the work
presented in this thesis. The logistical difficulties associated with working in northern Chile have
been the large regional extent of the study area (400 x 150 km) and the location of sections in remote
desert terrain. Local knowledge supplied by workers from the Universidad del Norte in Antofagasta
and the use of Landsat imagery have helped minimise these logistical difficulties. The nature of the
study area resulted in difficulties with poor levels of exposure and the lack of a structural template for
the Late Triassic to Early Cretaceous period of deposition.

The Jurassic sections are typically poorly exposed with only one-dimensional and rarely two-
dimensional outcrop. This lack of continuous exposure means that it is impossible to walk out
surfaces in the field and therefore correlation of sections is heavily reliant on ammonite
biostratigraphy. The poor exposure and lack of lateral continuity is primarily due to the complex
regional-scale compressional and strike-slip tectonics which generated the Chilean Precordillera but
also produced a sporadic and isolated outcrop pattern. The poor exposure is partly due to the nature of
present-day freeze-thaw weathering in northemn Chile which produces large quantities of scree. Such
quantities of scree cannot efficiently be removed by the modern ephemeral fluvial systems operating in

this arid climate and hence resulting in poor exposure.
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Chapter 1 Introduction

The Domeyko basin is lacking a structural template for the Late Triassic to Early Cretaceous period of
deposition. This lack of a structural template is due to complex regional-scale compressional and
strike-slip tectonics which have been active since the Cretaceous, making a detailed structural analysis
of the Mesozoic basins more difficult. An additional difficuity associated with the regional-scale
compressional and strike-slip tectonics is the high degree of structural deformation within many of the
Jurassic successions which often makes sedimentary logging difficult and sometimes impossible.

The impact of these factors on the work presented in this thesis has been to make the collection of
sedimentary data more difficult and also to necessitate the use of time consuming ammonite

biostratigraphy to permit the correlation and comparison of time-equivalent sections.

The principal aims of this project are.

(1) To apply and test the concepts of sequence stratigraphy in an extensional back-arc basin setting,
using the Jurassic-Cretaceous Domeyko basin of northern Chile. To test the utility and merits of
sequence boundaries and flooding surfaces to divide and correlate the basin-fill succession.

(2) To present the chronostratigraphical evolution of the marine Domeyko basin-fill, constrained by
biostratigraphy and sequence stratigraphy. Subsequently, to construct a relative sea-level curve for the
Domeyko basin based on sequence stratigraphy.

(3) To compare the relative sea-level fluctuations identified in the Domeyko basin with those
documented from other similar aged South American marginal basins and northern hemisphere basins,
1o distinguish between regional versus global events.

(4) To isolate the principal controls on sequence development in the Domeyko basin where local and
regional events may reflect a tectonic driving mechanism and global events will reflect a eustatic
driving mechanism.

(5) Finally. to identify and present a potential model to account for formation of the tectonically-

driven sequence boundaries.
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Figure 1.1 Part A Map of Northern Chile showing the Jurassic volcanic are (La Negxfa
Formation) in stipple outcropping along the Coastal Cordillera and the Jurassic marine rocks in black
outcropping predominately along the Chilean Precordillera, (modified from Prinz et al. 1994). The
list of Jurassic sections is given with the logged sections highlighted in bold and boxed on the map.
Part B (overleaf) shows a view looking east at the Domeyko Range at approximately 25°S.



Figure 1.1 Part B shows a view looking east at the Domeyko range at approximately 25°S. The core of the
Domeyko range is composed of pale brown Palacozoic volcanic and intrusive basement. flanked by dau_'k
purple Triassic syn-rift volcanics and yellow Jurassic post-rift marine rocks. The Jurassic marine rocks in
these two photos are from the Quebrada Profeta area (Figure 1A, locality 57) ranging from Bajocian (Middle
Jurassic)-Kimmeridgian (Late Jurassic) in age.



Chapter 1 Introduction

1.2 Layout of thesis

Chapter 2 Geological Setting

A detailed literature review of the geological setting of northern Chile from Precambrian to recent
times is presented. Firstly, plate tectonic reconstructions of the circum-Pacific region are assessed for
the Palaeozoic and subsequent Mesozoic-Cenozoic. The regional geology and structural evolution of
northern Chile is integrated to produce a geodynamic evolution for the Palaeozoic Preandean Cycle and
Mesozoic-Cenozoic Andean Cycle. Finally, palaeoclimate and oceanography is assessed for the
Jurassic Period.

Chapter 3 Biostratigraphy

A review of the Jurassic time-scales is given with the numerical time-scale used in this thesis.
Subsequently, the Southern Andes ammonite zones are defined with their correlation back to the
Standard European ammonite Zones. Ammonite biogeography is assessed highlighting the key
biostratigraphical events of regional and global significance.

Chapter 4 Depositional environments

The Mesozoic sedimentary succession in northern Chile is subdivided into facies on the basis of
process sedimentology and characteristic internal structures. The subsequent integration of these facies
units into facies associations atlows the development of depositional models for each environment.
Chapter 5§ Sequence stratigraphy

Firstly, the previously published lithostratigraphical interpretations for the Domeyko basin succession
are considered along with the implications of a lithostratigraphical approach to correlation. Sequence
stratigraphical analysis of the Domeyko basin succession has identified five second-order
unconformity-bounded sequences. The correlation of key chronostratigraphical surfaces, constrained
within the ammonite biostratigraphy, has allowed an analysis of both the stratigraphical evolution of
the Domeyko basin succession and subsequently second-order changes in relative sea-level. Within
these second-order cycles a higher-frequency cyclicity has been identified and is discussed in this
chapter.

Chapter 6 Controls on sequence development

The relative sea-level fluctuations interpreted from the Domeyko basin succession are compared with
those documented from other similar aged South American marginal basins and northern hemisphere
basins to distinguish regional from global events, and differentiate between eustatic and tectonic
driving mechanisms. A plate tectonic model is presented to account for the continental-scale tectonic
events which affect the marginal basins of western Gondwana.

Chapter 7 Conclusions

A summary of the conclusions to this thesis are presented.
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Chapter 2 Geological Setting

2.1 Objectives of chapter

The first objective of this chapter is to review the plate tectonic reconstructions of the circum-Pacific
region for the Palaeozoic and Mesozoic-Cenozoic. Secondly, an extensive literature review of the
regional geology and structural evolution of northern Chile with the aim of developing a linked
geodynamic evolution of the Central Andes. Finally, the palaeoclimate and oceanography of northern

Chile have been considered for the Jurassic Period.

2.2 Plate reconstructions of the circum-Pacific
region

The plate tectonic reconstructions for the Palaeozoic-Early Mesozoic are entirely based on the
distribution and ages of orogenic belts and oceanic sequences, including seamounts and pelagic
sediments accreted to the margins of various terranes (Scotese & McKerrow, 1990; Dalziel, 1991;
Dalziel ez al., 1994). Mesozoic-Cenozoic plate reconstructions are further constrained from sea-floor

spreading isochrons as demonstrated by Scotese et al. (1988).

2.2.1 Palaeozoic

Bond et al. (1984) used tectonic subsidence analysis of ancient passive margin rocks to constrain the
break-up of the Late Proterozoic supercontinent, comprising Gondwana, Laurentia, Baltica and Siberia
(Piper, 1976; 1983; Ziegler et al., 1981; Morel & Irving, 1978) to between 625 Ma and 555 Ma
(Early Cambrian).

Nance er al. (1988) built on the Wilson Cycle, by which continents rift to form ocean basins and the
ocean basins later close to reassemble the continents. They concluded that the processes of plate
tectonics are governed by a regular, cyclic process, noting that the margins of the North Atlantic have
undergone a series of Wilson Cycles during the past billion years; the regions bordering the Pacific
have apparently undergone none.

Scotese & McKerrow (1990) suggested from palaeobiology and palaeoclimatology that the Upper
Proterozoic supercontinent was composed of Laurentia, Baltica and Siberia which disintegrated as
Gondwana formed, about 600 Ma. They supported the interpretation of Nance et al. (1988), stating
that the western margin of South America has always been adjacent to oceanic crust, hence not having
undergone a complete Wilson Cycle, as shown in Fig. 2.1.

Dalziel (1991) and Daiziel er al. (1994) took a radically different view based on geological and
palaeobiological evidence, whereby Laurentia broke from the Upper Proterozoic supercontinent at
about 570 Ma (Early Cambrian). Figure 2.2 shows the Appalachian margin of Laurentia colliding
with the proto-Andean margin of Gondwana during the Middle Ordovician, before continuing in a
clockwise direction and colliding with north-west Africa during the Late Palacozoic construction of
Pangaea. The theory of Dalziel ef al. (1994) is important as it proposes the proto-Andean margin has;
1. undergone more than one Wilson Cycle, and 2. subduction was stopped between the Middle

Ordovician collision and Middle to Late Palaeozoic movement of Laurentia past the Andean margin.
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Chapter 2 Geological Setting

Although the model of Dalziel (1991) and Dalziel et al. (1994) is radically different to previous ideas.
it may better explain the present day complex structural “grain” of the Central Andes. This degree of
structural complexity is unusual for an area which has apparently undergone no Wilson Cycles.

The two opposing models for Early Palaeozoic plate reconstructions both begin and end with similar
plate tectonic configurations. Originating with an Upper Proterozoic supercontinent which
disintegrates in the Late Precambrian; and culminating in the creation of Pangaea at about 300 Ma
(Late Carboniferous), resulting in the formation of the Appalachian, Ural and Mauritande mountain

belts (Nance er al., 1988) and a supercontinent stretching from pole to pole (Scotese & McKerrow,
1990).

2.2.2 Mesozoic-Cenozoic

Scotese ef al. (1988) demonstrated how magnetic sea-floor spreading isochrons can be systematically
reconstructed back to the Early Cretaceous. The accuracy of these maps can be evaluated by observing
the closure of plates around triple junctions and by noting the predicted relative motion of plates
across complex plate circuits (eg. the motion of the Pacific plate relative to North America).
Isochrons in the north and central Atlantic, and along the south-west Indian Ridge can be reconstructed
with few gaps or overlaps. In the south Atlantic and central Indian Ocean, however, the match
between isochrons is not as good, especially for the older reconstructions.

Scotese et al. (1988) concluded that the major events seen in the Mesozoic-Cenozoic are:

1. The break-up of Pangaea which began in the Middle Jurassic and continued into the Early
Cretuceous

2. The break-up of North America and Africa which was preceded by extension and rift related volcanic
activity that started in the earliest Jurassic

3. Sea-floor spreading in the south Atlantic and between India and the Antarctica which appears to
have started in the Early Cretaceous

4. The Lute Tertiary breuk-up of the Farallon plate 10 form the Cocos and Nazca plates.

The starting point for a discussion of the Mesozoic basin evolution in northern Chile must be an
analysis of the break-up and dispersal history of Pangaea. The term “Pangaea”, meaning “all land”,
has been used to imply that at some point during the Late Palacozoic or Early Mesozoic all of the
continental crust of the world was amalgamated into a single supercontinent. Subsequently, that
supercontinent progressively disintegrated to arrive at the modem, quite widely dispersed continental
configuration. Rowley (1992) concludes that a true Pangaea may never have existed, based on the
Late Triassic welding of southern Asia to Laurasia and the disintegration of northern Gondwana
which, according to Sengor er al., (1988), had begun during the Late Permian and came into being no
later than the Middle to Late Triassic.

The plate tectonic reconstructions of Scotese et al. (1988) highlight the break-up of Pangaea into
Laurasia (northern hemisphere) and Gondwana (southern hemisphere), followed by the fragmentation
of Gondwana. The timing of Cretaceous continental dispersal can be seen on Fig. 2.3, depicting

maps for Early Cretaceous, Chron M17 (143.8 Ma), Mid-Cretaceous, Chron M0 (118.7 Ma) and Late
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Late Early Devonian (Emsian) Early Permian (Artinskian)

Figure 2.1 Plate tectonic reconstructions for the Palaeozoic according to Scotese & McKerrow (1990).
The reconstructions are for the latest Precambrian, Cambro-Ordovician, late Early Devonian and Early Permian.



. U ¢l
Archeocyathans . & (ca. 520 Ma)
Late Neoproteroxic
Grenvillian N (ca. 870 Ma)
orogens

Figure 2.2 Plate tectonic reconstructions for the Palaeozoic according to Dalziel (1991); Dalziel et al.
(1994). The reconstructions are for the latest Precambrian (570 Ma), Cambrian (520 Ma), Mid-Ordovician (450
Ma) and Devonian (370 Ma).
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Figure 2.3 Plate tectonic reconstructions for the Mesozoic based on magnetic sea-floor spreading
isochrons, according to Scotese er al. (1988). The Pleistocene (chron 2, 1.9 Ma) reconstruction displays the

magnetic sea-floor spreading isochrons, with reconstructions for the Early Cretaceous (chron M17, 143.8 Ma)
and Mid-Cretaceous (chron MO, 118.7 Ma).
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Chapter 2 Geological Setting

Cretaceous, Chron 34 (84.0 Ma), with the area of study highlighted. Since the Early Jurassic, the
west coast of South America has been a convergent plate boundary bordering the Pacific Ocean.

The plate tectonic reconstructions for the Palacozoic (Scotese & McKerrow, 1990; Dalziel, 1991;
Dalziel et al., 1994) and Mesozoic-Cenozoic (Scotese et al., 1988) highlight a complex continental
dispersal history. However, the plate tectonic history must be carefully considered if we are to

understand the driving mechanism behind Mesozoic basin development in the Central Andes.

2.3 Regional geology and structural evolution of
northern Chile

Northern Chile can be broadly divided into five north-south striking morpho-tectonic provinces.
shown in Fig. 2.4. The Coastal Cordillera forms a range of mountains with elevations over 2000 m
representing the Lower Jurassic to Lower Cretaceous volcanic arc. Directly to the east of the Coastal
Cordillera is the wide and relatively flat Longitudinal Valley. Further to the east is the Pre-cordillera
range with elevations in excess of 4000 m (Chong, 1977). Lying between the Precordillera and
Western Cordillera, the Salar de Atacama and smaller Salar de Punta Negra form the Pre-Andean
depression which represents a major offset in the linear Western Cordillera (High Andes).

Two major north-south, crustal scale fault systems have been recognised in northern Chile, the
Atacama Fault System (AFS) and the West Fissure Fault System (WFFS). The Atacama Fault
System is situated within the Coastal Range and, according to Grocott et al., (1995), records Triassic
extension followed by Early Cretaceous to recent ductile and brittle sinistral strike-slip displacements
(Brown er al., 1991). The West Fissure Fault System is located in the Precordillera and is known to
have been active during the life span of the Eocene to Lower Oligocene copper porphyry magmatic
arc, having both important dextral strike-slip and shortening deformation associated with it (Maksaev,
1990; Reutter et al., 1991).

The geodynamic evolution of the Central Andes can be divided into two main orogenic events, known
as the Palaeozoic Preandean (Hercynic) Cycle and the Mesozoic-Cenozoic Andean Cycle. Figure 2.5
shows the geodynamic evolution schematically with the tectonic setting of major sedimentary
depocentres, arc positions, major orogenic episodes and history of subduction, (modified after Toth,

1995).

2.3.1 Precambrian basement
The Precambrian basement rocks of the Central Andes form two north-south striking belts, in

northern Chile (69°W) and north-west Argentina (66°W) (Fig. 2.6).

Northern Chile

Precambrian rocks in northern Chile crop out along a narrow horst extending for over 100 km in
length, as documented by Breitkreuz & Zeil (1984). The horst is composed of gneiss interfingering
with migmatites and a series of phyllites which have subsequently been intruded by

Ordovician/Silurian granites. Breitkreuz & Zeil (1984) dated the migmatites using U/pb to be 1260
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*/. 30 Ma. Further Precambrian ages of 1730 Ma have been obtained by Damm et al. (1981) from
zoned zircons in Upper Palaeozoic anatectic plutons of the Coastal Cordillera. Damm et al. (1986)
have given widely accepted Early Cambrian dates of 534 */_ 120 Ma for the Mejillones Peninsula,
however, according to Breitkreuz & Zeil (1984) part of the peninsula may have been a Precambrian

inlier, once representing a southern extension of the Arequipa Massif of Peru.

North-west Argentina

Coira et al. (1982) and Allmendinger e al. (1983) interpret the Puncoviscana Formation of north-west
Argentina as representing the Upper Precambrian-Cambrian passive margin of western Gondwana,
cropping out along the Faja Eruptiva de la Puna. Acenolaza & Durand (1986) document
metamorphosed greywackes and shales with interbedded ultra-basic volcanics, increasing in
metamorphic grade from greenschist facies in the north, to medium- to high-grade facies further south
{Coira er al., 1982). The greywackes are interpreted as turbidites (Coira er al.. 1982; Acenolaza &
Durand, 1984; 1986) indicating a deep marine basin trending from north-east to south-west, bounded
by the Arequipa Massif to the west and the Brazilian Shield to the east. Rifting of the South
American craton has been proposed by Dalmayrac e al. (1980) but as yet, no rift-related volcanics
have been identified to support the theory.

Turner (1970) describes granodioritic and granitic intrusions, which, according to Tumer & Mon
(1979) and Halpern & Latorre (1973) are of Precambrian-Cambrian boundary age, 601 */. 65 Ma
(Turner & Mon, 1979), however these dates are questioned by Breitkreuz (1986b). Breitkreuz & Zeil
{(1984) pointed out that Precambrian dates from the Chilean basement are compatible with the ages of
both the Arequipa Massif (Dalmayrac er al., 1977; Shackleton er al., 1979) and orogenic events
within the South American craton (Zeil, 1981).

Ramos (1988) proposed a collisional history for the southern portion of South America based on a
complex collage of cratonic blocks which were brought together along the south-western margin of
Gondwana in Late Precambrian-Early Palaeozoic times. The model of Ramos (1988) for the docking
of cratonic blocks is based on the distribution of mafic and ultra-mafic oceanic rocks, ancient
magmatic arcs and the metamorphic and sedimentary sequences of these old orogenic belts. The Late
Precambrian-Early Palaeozoic amalgamation of cratonic blocks to form Gondwana (Ramos. 1988) is
partly coincident with the Early Palaeozoic Pampean Orogeny, signifying the break-up of the Upper
Precambrian supercontinent. Subduction began in the Late Cambrian and the proto-Andean margin of
Gondwana changed from a passive to active plate boundary, noted by Willner ez al. (1987).

The Precambrian basement rocks of the Central Andes have a long and complex history recording the
docking of cratonic blocks in the Late Precambrian to Early Palaeozoic (Pampean Orogeny), followed

by the break-up of the Upper Precambrian supercontinent and initiation of subduction in Cambrian
times (Ramos, 1988).
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Chapter 2 Geological Setting

2.3.2 Preandean Cycle (Palaeozoic)

Cambro-Ordovician basins

The Preandean Cycle began in the Cambro-Ordovician with a wide marine basin extending over the
Puna and Eastern Cordillera of Argentina (Turner & Mon, 1979; Bahlburg & Breitkreuz, 1991). To
the west, Allmendinger er al. (1993) describe a north-south belt of Lower- to Middle-Ordovician
granites and volcanics termed the Faja Eruptiva which extends the full 1300 km of the Puna (Coira et
al., 1982). To the west of the Faja Eruptiva, in Chile, an Ordovician marine basin is present.
Currently, there are two interpretations for the formation of the Cambro-Ordovician basins.
Allmendinger et al. (1983) interprets the Upper Cambrian to Devonian coarse- to fine-grained clastic
and volcanic shelf deposits (Schwab, 1973; Turner & Mon, 1979; Willner e al., 1987) as having
formed in a back-arc setting. Turner (1970) described a 3100 m thick sequence of shallow-marine and
intertidal Cambrian sediments (Meson Group) indicating a dominantly shallow-marine environment
during the Tremadocian. Ordovician-Arenig times show a west to east facies zonation from shallow
shelf to distal shelf, respectively (Turner, 1970), with the largest extent of the Ordovician sea
occurring in subsequent Arenig-Llanvirn times (James, 1971). The Faja Eruptiva to the west is
interpreted by Coira e al. (1982) as representing the remnants of a volcanic arc developed in the Early-
to Middle-Ordovician. Further to the west, the Ordovician flysch deposits of Coira et al. (1982) have
been interpreted as a forearc basin with subduction to the west, based on the presence of a tectonic
melange to the immediate west of the Faja Eruptiva (Allmendinger er al., 1983). Breitkreuz (1985)
described the basin-fill as a shallow-marine succession in parts of northern Chile containing
Ordovician aged fossils (Garcia et al., 1962) and interbedded with extensive volcanics, probably derived
from the Faja Eruptiva (Bahlburg er al., 1986).

Bahlburg & Breitkreuz (1991) interpret the Cambro-Ordovician geodynamic evolution as being
represented by the westward progression of orogenic basin formation through time. Figure 2.7 shows
the Ordovician basin in north-west Argentina (Bahlburg, 1990; Bahlburg ef al., 1990) which
originated as an Early Ordovician back-arc basin containing a 3500 m thick, fining-upward,
volcaniclastic apron formed during the Arenig. The contemporaneous magmatic arc of an east-dipping
subduction zone is thought to have been located in northern Chile. Increased subsidence in the Late
Arenigian accommodated thick volcaniclastic turbidites during the Middle-Ordovician. Subsequent
collision between the para-autochthonous Arequipa Massif Terrane and the South American margin at
the Arenigian-Llanvirnian transition, led to eastward thrusting of the arc complex over its back-arc
basin and, consequently, to its transformation into a marine foreland basin. This thrusting event is
supported by the contact between the Faja Eruptiva and eastern, Ordovician back-arc basin always
being tectonic (Allmendinger e al., 1983). The back-arc basin-fill was then folded during the terminal
collision of the Arequipa Massif Terrane in the Ocloyic Orogeny (Ashgillian) with subsequent post-
tectonic intrusion of Silurian granitoids along the Faja Eruptiva and formation of the north-south
positive relief area of the Arco Punefio. West of the Arco Punefio an Early Devonian marine basin
developed with shelfal deposits extending from the Western Cordillera to the Chilean Precordillera and

deep marine turbidites to the west, in the region of the Coastal Cordillera. The basin originated as an
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extensional structure at the continental margin of Gondwana and is not thought to be related to
subduction and hence not a fore-arc basin (Bahlburg & Breitkreuz, 1991), as previously postulated
(Allmendinger et al., 1983).

Breitkreuz (1986b) pointed out that no Cambrian igneous activity has been recorded from the Central
Andes, with Ordovician calc-alkaline plutonics occurring in two longitudinal belts coincident with
Precambrian basement along 69° and 66°W (Huete et al., 1977, Halpern, 1978, Rapela et al., 1982
Breitkreuz, 1986b). The Ordovician plutonics are thought to have been intruded syn-, late- and post-
tectonically (Breitkreuz, 1986b). Coira er al. (1982) described extensive acid to intermediate
volcanism in north-west Argentina and southern Bolivia during the Ordovician. Plutonism and
volcanism climaxed at the Ordovician/Silurian boundary associated with the Ocloyic deformation
phase.

The Cambro-Ordovician records shallow-marine deposition in a back-arc and fore-arc basin pair,
separated by the Ordovician volcanic arc situated along the Faja Eruptiva de la Puna. The Ocloyic
Orogeny in the Ashgillian (Late Ordovician) caused compression within the marine basins and

thrusting related to syn-tectonic granite emplacement along the Faja Eruptiva de la Puna.

Ocloyic Orogeny

The Ocloyic Orogeny (Ashgillian) is thought to represent the closure of the ocean basin lying
between Laurentia and western Gondwana (Dalziel, 1991; Dalziel et al., 1994; Bahlburg, 1993). This
collision is marked by a climax in volcanic and plutonic activity, with emplacement of syn-tectonic
granites along the Faja Eruptiva and uplift of the Arco Punefio topographic high (Coira et al., 1982).
Mon & Hongn (1991) interpreted the Faja Eruptiva as a belt of Precambrian basement thrust over an

Ordovician succession, based on the contact always being tectonic (Allmendinger er al., 1983).

Silurian-Early Carboniferous Basins

Silurian-Carboniferous deposition occured in two depocentres separated by the Arco Puneiio
topographic high. The eastern depocentre records Mid-Silurian to Mid-Devonian sediments in the
region of the Eastern Cordillera and Subandean (Coira er al., 1982), while the western depocentre
records a Devonian marine basin which deepened to the west (Bahlburg & Breitkreuz, 1991). There
are no Silurian or Devonian sediments in the area of the Puna, indicating that the Arco Punefio was a
topographic high.

The eastern depocentre contains greater than 2000 m of shallow-marine shales thonght to have been
deposited in a foreland basin setting, related to the Ocloyic deformation to the west (Allmendinger et
al., 1983). Turner (1970) described the Upper Silurian 30 m thick Mecoyita Formation composed of
quartz sandstones and matrix-supported conglomerates, which is unconformably overlain by the 1600
m thick Lipeon Formation of shaly sandstone with oolitic ironstones at the base. This succession is
interpreted by Turner (1970) as representing the gradual deepening of a restricted shallow-marine basin.
The Upper Silurian succession is conformably overlain by the Lower Devonian (Harrington, 1967)

Bariw Formation of Turner (1970), compaosed of a 2400 m thick unit of shallow-marine sandstone and

22



= main overthrust CHILE —:—ARGENTINA

Cordiller:
= fovement of | Puna Iorientat | Sierras Subandinas
S detritic input foreland peripheral
. M,
w E

- - back-arc extension

collision zone

oceanic crust
Arequipa
B Massif (AM)

=9 g:o-Ovdotviciqn

NoT ™ scALE

Llanvirn

back-arc — shelf

middle Arenig

Figure 2.7  Hypothetical cross-sections depicting tectonic evolution of the Gondwanaland margin in north-
western Argentina and northern Chile during the Ordovician (Bahlburg 1991).



2°-

A

W n* B6°W
: Tl ' T s
Toran- ) R Central -
 Cocachacra-  Areauipa e T
ol / i Paz Andean -
420°
ey
/ 128°S
L 1
W 0° 66°W
Palaeocurrents
) flutes proximal sandstone lobes
&> Te foresets lobe fringe to basin plain

s> foresets,ebbcurrents
@ longshore currents shelf

- = inferred bypasses

@

?Upper Devonian/
Carboniferous

N\ Chafaral

®

?Upper Devonian/
Carboniferous

ity Chafaral

Fm. El Toco

Permian
(- Triassic)

Figure 2.8 Left: Palaeogeographical framework and depositional model of the Devonian to Carboniferous shelf - deeper basin
system in northern Chile (Bahlburg & Breitkreuz 1993). Palacogeographical framework modified after Padula et al. (1967); Isaacson
(1975); Bahlburg (1987); Isaacson & Sablock (1989). Right: Interpretation of the geodynamic development of the flysch trough in
the north Chilean Coastal Cordillera from the Late Devonian-Carboniferous to the Permo-Triassic (Bahlburg 1987).



Chapter 2 Geological Setting

shale. The eastern boundary of the basin is unknown (Coira et al., 1982), however similar facies have
been found in southern Bolivia and southern Peru (Isaacson, 1975).

The western depocentre is represented by Lower Devonian-Lower Carboniferous deposits (Herve ez al.,
1981) of an extensional or transtensional passive margin setting (Bahlburg & Breitkreuz, 1993).
Chong (1977) reported possible Silurian sediments from the Precordillera but this is disputed by
Bahlburg et al. (1986), who stated that no Silurian sediments occur due to emergence. Bahlburg &
Breitkreuz (1991) divided the basin into an eastern shelf in the area of the Western Cordillera and a
deep marine basin with turbidites to the west in the area of the Coastal Cordillera (Fig. 2.8).

The eastern shelf succession comprises shallow-marine sediments at Sierra de Almeida in the Chilean
Precordillera, with Davidson e al. (1981a) interpreting a prograding delta succession with a source
area to the east/south-east (ie. Arco Punefio). Periodic emergence led to red-bed deposition of the
Cordon de Lila succession (Bahlburg ez al., 1986) and the terrestrial clastic succession of Quebrada
Arcas, interpreted as coastal sediments deposited in a limnic/brackish environment.

The deep marine turbidite succession in the Coastal Cordillera consists of intensely folded psammites
and pelites which are heavily metamorphosed in places (Ferraris & Di-Biase, 1978; Maksaev &
Marinovic, 1980), corresponding to the 2300 m thick El Toco Formation of Bahlburg (1985).
Bahlburg (1985) points out that source areas are from north, north-west and south rather than the Arco
Punefio to the east, with palacocurrent data indicating a north-south trough and hence, an elevated area
or land-mass to the west (Bahlburg er al., 1986). Dalmayrac ez al. (1980) and Coira et al. (1982)
include such a land-mass as a western extension of the Peruvian Arequipa Massif which could account
for the Peruvian and southern Bolivian sediments described by Isaacson (1975).

There is little igneous activity in the Devonian with most being post-tectonic, related to the Late
Devonian-Early Carboniferous Eohercynian deformation phase of Dalmayrac er al. (1980). There is
abundant Carboniferous acid to intermediate, mainly calc-alkaline volcanism in the Chilean Andes,
Argentine Puna and Eastern Cordillera (Huete et al., 1977; Coira et al., 1982; Rogers, 1985), with
alkaline and tholeiitic (ultra-) basic volcanics which interfinger with Palaeozoic sediments in the
Chanaral area (Bahlburg er al., 1986). Omarini et al. (1979) interpret some reactivation of the Faja
Eruptiva in the Late Devonian. The Late Devonian-Early Carboniferous Eohercynian tectonic event is
associated with folding and plutonism, as well as a major change in Palacozoic palaeogeography
(Coira er al., 1982).

The Silurian-Early Carboniferous records passive margin marine sedimentation in northern Chile and
foreland basin deposition in north-west Argentina, separated by the newly uplifted Arco Punefio
topographic high. In northern Chile, uplift associated with the Eohercynian deformation phase

resulted in shallowing of the marine basin and unconformity formation.
Late Carboniferous-Late Permian basins

Late Carboniferous-Late Permian marks a transition period with the relocation of the locus of igneous

activity from the interior (69°W to Puna) to the Jurassic volcanic arc in the Coastal Cordillera. Coira
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et al. (1982) noticed two distinct phases of deposition during the Carboniferous-Early Triassic
separated by the Mid-Permian Saalian tectonic event (San Rafael event in north-west Argentina).

The Carboniferous-Early Triassic of north-west Argentina is marked by deposition of shallow-marine
limestones and sandstones in the Argentine Puna (Acenolaza ef al., 1972), which grade eastward into
continental and lacustrine sediments in the region of the Eastern Cordillera and Subandean Ranges
(Mingramm et al., 1979; Coira et al., 1982). A pronounced unconformity related to the San Rafael
deformation event separates folded and faulted Silurian-Lower Permian shallow-marine strata from
undeformed Upper Permian Choiyoi volcanic rocks (Mpodozis & Kay, 1992). Similar facies are seen
in the Permian of southern Peru (James, 1971), thus indicating the large aerial extent of the Permian
sedimentary basin.

In northern Chile, Carboniferous-Lower Permian limestones and siliciclastics of a limnic to brackish
sequence termed the “Miembro Medio” (Bahlburg e al., 1986; Breitkreuz, 1986a; Breitkreuz et al..
1992) formed a shallow-marine/lacustrine platform as a result of uplift associated with the
Eohercynian deformation (Fig. 2.9). The base of these Carboniferous-Lower Permian deposits is
marked by an unconformity over probable Devonian basement (Davidson er al., 1981b), while the top
is marked by an unconformity associated with the Saalian tectonic event (Coira et al., 1982). Marine
Lower Permian sediments are followed by Permo-Triassic marine and continental, rift-related
sedimentary deposits, associated with basaltic, andesitic and silicic volcanic rocks of the subsequent
Andean Cycle (Suarez & Bell, 1992).

Mpodozis & Kay (1992) proposed the Mid-Permian collision of an exotic terrane to explain crustal
shortening and thickening, uplift, cessation of block rotation (Rapalini, 1989) and the gradual
termination of subduction-related magmatism (Kay er al., 1989). Mpodozis & Kay (1992) also
recognised four stages occurring all along the Gondwana margin during the assembly and break-up of
Pangaea.

1. Subduction-related magmatism in the Carboniferous to Early Permian (Elqui complex) occurred
during a time of rapid motion of South America (Gondwana) relative to the South Pole
{palaeomagnetic data from Valencio er al. (1983); see Kay et al. (1989), Ramos & Kay (1991))

2. Collision of the continental blocks completed the assembly of Gondwana (Permian collision of
Equis Terrane). During this time, South America was moving less rapidly relative to the South Pole.
3. Extensive Late Permian to Early Jurassic crustal meliing occurred in Palaeozoic accreted terranes; it
wus probably aided by an abnormally hot manile associated with Pangaea. Melting was initiated by
post-collisional processes in central Chile (Upper Permian 10 Triassic Ingaguas complex) and
Australia. In other regions, melting was associated with mantle plumes (for exampie, Chon Aike
province) that eventually led ro the break-up of Gondwana

4. Rifting is associated with the break-up of Gondwana and renewed subduction along much of the
margin (Andean period).

The Late Carboniferous-Early Triassic records continued marine passive margin sedimentation in
northern Chile and stable marine platform sedimentation in north-west Argentina, separated by the

Arco Punefio topographic high. The Mid-Permian Saalian deformation phase marks the onset of

24



Early Permian - Mid Triassic (:‘:6'
Y
Chile i Argentina

Late Carboniferous - ? Early Permia

'

- alluvial to lacustrine
basic lavas («peperites) sedimentation

Late Carboniferous I

pre-M.Medio- time Chile | Argentina
[] terrestrial basins [F<] marine basins
w E
il breccia tult liceous H i i
eyt ST e #ovrion {Ecu] ymbcaniien
NS £ "Miembro Medio’ - lake
;Ecvlyluulol Carbonsferous
marnine 1o terrestrial clastic sediments
diverse flora indicating paraliel- bedded, occasional plinian
a warm-humid, seasonal fine-grained clastic aclivily of volcanoes .
climate sediments , rich in outside the loke — Arco Punefio -
volcenogenic delrilus highlands
Proto - Pacilic aliwvial fans formed )
with debris of the Pre- hydroclastic sediments

M.Medio volcanosedimen-
lary successions

shed from intralacustrian

= ° r
§ E + t
poo e volcanogenic
o] s ot sediments of the
0y Z + %\ Ealy Paleozoic Cerro Oscuro Fm.
s. A / \o Early Carb. rocks
volcanosedimentary rocks S A +
[ L. Carboniferous ) on + * \ /
-y
sublacustrian lavas | in parls x inferred faulls used as conduils
pillow lavas) ond peperiles for basic magmas drown by 8 Dunker

Figur_e 2.9 Top-left: Volcanic and sedimentary patterns before, during and after the “Miembro Medio”
lacustrine period of the Peine Group (latest Carboniferous), shown in schematic W-E sections at 24°S (Bahlburg
& Breitkreuz 1991). Top-right: Sketch of the palacogeography of the Andes and adjacent areas between 22°-
30°S during the latest Carboniferous (Breitkreuz 1991), according to Archangelsky (1987); Salfity &
Gorustovich (1983); Mpodozis & Kay (1990); Bahlburg & Breitkreuz (1991). Horizontal lines indicate the
extent of the “Miembro Medio” lake; T=Tarija Basin; CO=Cerro Oscuro Formation; P=Paganzo Basin;
CP=Chaco-Paranense Basin; CURB=Callingasta-Uspallata and Rio Blanco Basins; stippled pattern indicates Arco
Punefio and other elevated areas. Bottom: Schematic W-E section through the north Chilean continental
margin during the latest Carboniferous (lower Miembro Medio Time), not to scale (Breitkreuz 1991).




Latest Cretaceous

: >
Late Neocomian- Albiano - Cenomanian A (
: Antarctica

Fm. Qda Mala

El Way and Blance
Cont Matiorm,

l“tg)“é;ﬂ 2.10 Comparative palacogeographic evolutions for the northern (23°-24°S lat.) and central (34°-35°S
:m‘ ean Andes _for the latest Triassic-Middle Jurassic, Kimmeridgian-Tithonian, Tithonian-Neocomian-
ian, late Neocomian-Albian-Cenomanian, and Late Cretaceous (Charrier & Munoz 1994).



Chapter 2 Geological Setting

rifting in northern Chile and the closure of the marine basin in north-west Argentina. Therefore. for

the purposes of the thesis, this unconformity is taken as the start of the Andean Cycle.

2.3.3 Andean Cycle (Mesozoic-Cenozoic)

Permo-Triassic rifting

The Andean Cycle began in the Late Permian with an initial phase of rifting along the western margin
of Gondwana which can be traced for the full length of the Andean orogenic chain. This Early
Mesozoic, continent-scale rifting event is commonly associated with magmatism and thought to be
related to the break-up of Pangaea (Charrier, 1979; Stipanicic, 1983; Suarez et al., 1985; Dalziel,
1986; Dalziel er al., 1987; Uliana & Biddle, 1988; Kokogian & Mancilla, 1989; Ramos & Kay,
1991; Suarez & Bell, 1991a; 1991b; Flint er al., 1993). In northern Chile the Late Permian-Triassic
Domeyko basin consists of a series of sub-parallel rift systems exposing a syn-rift succession of up to
2000 m of continental clastic rocks containing thin marine sandstones and limestones with
intercalated basic, intermediate and acidic volcanics (Suarez & Bell, 1992). The transtensional rift
basin is bounded on the west by the Atacama Fault System (AFS), demonstrated by Grocott et al.
(1995), and on the east by the West Fissure Fault System (WFFS). Further to the east, a separate rift
segment in the area of the Salar de Atacama was subsequently abandoned during the Late Triassic,
with a period of non-deposition or erosion resulting in the production of an unconformity spanning
Triassic-Late Cretaceous times (Flint et al., 1993). Continued rifting in the area of the Precordillera
led to a Norian (Late Triassic) marine transgression (Chong, 1977; Groschke et al., 1988) between
23°30°-26°30°S. Subsequent Jurassic-Early Cretaceous post-rift thermal subsidence records mixed
carbonate and siliciclastic marine deposition between the Coastal Cordillera in the west and
Precordillera in the east (Chong, 1977; Groschke et al., 1988), although local syn-rift extension
continued into the Hettangian and Sinemurian (Early Jurassic) of the Coastal Cordillera between 25°-
26°30°S (Pichowiak, 1994). The best exposed Jurassic sections are located along the north-south
Chilean Precordillera (69°-69°30°W), delineating the eastern margin of the post-rift marine basin
between 21°-27°S (Charrier & Munoz, 1994; Prinz et al., 1994). The initiation of eastward
subduction in the Late Sinemurian-Pliensbachian (190 Ma) is marked by arc development in the
Coastal Cordillera (190-130 Ma) and the resultant switch of the Domeyko basin to a back-arc setting
(Pichowiak, 1994).

Plutonism and volcanism is widespread in the Carboniferous-Early Triassic of the Chilean Andes,
Argentine Puna and Western Cordillera (Breitkreuz, 1986b; Coira er al., 1982). An extensive
magmatic belt of post-tectonic intermediate to acidic, mainly calc-alkaline intrusions formed along the
western margin of northern Chile. This belt of rhyolites, dacites, granites, and granodiorites is
associated with continental red-beds and can be traced for 4000 km from northern Chile to southern
Argentina. Huge Carboniferous-Triassic age acid batholiths were intruded into the Coastal Cordillera
in several phases and are interpreted by Damm & Pichowiak (1981) as the products of crustal

anatexsis. The relationship of the Chilean intrusive belt to rocks in southern Peru and southern
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Bolivia is uncertain but the Peruvian Permo-Triassic batholiths show some rift association (Pitcher.
1984) and may have developed within a back-arc spreading regime (Noble et al., 1978).

The Late Permian-Late Triassic records thick syn-rift marine and continental clastics with intercalated
volcanics in northern Chile (Suarez & Bell, 1992), while no preserved evidence of Permo-Triassic

deposits are seen in north-west Argentina, Permian rifting in northern Chile is thought to be related

to the break-up of Pangaea.

Jurassic arc and back-arc basin

An up to 10 km thick north-south trending volcanic sequence (Garcia, 1967) termed the La Negra
Formation developed along the Coastal Cordillera of Chile, overlying Hettangian (Lower Jurassic)
marine sediments (Coira er al., 1982), Triassic volcaniclastics (Suarez & Bell, 1992) and Upper
Palaeozoic sediments (Omartni er al., 1991). The La Negra Jurassic arc succession is composed of
dacites, andesites and basalts, giving rise to tuffs, pillow lavas, breccias and agglomerates (James,
1971) erupted in predominately sub-aerial environments with limited pillow basalts indicating sub-
marine environments (Ferraris & Di-Biase, 1978; Buchelt & Tellez, 1988).

Figure 2.10 shows the post-rift thermal subsidence phase which spanned Norian (Late Triassic)-Early
Cretaceous characterised by the deposition of carbonates, marine clastics, evaporites and red-beds with
some interbedded volcanics, described by Biese (1961); Harrington (1961); Dingman (1963).
Hollingworth & Rutland (1968); Hillebrandt (1973); Moraga er al. (1974); Baeza (1976); Chong
(1977); and Prinz (1991). The end of the Jurassic-Early Cretaceous is marked by a regional marine
regression (Rutland, 1971) and followed by continental red-bed deposition of Early Cretaceous age
(Bogdanic. 1990). Further to the east in Chile and north-west Argentina, non-deposition or erosion is
marked by a Triassic to Late Cretaceous unconformity surface (Flint er al., 1993). The Late Triassic
to Early Cretaceous in northern Chile is represented by an arc/back-arc basin pair, with no preserved
evidence of Jurassic deposits in north-west Argentina. Similar extensional basins floored by
continental crust developed in Peru (Jaillard er al., 1990) and further south (40°S) in the Southern
Andes (eg. Neuquén Basin; Uliana & Biddle, 1988), however, greater rates of extension resulted in
back-arc spreading and generation of oceanic crust in the Magellanes Basin in southernmost
Chile/Argentina (Dalziel et al., 1974). The Northern and Central Andes of southern Colombia,
Ecuador and Peru are characterised by a series of Jurassic extensional basins developed on oceanic crust

(Atherton er al., 1983; Dalziel, 1986; Jaillard er al.. 1990).

Cretaceous basins

The Lower Cretaceous red-beds record widespread fluvial and alluvial fan deposition with limited
lacustrine and aeolian deposits, shown in Fig. 2.11 (Bell, 1991). At the end of the Early Cretaceous
the Peruvian compressive tectonic event caused inversion of the Jurassic marine back-arc basin and a
major change in the regional palaeogeography of northern Chile, noted by Bogdanic (1990); Bogdanic
& Espinoza (1994) and A, Tomlinson, pers. comm. (1994). In association with this Mid-Cretaceous

compressive event, the Jurassic volcanic arc of the Chilean Coastal Cordillera and its related back-arc
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Figure 2.11 (a) Sketch diagram of the depositional environments of the continental red-beds in an
extensional intra-arc tectonic setting. The sedimentary basin is approximately 50 km wide. (b) Cross-section
showing the vertical and horizontal relationship of facies associations, with braid plains and alluvial fans
building out from both sides of the sedimentary basin (Bell & Suarez 1993).
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Figure 2.12 Maps: Atmospheric circulation over the circum-Pacific region in the northern winter and
northern summer for both the Pliensbachian (Early Jurassic) and Tithonian (Late Jurassic): H, relative high
pressure; L, relative low pressure (Parrish et al., 1982). Adapted from Parrish & Curtis, 1982. The plate
reconstructions are generalised from the maps of Ziegler et al., 1983. Predicted ocean currents and relative
precipitation in the Pliensbachian (Early Jurassic) and Tithonian (Late Jurassic). Oceans:Thin dashed arrows
indicate northern summer currents, thin solid arrows indicate northern winter currents; year-round currents are
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California current; d, South Pacific current; e, Antarctic Peninsula current; f, paleo-Peru current; g, paleo-Kuroshio
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biogeographic and climatic change during the Jurassic (Parrish, 1992).
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basin were replaced by a single, dominantly eastwardly migrating arc complex (Coira er al., 1982).
The diffuse Mid-Cretaceous arc and the latest Cretaceous-Eocene arc were situated in the Longitudinal
Valley and Chilean Precordillera, respectively (Reutter er al., 1988).

Further to the east in the Puna, Eastern Cordillera and Subandean, extensive Cretaceous rifting
introduced several, partly interconnected, extensional intra-cratonic basins (Coira er al., 1982; Salfity
& Marquillas, 1994) which comprised part of a series stretching from the Atlantic coast to Peru,
possibly forming a failed rift linked to the opening of the south Atlantic (Grier er al., 1991). The
Cretaceous intra-cratonic Salta basin-fill in north-west Argentina is characterised by continental red-
bed and shallow-marine limestone deposits of the Salta Group (Salfity, 1985; 1992; Grier et al.,
1991). Flint er al. (1993) noted Late Cretaceous to Palaeocene extension in the Salar de Atacama
basin of northern Chile providing accommodation space for the deposition of the Purilactis Group and

Eastern Sequence continental red-beds of Bogdanic (1990).

Tertiary

A major Middle to Late Eocene deformation event synchronous with the Incaic Orogeny in Peru gave
rise to strong foiding and transpressional strike-slip faulting in northern Chile (Coira et al., 1982).
The Late Eocene strike-slip faulting in northern Chile was concentrated along the West Fissure Fault
System (Reutter et al., 1988), reactivating Permo-Triassic extensional faults and inverting the eastern
margin of the Jurassic back-arc basin. Jordan & Alonso (1987) reported a period of magmatic
quiescence from 35 Ma to 25 Ma ending in the latest Oligocene when the arc migrated eastward to its
present position along the Western Cordillera (High Andes). The Quechua deformation phase (10 Ma)
caused the major uplift associated with the Puna/Altiplano and eastern Cordillera, with extensive
thrusting and reverse faulting thought to account for greater than 200 km of shortening (Isaacks,

1988).

2.4 Palaeoclimate and oceanography of northern
Chile

Global palaeobiogeographic patterns are principally dependant on climate and continental drift. The
Jurassic was a time of climatic transition, with the break-up of Pangaea into Gondwana and Laurasia
resulting in changes in continental climates in response to the break-up of the northern Pangaean
monsoonal circulation (Parrish er al., 1982; Parrish & Doyle, 1984). This climatic change may have
triggered subsequent changes in ocean circulation.

The present day coastline of northern Chile causes the channelling of winds, where the surface winds
associated with the eastern limb of the southern Pacific subtropical high-pressure cell are limited to
the coastal region by the Andes. The rain-shadow effect is well expressed in northern Chile and north-
west Argentina where the cordillera is perpendicular to the zonal circulation, thus creating the rain
shadow associated with the Atacama desert.

A strong monsoonal circulation should have existed for Pangaea because of the great size of the

continental area in mid-latitudes, exceeding even the size of Eurasia, and the presence of such land
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areas in both hemispheres and their positions opposite one another across Tethys (Fig. 2.12), (Parrish
et al., 1979; 1982; Parrish & Curtis, 1982).

At least four different types of climatic patterns are expected to have been consequences of the
Pangaean monsoon.

1. strong seasonality

2. an equatorial region that is dry on the east and possibly humid on the west

3. absence of latitude-parallel climatic belts

4. alternating oceanic current flow, including upwelling in western Tethys

Monsoonal conditions in Pangaea would be expected to have reached a maximum sometime during the
Triassic (Parrish er al., 1986; Parrish & Peterson, 1988), with the main southern monsoon
concentrated over what is now Africa (Fig. 2.12). The combination of the break-up of Pangaea and
the flooding of Laurasia meant that the Pangaean monsoonal circulation would have ceased by the
Tithonian. However, the amount of exposed land in Gondwana and its latitudinal position meant that
weak monsoonal circulation may have persisted there.

On the eastern side of the palaeo-Pacific, the latitudinal temperature gradient between about 70° north
and south would have been low. In the south, the South Pacific Current centred on about 45°S,
would have divided into the southward-flowing Antarctic Peninsula Current and the northward-flowing
palaeo-Peru Current (Fig. 2.12).

Except in the vicinity of Tethys, the conceptual models of Parrish ez al. (1982) predict that climate
and ocean surface circulation did not change very much during the Jurassic. Parrish & Curtis (1982)
regard the subtropical high-pressure cells to be a relatively constant and predictable feature of global
circulation in the Jurassic Pacific, hence driving upwelling currents at mid-latitudes on the eastern
sides of the ocean basins (Fig. 2.12). Upwelling was probably active off the coast of northern Chile
throughout the Jurassic, even though Gondwana had moved 5° further south by the latest Jurassic.
The thermal effects of upwelling are to enhance cool-temperature conditions along the west coasts

(Philander & Pacanowski, 1980), hence keeping the palaeo-Peru current cool.

Continental climates are predicted by Parrish et al. (1982) as having been warm and dry at low

latitudes on the eastern side of the palaeo-Pacific and arid inland on the western margin of Gondwana

(Fig. 2.12). Climatic changes in the southern hemisphere roughly paralleled those seen in the

northern hemisphere. Red-beds, with local occurrences of evaporites and aeolian sandstones were

widespread in South America in the Triassic, suggesting seasonally wet climates (Van Houten, 1982},
consistent with the predicted monsoonal circulation (Volkheimer, 1967; Rocha-Campos, 1971,

Parrish & Peterson, 1988). In the Early Jurassic, abundant fossil floras and widespread peat

deposition occurred and humid conditions continued into the Middle Jurassic (Volkheimer, 1967). In

the Late Jurassic, arid conditions were established in mid-latitudes, resulting in extensive aeolian sand
deposition.

28



Chapter 2 Geological Setting

2.5 Conclusions

When considering the Mesozoic basin evolution in northern Chile we must take into account the
complicated Palaeozoic history of the basement and its structure. The Palaeozoic structuring of basins
and highs represent important controls on basin development during the Mesozoic, while the
distribution of basement rocks and their timing of uplift have implications for the provenance of the
Mesozoic basin-fill.

The palaeo-climatic conditions in northern Chile during the Mesozoic are typically semi-arid to arid

with seasonal precipitation and abundant faunal and floral diversity (Parrish, 1992).
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Chapter 3 Biostratigraphy and chronostratigraphy

3.1 Objectives of chapter

The first objective of this chapter is to review the currently available numerical and magnetic-polarity
time-scales used to calibrate the ammonite chronology for the Jurassic Period. Secondly, the
chronostratigraphical scheme defined originally by the European ammonite zones and the subsequently
calibrated Southern Andes ammonite zones will be considered along with the implications of
ammonite biogeography. Finally, an assessment of Jurassic bio-events is considered and, where

possible, an interpretation of the driving mechanism.

3.2 Time-scales

Numerical time-scale

The numerical time-scale is a tool used to calibrate the ammonite chronology. However, often such
scales are based on a minimal amount of radiometric data (geochronometers). Adequate
geochronometers consist of stratigraphically well controlled (within a stage) potassium- or uranium-
bearing minerals or rocks. The stratigraphical constraint eliminates most plutonic rocks, leaving only
volcanics or glauconitic sediments as possible sources for precise geochronological tie points. Due to
the limited number of adequate control points along the succession, it is usually necessary to
interpolate between these geochronologically founded tie points in order to suggest numbers for stage
boundaries. There are several syntheses which discuss the calibration of the Jurassic time-scale and
summarise the large collection of radiometric studies from which it was calibrated (Harland e: al.,
1990). More recently, an integrated geomagnetic polarity and stratigraphical time-scale used a suite of
324 radiometric dates including high-resolution “°Ar/*°Ar age estimates (Gradstein et al., 1994). This
framework involves the observed ties between (1) radiometric dates, biozones and stage boundaries,
and (2) between biozones and magnetic reversals on the sea-floor and in sediments (Gradstein er al.,
1994). The numerical time-scale of Gradstein et al., (1994) is the most recent and hence has been
adopted for use in this thesis. The use of numerical ages for stage boundaries is avoided where
possible, with reference to the particular biochron, thus avoiding confusion as the numerical time-

scale becomes more refined.

Jurassic magnetic-polarity time-scale

A recent magnetic-polarity time-scale has been compiled from several magnetostratigraphical studies
(Ogg, 1992). Correlation of the marine magnetic-anomaly M sequence with Upper Jurassic-Lower
Cretaceous sedimentary successions has enabled assignment of precise biostratigraphical ages to the
corresponding polarity Chrons MO through M25 (Ogg, 1994). These ages are markedly different from
those proposed by Westermann (1992) and Odin (1992) and are not adopted in this study due to the
limited dataset from which they are derived and the fact that they only span the Late Jurassic.
Although still in its infancy for the Jurassic Period, the magnetic-polarity time-scale promises

advances as a technique for precise correlations (J. G. Ogg pers. comm., 1994) but the limitations on
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practical applications lie in being able to identify the chron in which the age of a particular bed lies
(Callomon, 1995).

3.3 Ammonite zones

The Jurassic succession of the Domeyko basin has been subdivided using ammonite biochronology
based on ammonite successions found in Peru, Chile and Argentina which have allowed the
development of a detailed biozonation, partly based on endemic East Pacific ammonites (Hillebrandt.
1087: 1988; 1990; Riccardi ef al., 1988). The Southern Andes regional ammonite zonation has been
calibrated against the Standard European ammonite zonation, thus giving a joint chronology to at
least sub-stage level resolution (Hillebrandt ez al., 1992; Westermann, 1992). The Jurassic Domeyko
basin succession records 85% of ammonite zones, exceptions being those of the Late Oxfordian-Late
Kimmeridgian and Tithonian. Although ammonites provide the primary biochronology for Upper
Triassic-Lower Cretaceous rocks (Callomon, 1995) many other faunas including conodonts (McKie,
1994) and bivalves (Aberhan, 1993a; 1993b; Damborenea, pers. comm., 1995), have supplied

additional biochronological and palaeobathymetric information (specific references cited in texts).

Late Triassic

The Rhaetian (Late Triassic) has been subdivided into four ammonite zones based on fauna from
northern Chile (Hillebrandt, 1990) and supported by recent work from Peru (Hillebrandt, 1994). The
P. ex. gr. roemeri-peruvianum and Ch. cf. nobile Zones define the Early Rhaetian, while the Ch. cf.
crickmayi and Ch. cf. marshi Zones characterise the Late Rhaetian (Fig. 3.2). The Late Triassic
conodont Epigondolella bidentata (Fig. 3.2) has been reported from shallow-marine limestone facies in
northern Chile (McKie, 1994) and ranges from G. cordilleranus to half way through the C. amoenum
North American ammonite Zones (Orchard, 1983). This conodont is assigned a Norian age in the
original literature (Orchard, 1983) but is considered Lower Rhaetian (Fig. 3.2), equivalent to the P.
ex. gr. roemeri-peruvianum and Ch. cf. nobile ammonite Zones. A Norian marine transgression in
northern Chile is described by several authors (Groschke ez al., 1988; Hillebrandt, 1990}, an apparent

time discrepancy arising from different placings of the Norian-Rhaetian Stage-boundary (Hillebrandt.
1990; 1994).

Hettangian

Hillebrandt (1988, 1990) established five Early-Middle Hettangian zones characterised by endemic
species, the P. tilmanni, P. primocostatum, P. rectocostatum, Curviceras ssp., and D. reissi Zones
{Fig.3.3). The South American Psiloceras tilmanni Zone is coeval, but not exactly comparable with
the European Planorbis Subzone, while the overlying Psiloceras primocostatum Zone (Hillebrandt,
1988) is coeval with the upper part of the Planorbis Subzone or the lower part of the Plicatulum
Subzone in Europe (Hillebrandt er al., 1992). The Andean Psiloceras rectocostatum Zone is
equivalent to the upper part of the Plicatulum Subzone or the lower part of the Johnstoni Subzone,

while the zone with Curviceras ssp. may be correlated with the upper part of the Johnstoni Subzone
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1990; Hillebrandt, 1994). Additional ammonite zones from North America are included in order to

Late Triassic ammonite zones of Europe and the Southern Andes (Hillebrandt,

calibrate the conodont zone, Epigondolella bidentata (Orchard, 1983).
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or the lowest part of the Liasicus Zone in Europe. The Discamphiceras reissi Zone (Badouxia reissi
Zone of Hillebrandt (1988)) is thought to be coeval with the European Liasicus Zone. The Late
Hettangian European Angulata Zone (Fig. 3.3) was divided in Chile and Peru into two subzones using
species of the genus Schiotheimia (Hillebrandt, 1994). The lower part of the Angulata Zone is
dominated by Schlotheimia cf. montana (Wihner), and the upper part by species of the Schiotheimia

marmorea genus (Hillebrandt et al., 1992).

Sinemurian

In northern and central Chile most European zones and some of the subzones (Fig. 3.3) were
discovered (Hillebrandt, 1987), a detailed biostratigraphy of the Lower Sinemurian and lower Upper
Sinemurian successions being given by Quinzio (1987). The base of the European Sinemurian
(Conybeari Subzone) is defined by the appearance of Metophioceras conybeari and a similar species is
found in northern Chile (Quinzio, 1987); while Andean species of Coroniceras are similar to those of
the European Rotiforme Subzone (Hillebrandt, 1987; Quinzio, 1987). The cosmopolitan genus
Arnioceras is often the most frequent and sometimes the only Sinemurian ammonite found: however
it is long-ranging, from the late Early Sinemurian to the early Late Sinemurian (Hillebrandt et al.,
1992). In South America, the last Coroniceras s.l. or related genera are found together with the first
Arnioceras, making this assemblage coeval with the European Bucklandi or Reynesi Subzones (Fig.
3.3). The different species of Arnioceras, in combination with other genera, provide a detailed
biozonation (Quinzio, 1987). In northern Chile, the Obtusum Zone can be subdivided into three
subzones (Quinzio, 1987) by means of species of Asteroceras and Eparietites. The last zone of the
European Sinemurian is characterised by Echioceratidae. Echioceras (=Plesechioceras) arcticum occurs
in South America (Hillebrandt, 1987) and probably is typical for the early Raricostatum Zone

(Hillebrandt ez al., 1992).

Pliensbachian

Pliensbachian ammonites are known from many regions around the Pacific Ocean but correlation is
often difficult because pandemic genera and species are less frequent (Hillebrandt er al., 1992). In the
Late Pliensbachian, a clear differentiation of ammonites into bioprovincial realms and subrealms
(Boreal, Tethyan and East Pacific) is observed for the first time (Taylor er al., 1984). In North and
South America ammonites often are more frequent in the Pliensbachian than in the Late Sinemurian
(Hillebrandt ez al., 1992). In North America a detailed biozonation has been worked out (Smith et al.,
1988), and significantly, the associations include species typical for the East Pacific and the
Mediterranean, as well as for north-eastern and north-western Europe. Eoderoceratidae and
Acanthopleuroceratinae are the most important zonal markers for the Early Pliensbachian of North and
South America (Fig. 3.3), while the East Pacific genus Fanninoceras is important for the Late
Pliensbachian (Hillebrandt et al., 1992). The lower stage boundary in the Americas is drawn above

the last Echioceratidae (Fig. 3.3).
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Toarcian

Provincialism is less strongly marked than in Pliensbachian time, some genera and species being
widespread (Hillebrandt et al., 1992). In Chile, the most complete provincial secondary standard
chronozonation of Toarcian ammonites around the Pacific has been established (Hillebrandt &
Schmidt-Effing, 1981; Hillebrandt, 1987), comprising ten zones, some with subzones (Fig. 3.3).
The base of the Toarcian is marked by different species of Dactylioceras s. 1., some of them with a
wide geographic distribution (Fischer, 1984). The lowest subzone in South America is characterised
by the Mediterranean species Dactylioceras (Eodactylites) simplex, which is also found in north-
western Europe at the base of the Toarcian (Schlatter, 1982). The South American Hoelderi Zone is
coeval with the lower part of the European Falcifer Zone. The Bifrons Zone of north-western Europe
is subdivided into three subzones based on Dactylioceratidae (Fig. 3.3), a species which also occurs in
different Pacific regions (Hillebrandt e: al., 1992). In South America and the Mediterranean,
Peronoceras appears earlier than in north-west Europe. The genus Peronoceras (=Porpoceras) is
important for the biostratigraphy of South America, North America and north-eastern Asia, where it
occurs mainly in the middle and late parts of the Middle Toarcian. The South American zone of
Peronoceras pacificum is coeval with the European zone of Peronoceras fibulatum. Peronoceras
spinatum was also described from the South American Peronoceras bolitoense Subzone (Hillebrandt,
1987) and was found together with Caracoeloceras cf. crassum, the index for the north-western
European Crassum Zone. The beds with P. spinatum and P. polare are coeval with at least part of the
Crassum Zone and perhaps with the early Variabilis Zone. Beds with Dactylioceratids of the
Bolitoense Subzone in South America are directly overlain by large Peronoceras characterising the
Moerickei Subzone, both of which contain the Mediterranean genus Collina (Chilensis Zone). The
endemic hildoceratid genera Atacamiceras and Hildaitoides were also reported from this zone
(Hillebrandt, 1987). Phymatoceras is frequent in the Tethyan Realm and is important for the
biostratigraphy of the late Middle and early Late Toarcian of South America, with two zones, the
Phymatoceras toroense Zone and P. copiapense Zone (Fig. 3.3). based on endemic species of this
genus (Hillebrandt, 1987). The Late Toarcian genera Grammoceras and Pseudogrammoceras are
important in north-western European biostratigraphy (Hillebrandt et al., 1992). Pseudogrammoceras
characterises the north-western European Dispansum Zone and is coeval with the South American
Pseudogrammoceras tenuicostatum Zone. Dumortieria and Pleydellia are restricted to the uppermost

part of the European Toarcian and are typical for the uppermost Toarcian of South America where they

may range into the lowermost Aalenian (Bogdanic et al., 1985).

Toarcian/Aalenian boundary

In the circum-Pacific the lower boundary of the Aalenian (Early-Middle Jurassic boundary) can be
recognised with some precision in north-east Russia and in the Southern Andes. Elsewhere the
boundary lies in a faunal hiatus and/or among poorly known faunas (Hillebrandt er al., 1992). In
northern Chile, the late Levesquei Zone with Pleydellia (Walkericeras) spp., is overlain by the

Manflasensis Zone (Hillebrandt & Westermann, 1985). The Manflasensis Zone contains dominant
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Bredyia, indicating the Opalinum-Scissum Zones in Europe (Fig. 3.4) but the presence of
Ancolioceras may indicate the European Scissum-Murchisonae Zones (Hillebrandt er al.. 1992),

making possible the presence of a hiatus missing the Opalinum Zone.

Aalenian

The best known sections in northern Chile (Hillebrandt & Westermann, 1985) show the Manflasensis
Zone overlain by the Zurcheria groeberi Zone (Fig. 3.4), indicating the European Murchisonae Zone
(Westermann & Riccardi, 1982). There follows the Malarguensis Zone which appears to span late
Murchisonae-early Discites Zone ages and was recently divided into two or three subzones (Hillebrandt

& Westermann, 1985).

Early Bajocian

The Early Bajocian probably begins with the late part of the Malarguensis Zone (Fig. 3.4), that is, all
or part of the Podagrosiceras maubeugei biozone with Euhoploceras amosi (Westermann & Riccardi,
1972; 1979). The Singularis Zone yields abundant Sonninia (Fissilobiceras) ssp., including rare S.
(F.) ovalis (Qu.), as from the European Ovalis Subzone (Hillebrandt er al., 1992). The Giebeli Zone
is approximately coincident with the range zones of the genus Emileia and subgenus Sonninia
(Papilliceras). The E. submicrostoma Subzone with late Pseudotoites, the E. multiformis Subzone of
Emileia (E.) cf. vagabunda Buck., E. (E.) aff. brochii (Sow.), and Stephanoceras (Skirroceras) spp.,
are dated as European Laeviuscula Zone. The top of the Giebeli Zone is marked by the Dorsetensia
blancoensis biozone, a species closely resembling D. hebridica Morton from Scotland, index of a
subzone in the highest Sauzei Zone. The overlying fauna in northern Chile is specifically so close to
that of the European Humphriesianum Zone (Fig. 3.4) that no new zonal name is required (Hillebrandt
et al., 1992). In the lower part of the zone the Romani Subzone is marked by the index species
Dorsetensia romani, as well as D. gr. complanata-tecta Buck. and Stephanoceras (S.) pyritosum (Qu.)
(Westermann & Riccardi, 1972; 1979), while the upper part of the zone is distinguished as the
Duashnoceras chilense Subzone including Stephanoceras gr. umbilicum (Qu.), S. (Stemmatoceras)

spp., and Teloceras spp., indicating the Blagdeni and Humphriesianum Subzones.

Late Bajocian

The Early-Late Bajocian boundary is marked throughout most of the circum-Pacific area by a strong
faunistic change with the sudden beginning of extreme provincialism and the appearance of the East
Pacific Subrealm (Hillebrandt er al., 1992). Boundary events include the birth of the Boreal
Cardioceratidae and the East Pacific Eurycephalitinae. In northern Chile, only a single fragment of
alleged Strenoceras has been discovered although faunas of Subfurcatun Zone age are richly developed
there and in west-central Argentina (Riccardi er al., 1989). The Rotundum Zone includes large
Spiroceras and Teloceras and below Lupherites Domeykoceras marks the L. dehmi Subzone (Fig. 3 4).
In Neuquén Province, Teloceras, Lepto-sphinctes coronoides Buck., Megasphaeroceras magnum

spissum and a single minute Strenoceras (or Parastrenoceras) occur in the Rotundum Zone.
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Megasphaeroceras magnum magnum ranges higher than the other taxa (Fig. 3.4) into the Garantiana
Zone (Riccardi ef al., 1989; Riccardi & Westermann, 1991). In the absence of Parkinsoniidae, the
uppermost Bajocian cannot be identified with certainty but the Parkinsoni Zone is suggested by the

occurrence of Lobosphinctes intersertus Buck..

Bathonian

In the Southern Andes, Early-Middle Bathonian fauna are poorly documented and possibly largely
missing (Hillebrandt e al., 1992). The only pre-Late Bathonian ammonites are known from reworked
submarine mudflows of the Cadomites-Tulitidae mixed assemblage from the Chacay Melehue section
of Neuquén Province (Riccardi er al., 1989). Apparently reworked Tulites (Rugiferites) of.
davaiacensis (Liss.), T. (R.) aff. sofanus (Boehm), and Cadomites ex gr. orbignyi-bremeri clearly
indicate Middle Bathonian, whereas Bullatimorphites (Kheraiceras) cf. bullatus (Orb.) in the matrix
indicates Late Bathonian. In northern Chile, similar Cadomites occur, partly together with
Epistrenoceras, indicating either (1) that Epistrenoceras appears earlier in the Andean Province than in
Europe, where the genus is cryptogenic in the late Retrocostatum Zone, or (2) that these Cadomites
are in fact Late Bathonian, a local occurrence in Europe. The Steinmanni Zone (Riccardi ez al., 1989)
contains, besides the dominant East Pacific Eurycephalitinae and Neugueniceras s. str., also
cosmopolitan Choffatia as well as Hecricoceras (Prohecticoceras) blanazense Elmi and Eohecticoceras
sp., indicating the early Retrocostatum Zone (Fig. 3.4). In northern Chile the upper part of the zone
is marked by the Choffatia jupiter biozone, with or just above Hecticoceras (Prohecticoceras)
retrocostatum, guide of the late Retrocostatum Zone in Europe. The Steinmanni Zone is therefore

dated as Retrocostatum-Discites Zones (Fig. 3.4).

Callovian

The Early Callovian begins with the Vergarensis Zone (Riccardi er al., 1989) which is dominated by
East Pacific Eurycephalitinae (Riccardi & Westermann, 1991) constrained by its stratigraphical
position between the better dated Steinmanni and Bodenbenderi Zones (Fig. 3.4). The overlying
Bodenbenderi Zone containing Neuqueniceras (Frickites) spp., Choffatia spp., and rare Eurycephalites
is dated as middle Early Callovian (late Herveyi to early Calloviense Zones). The Proximum Zone,
with a Tethyan Hecticoceratid fauna of Hecticoceras (H.) proximum, H. boginense and H. f.
hecticum, and H. (Chanasia) navense and H. (C.) ardescicum, can be dated as late Gracilis-Calloviense
Zone, Patina and Enodatum Subzones, respectively. Rehmannia (R.) brancoi and douvillei occur in
northern Chile (eg. Caracoles) within a few metres of the thick succession, together with
Neuqueniceras (Frickites) or Jeanneticeras cf. meridionale Elmi, indicating uppermost Early Callovian
(Hillebrandt er al., 1992). The Middle-Late Callovian is characterised by Rehmannia patagoniensis

and Oxyceri. oxynotus which are coeval with the Jason-Lamberti Zones of Europe (Fig. 3.4).
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Oxfordian

In northern Chile there is evidence for Early Oxfordian in the form of Pelitoceras (Parawedekindia). a
group restricted in Europe to the Mariae and Cordatum Zones of the Early Oxfordian (Fig. 3.5). Gygi
& Hillebrandt (1991) described the Gregoryceras of northern Chile which are coeval with those of
Europe. In northern Chile, large Gregoryceras transversarium, Gregoryceras chongi. Gregoryceras
riazi and Perisphinctes (Antilloceras) prophetae define the Transversarium Zone, While Perisphinctes
andium, Gregoryceras fouquei and Mirosphinctes frickensis define the Bifurcatus Zone (Hillebrandt e
al., 1992). Larcheria aff. gredingensis is indicative of the Bimammatum Zone while Idoceras cf.
neogaeum possibly indicates lowest Planula Zone (Fig. 3.6). Gygi & Hillebrandt (1991) use many of
the successions from northern Chile, all of which date the onset of evaporite deposition within the
late Bimammatum Zone (Fig. 3.6). It should be noted that the Planula Zone is now included in the
Kimmeridgian (J. H. Callomon pers. comm., 1996). The presence of Gregoryceras and Mirosphinctes
is indicative of faunal exchange between Europe and Chile in the Transversarium-Bifurcatus Zones
(Middle-Late Oxfordian). The absence of Leiostraca from the Precordilleran basins of northern Chile
is most simply explained as being due to the isolation of these basins from oceanic influences

(Callomon in, Hillebrandt ez al., 1992).

Kimmeridgian-Tithonian

Kimmeridgian-Tithonian ammonites are almost unknown from northern Chile with a Kimmeridgian
Orthaspidoceras (Fig. 3.5) having been reported from sediments above the gypsum in the Cordillera de
Domeyko (Forster & Hillebrandt, 1984).

Summary

A direct biostratigraphical time correlation between the Southern Andes and Standard European
ammonite zones is possible for the Rhaetian (Late Triassic)-Oxfordian (Late Jurassic), with only an
interpolated correlation possible for the Late Bajocian-Bathonian due to a lack of north-south faunal
transfer between the Tethyan and Boreal ammonite Realms, resulting in high provincialism. This
time correlation provides the potential for direct comparison of events seen in the Domeyko basin

with those seen in the basins of the northern hemisphere.

3.4 Biogeography and global bio-events

Ammonite biogeography has been the subject of several recent reviews (Westermann, 1981; 1993;
Callomon, 1984; Taylor et al., 1984), highlighting particular Jurassic biogeographic events (Fig.
3.7). The Middle Jurassic is probably the most interesting part of the Jurassic from the point of view
of palaeobiogeography because it provides good examples of biogeographic changes (Fig. 3.7), which
can be explained in terms of unifying plate-tectonic theory (Hillebrandt et al., 1992). In the case of
ammonoids, epicontinental seaways should filter out deep-water and oceanic taxa (Leiosiracans), and
the degree of endemism in the basins should vary with the scaway constriction. These changes

through time are thought to reflect changes in global eustatic sea-level (Westermann in, Hillebrandt er
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al., 1992), but could equally reflect regional tectonic events. The biogeographic events observed in

the circum-Pacific are considered below.

(1) Early Toarcian global eustatic rise in sea-level

Documented ammonite data for the circum-Pacific (Hillebrandt er al., 1992) shows faunal
differentiation was strong in the Pliensbachian but in the overlying Early and Middle Toarcian most
genera and some species were widely distributed. The marked increase in faunal exchange at the base

of the Toarcian has been attributed to a global eustatic rise in sea-level (Hillebrandt ez al., 1992).

(2) Base Aalenian hiatus

The lower boundary of the Aalenian (Early-Middle Jurassic boundary) can be placed with some
precision only in north-east Russia and in the Southern Andes, elsewhere the boundary lies in a hiatus

and/or among poorly known faunas (Hillebrandt et al., 1992).

(3) Aalenian evidence for faunal exchange via the Hispanic Corridor
The Andean Province has an Aalenian Tethyan fauna with strong European-Mediterranean affinities
associated with plentiful endemics, indicating that the Hispanic Corridor (Smith, 1983) may have

been open at this time allowing two-way faunal exchange (Hillebrandt ef al., 1992).

(4) Early Bajocian evidence for the early drift phase between Laurasia
(North America) and Gondwana (Africa)

In the Northem Andes, cosmopolitan Stephanoceras (Skirroceras) and Emileia of Early Bajocian age
are associated with submarine basaltic lava flows in Venezuela, interpreted by Bartok er al. (1985) to

represent the early stages of sea-floor spreading between Laurasia (North America) and Gondwana
(Africa).

(5) Early Bajocian evidence for faunal exchange via the Hispanic
Corridor

The Southern Andes assemblage of the Humphriesianum Zone is close to that of Tethys and north-
western Europe, partly down to species level, so that even its subzones can be identified (Fig. 3.4).
This degree of faunal exchange indicates that the eastern Pacific was well connected with the Tethys
toward the end of the Early Bajocian, possibly through the Hispanic Corridor (Hillebrandt et al.,
1992). Whereas Sphaeroceratids may have originated in the eastern Pacific and then migrated eastward
via the Hispanic Corridor, Stephanoceratids probably arrived by westward migration from the
Mediterranean-north-western Europe area (Westermann & Riccardi, 1985; Hillebrandt et al., 1992).
This dispersal theory has recently been questioned after the discovery of authentic Neuquéniceras from

the Bathonian of the Himalayas and Reineckeia from the Bathonian of Kutch, India (J. H. Callomon

pers. comm., 1996).
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A summary of ammonite bio-events in the Jurassic. The two columns (A)
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Ocean (grey = limited transfer; black = full transfer); and the duration of the East Pacific
Subrealm, respectively. Numerical time-scale of (Gradstein et. al., 1994).
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A summary of ammonite zones used in the time-correlation of northern Chile
and Europe. Numerical time-scale of Gradstein et. al., (1994).
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(6) Early-Late Bajocian closing of the Hispanic Corridor

The Early-Late Bajocian boundary is marked throughout most of the circum-Pacific area by a strong
faunistic change with the sudden beginning of extreme provincialism and the appearance of the East
Pacific Subrealm (Hillebrandt ez al., 1992). Boundary events include the birth of the Boreal
Cardioceratidae and the East Pacific Eurycephalitinae. There is strong evidence to suggest that in the
Subfurcatum Zone the corridor was still open: a Mexican speciality also occurs very rarely in the
western Tethys (J. H. Callomon pers. comm., 1996). This bio-event is interpreted to represent the

closing of the Hispanic Corridor which lasted from Late Bajocian-Early Callovian.

(7) Bathonian closure of the Hispanic Corridor

The Sub-boreal Province of Stikinia and cratonic Western Interior or North America overlapped
broadly with the East Pacific Subrealm (Tethyan Realm), which extended along most of the eastern
Pacific margin and, at least briefly, even to New Zealand and appears at that time not to have

communicated with the west Tethys through the Hispanic Corridor (Hillebrandt ef al., 1992).

(8) Late Early Callovian opening of the Hispanic Corridor

The Andean Frickites association includes East Pacific Eurycephalitines and cosmopolitan Choffatia,
and is directly overlain by the Tethyan Reineckeiid genus Rehmannia, which appears to have evolved
from the subgenus Neuqueniceras (Frickites). Very similar Rehmannia comprise the first cryptogenic
representatives of the Reineckeiinae in the Mediterranean, so that the ancestor appears to have
immigrated from the Andean Province (Cariou, 1984; Westermann, 1984a; Westermann & Riccardi,

1985; Dommergue et al., 1989).

(9) Middle-Late Callovian opening of the Central Atlantic Ocean

In the Mixteca Terrane and Sierra Madre Occidental of eastern Mexico the Middle-Late Callovian
yields poorly known fauna of the typically “coronate” Reineckeia of west Tethys (Hillebrandt er al.,
1992). This signals the end of the East Pacific Subrealm by increased faunal exchange with west
Tethys, via the new Central Atlantic Ocean and, in part, via the deepening Gulf of Mexico (Jansa,
1986). The opening of the Central Atlantic Ocean (proto-Atlantic) marks the main biogeographic
event affecting the Late Jurassic ammonites worldwide (Callomon in, Hillebrandt er al., 1992).
Although faunal exchange via the Hispanic Corridor had occurred since the Aalenian, this was sporadic
and predominately from west to east. The Oxfordian-Neocomian records clear evidence of two way
migration (Callomon in, Hillebrandt es al., 1992) and the connection of the eastern Pacific and west

Tethys.

(10) Late Oxfordian-Late Kimmeridgian evaporite facies
The absence of Leiostraca from northern Chile is most simply explained as being due to the isolation
of these basins from oceanic influences (Callomon in, Hillebrandt er al., 1992). The late

Bimammatum-Acanthicum European ammonite Zones are not represented in the Southern Andes of
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Chile and Argentina (Gygi & Hillebrandt, 1991; Hillebrandt et al., 1992) due to widespread evaporite

facies spanning five ammonite biochrons.

(11) Oxfordian-Kimmeridgian global eustatic sea-level rise
The largely epicontinental shelf seas of the circum-polar northern hemisphere steadily widened in

extent and gave rise to the strongly segregated Boreal Realm in the Late Jurassic, interpreted to be a

result of rising eustatic sea-level (Callomon in, Hillebrandt ez al., 1992).

The major biogeographic change in the Jurassic Pacific Ocean was the establishment and
disappearance of the East Pacific Subrealm (E.P.S.) in the latest Middle Jurassic (Westermann, 1981;
1984b). Prior to the appearance of this subrealm, provincialism was low. Although Gondwana and
Laurasia had not yet separated, short-term influxes of taxa from Tethys to the eastern Pacific and vice
versa took place, probably as a result of sea-level fluctuations that periodically flooded central Pangaea
through the Hispanic Corridor (Westermann, 1981; 1984b; Hallam, 1983; Brandt, 1986).

The appearance of the East Pacific Subrealm roughly coincides with a drop in eustatic sea-level on
Hallam’s curve (Hallam, 1978; 1983). However, the distinctness of the subrealm in the Middle
Jurassic, compared with earlier times when the connection between western Tethys and the Pacific was
closed, suggests that some additional cause operated in conjunction with the palaeogeographic change.
The disappearance of the subrealm may be aitributed to the opening of western Tethys, which was
accomplished by both a rise in sea-level (Westermann, 1984b) and rifting between Gondwana and
Laurasia (Dickinson & Coney, 1980). In the later part of the Late Jurassic, provinciality may have
increased again, with no apparent palaeogeographic cause (Westermann, 1984b).

Taylor et al. (1984) noted that the Boreal-Tethyan boundary occurred in low latitudes during the Early
Jurassic, with the exception of the Late Sinemurian, when there might have been a brief movement
northward. During the Middle Jurassic, the boundary moved northward 15° or 20°, depending on how
the sub-boreal faunas are treated, and then moved southward again at the very end of the Middle
Jurassic. Provinciality was at a maximum during the late Middle Jurassic (Westermann, 1984b).

The most interesting event is the major northward shift of the boundary between the Boreal and
Tethyan realms in the Middle Jurassic (Late Bajocian-Bathonian), which occurred on both sides of the
ocean (Fig. 2.12). This shift was coeval with the major drop in sea-level that closed the connection
between western Tethys and the Pacific and permitted the strongest differentiation of the East Pacific
Subrealm (Westermann, 1984b). The poleward shift of low latitude faunas was mirrored in the
southern hemisphere (Stevens, 1980). That time also saw the strongest evidence for cold-climate

conditions in northern Pangaea, with deposition of glacial-marine sediments, diamictites (pebbly

argillites) and glendonites (Brandt, 1986).

3.5 Summary

In addition to a global time correlation the changing distribution of ammonite species through the

Jurassic has presented several particularily interesting bio-events (Fig. 3.9). The main signatures are
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produced by the degree of faunal transfer and endemism, with the development of the endemic East
Pacific Subrealm indicating a period of apparently no faunal transfer. Previous authors have
interpreted the bio-events to be directly linked to changes in global eustatic sea-level, but for the
purpose of this thesis the bio-events will be used in comparison with sequence stratigraphy before an

interpretation of the driving mechanism is made.
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4.1 Objectives of Chapter

The primary objective of this chapter is to provide a detailed description and subsequent interpretation
of individual facies on the basis of process sedimentology and characteristic internal structures.
Temporally equivalent facies and facies associations are grouped into discrete depositional
environments on the basis of bounding surface character and stratigraphical architecture. The
subsequent integration of these environments allows the development of depositional models, based
on an amalgamation of temporally and spatially distinct facies and facies associations. Therefore. the
integration of field data and observations at a variety of scales will allow the construction of

generalised depositional models for the Domeyko basin-fill.

4.2 Introduction

In order to facilitate a study of the application of sequence stratigraphical concepts, a detailed
understanding of the sedimentology of the area under study is an essential pre-requisite. This chapter
provides an account of the facies and facies associations which have been identified in the Mesozoic
Domeyko basin-fill.

The Mesozoic sedimentary succession of northern Chile is highly diverse including continental
clastic, mixed carbonate/siliciclastic marine and evaporite deposits. Four temporally distinct
depositional systems have been identified including continental siliciclastic, shallow-marine
siliciclastic ramp, shallow-marine carbonate ramp and carbonate rimmed-shelf on the basis of their
component facies associations. The mixed carbonate/siliciclastic marine basin-fill can be divided into
siliciclastic-ramp, carbonate ramp and carbonate rimmed-shelf depositional systems. A general
description of the facies associations and component facies which compose each depositional system

is given, supported by examples from the Domeyko basin succession.

47



Chapter 4 Depositional Environments

4.3 Continental clastic facies description

The distribution of Mesozoic continental clastic deposits in northern Chile is restricted to the Late
Triassic-Middle Jurassic (pre-marine transgression) and the Early-Late Cretaceous (post-marine
regression). There is no evidence of upper Middle-Upper Jurassic continental clastic deposits in
northern Chile. These two major periods of continental red-bed sedimentation gave rise to similar
depositional facies, but with quite distinct compositional (provenance) and diagenetic differences
making the two units easily distinguishable in the field. The process sedimentology and facies
descriptions are similar for both units and therefore considered together in this chapter. The
compositional and diagenetic differences and their reasons are also discussed.

One marginal-marine and three non-marine depositional environments are interpreted to represent the
continental clastic depositional system which encompasses all the Mesozoic continental facies
identified in the basin (Fig. 4.1). Each depositional environment is identified on the basis of facies,
facies distribution, bounding surface character and internal architectural elements. The floodplain
environment comprises four temporally and spatially related facies associations (Fig. 4.1). Six facies
associations have been defined for the continental clastic deposits of the Domeyko basin, including

conglomeratic alluvial fan, fan-delta, sand-rich braided fluvial, overbank and lacustrine siltstone facies

associations (Fig. 4.1).

4.3.1 Conglomeratic alluvial fan facies association

Description

Moderately well-sorted, clast-supported conglomerate facies and more rare matrix-supported
conglomerate facies compose the majority of the conglomeratic alluvial fan facies association (Table
4.1). Both conglomerates are dark red in colour with bed thicknesses ranging from 0.2-10 m, defining
sharp- to erosively-based, normally-graded units from cobble-grade conglomerate to coarse-grained sand
or gravel grain-size. Internally, many of the conglomerates are structureless or crudely stratified, with
a preferred clast orientation indicated by pebble imbrication where the long axes are aligned
transversely to the flow direction. Within the conglomerates are intercalated lenses and sheets of
erosively-based, coarse-grained sandstone facies and well stratified gravel facies, with 0.2-0.5 m scale
trough and planar-tabular cross-bedding (Table 4.1). Two examples of conglomeratic alluvial fan

facies (Sierra San Lorenzo and Quebrada La Carreta) are described, both of which display different

scales of bedding and dominant sedimentary structures.

Sierra San Lorenzo example

Figure 4.2 shows the Lower Cretaceous matrix- and clast-supported conglomerates at Sierra San
Lorenzo (Fig. 1.1, Locality 17) where clast-size is predominately pebble- and cobble-grade, ranging
from 0.05-0.15 m in diameter with rare boulders reaching 0.25-0.30 m in diameter, marking the
maximum clast-size. The grain-size is almost entirely gravel-grade or coarser, with sand-grade

material making up less than 5% of the bulk rock (Fig. 4.2). The conglomerates are poorly bedded
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with bed thicknesses of 0.2-2 m. Two types of pebble- to cobble-grade conglomerate facies are seen,
erosively-based clast-supported conglomerates, which are structureless or crudely-stratified with
normal-grading and imbricate clasts, and typically sharp, non-erosively based matrix-supported,
conglomerates with a sandy matrix and sheet geometry (Fig. 4.3, Photograph A). Internally, the
matrix-supported conglomerates are massive with poor sorting and grading giving a random fabric, in
contrast to the normally-graded clast-supported conglomerates with trough cross-bedding and imbricate
clasts (Fig. 4.3, Photograph A). Matrix-supported conglomerates make up 70% of the rock with
thinner intercalated clast-supported conglomerates constituting only 30% (Fig. 4.2). The clast-
supported conglomerates and in particular the finer-grained gravel horizons both display planar-tabular
cross-bedding. The planar-tabular cross-beds develop a foreset height of 0.25-0.5 m and indicate a
palaeocurrent direction of 079°N (Bogdanic, 1990), while pebble imbrication indicates palaeocurrent
directions of 067° and 069°N. Landsat imagery has allowed a cross-sectional view of the alluvial
conglomerates which display a lateral thinning from 700 m to zero in less than 10 km (Fig. 4 .4).
The structure at Sierra San Lorenzo is based around a large anticline plunging to the south-east and

cored by Oxfordian-Kimmeridgian (Upper Jurassic) limestones and evaporites (Fig. 4.4).

Quebrada La Carreta example

Clast-supported, pebble- to cobble-grade conglomerate facies (Table 4.1), coarse-grained sandstone
facies and well stratified gravel facies compose the Lower Cretaceous deposits of Quebrada La Carreta
(Fig. 1.1, Locality 61). The clast-supported, pebble- to cobble-grade conglomerate facies range from
1-10 m in thickness, displaying normal-grading, planar-tabular and trough cross-bedding (Fig. 4.3,
Photograph B). The cross-bedding occurs on a scale of 0.5-1 m, decreasing-upwards to 0.2 m at the
top of the bed. The thicker units of 5-10 m are organised into 1.5 m thick, normally-graded units,
within the general fining-up trend. The conglomeratic clasts are moderately to well sorted and rounded
with 90% of clasts having volcanic compositions and only 10% being composed of reworked lithic
sandstone (Fig. 4.3, Photograph B). Interbedded channels or sheets of erosively-based, coarse-grained
sandstone facies and well stratified gravel facies display normal-grading, 0.2-0.5 m planar-tabular and
trough cross-bedding, as well as parallel lamination. Internal erosion surfaces are commonly
associated with 0.05-0.1 m thick fine pebble lags. A coarse-grained grey/green sandstone facies occurs
in 0.5-3 m thick beds containing floating, angular, pebble-grade volcanic fragments, 0.2-0.3 m scale
planar-tabular and trough cross-bedding and rare normal-grading. Similar Lower Cretaceous deposits
occur at N.E. El Abra (Fig. 1.1, Locality 13) and Quebrada Honda (Fig. 1.1, Locality 14) with
Triassic continental conglomerates at gjgragm Puntq ge} ;/ iento and Vaquilles (Fig. 1.1, Locality 60
and 63). (3 Y

The clast types making up the Triassic conglomerates are almost entirely volcanic or intrusive, 90%.,
derived predominantly from Palacozoic (Permo-Triassic) acid volcanic and plutonic rocks with rare
reworked volcaniclastics making up less than 10% of clasts. There is little preserved evidence of body
or trace fossils, only occasional fresh\aﬁater bivalves and plant debris in the form of tree trunks and leaf

impressions, noted by Chong & Hillci){andt (1985). In rare cases leaf impressions and plant debris

;
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have been diagenetically replaced by the copper silicate, Chrysocolla (CuSiO;.2H,0), giving a bright
blue/green colour. This phenomenon is clearly seen in the Triassic sandstones and conglomerates of
the Rio San Salvador area (Fig. 1.1, Locality 18) to the west of Calama (G. Chong, pers. comm..
1994).

Bogdanic (1990) describes the Cretaceous conglomerate facies between 21°-23°S which are composed
predominantly, 75%, of reworked igneous clasts of rhyolitic to dacitic composition, with the
remaining 25% made up by sandstone and limestone clasts, including reworked concretions (Fig. 4.2).
In the Sierra San Lorenzo area (Fig. 1.1, Locality 17) these reworked concretions are found to contain
the Oxfordian ammonite Perisphinctes. The matrix consists of coarse-grained sub-lithicarenite
(Pettijohn, 1975: Folk et al., 1970) and gravel with a calcite cement. The type of cement provides
one of the identification criteria for distinguishing between the Triassic and Cretaceous conglomerates.
The Triassic conglomerates have a well developed silica cement making them highly indurated and
resistant to erosion, while the Cretaceous conglomerates have a more poorly developed calcite cement.
In rare cases such as N.E. El Abra (Fig. 1.1, Locality 13), the characteristic red colour of the Lower

Cretaceous conglomerates has been replaced by the pale green colour of epidote as a result of low-

grade hydrothermal metamorphism.

Interpretation

The conglomerates and sandstones are predominantly red in colour caused by the breakdown of biotite
and hornblende to give clays, immature iron oxides and hydroxides, as discussed by Turner (1980).
These oxides are then washed to lower levels in the weathering profile where they coat grains and with
time, mature to haematite. These changes will be aided by elevated temperatures but their main pre-
requisite is water provided by ephemeral rainfall and run-off. Rates of reddening vary with lithology,
clay rich sediments altering more slowly due to lower permeabilities. Present day, warm, seasonally
humid source areas supply detritus which is mainly grey or brown, with iron present as hydrated
oxides (Van Houten, 1982; Turner, 1980). If these are deposited in settings which are then subjected
to an oxidising ground-water regime, probably favoured by a lowered water table, then the amorphous
hydroxides and oxides may mature in situ to give eventually a red deposit (eg. Paijmans et al., 1971).
In the Mesozoic of northern Chile a warm, seasonally humid climate is interpreted. supported by
hermatypic coral reef development (Prinz, 1991) and the palaeoclimate discussion presented in Chapter
2 (2.4 Palaeoclimate and oceanography of northern Chile).

Abundant matrix-supported conglomerate facies make up 70% of the deposits at Sierra San Lorenzo
and are interpreted to represent deposition by cohesive debris flow, with the remaining 30% being
clast-supported conglomerates interpreted to represent tractional sheet- and stream-flow deposits (Fig.
4.5). Cohesive debris flows are typical of ephemeral alluvial fan deposits laid down during periods of
flooding (Fig. 4.5). An alluvial fan interpretation is supported by the Landsat data which demonstrate
a fan-type geometry with a lateral thinning from 700 m to zero in less than 10 kilometres (Fig. 4.4).
The palaeocurrent data indicates a principle south-west to north-east direction (Bogdanic, 1990),

implying a perpendicular section through the alluvial fan (Fig. 4.4). These dimensions are indicative
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Figure 4.3 Photograph A: Lower Cretaceous alluvial conglomerates from Sierra San Lorenzo showing a
typical exposure of the interbedded matrix- and clast-supported conglomerate facies with a 1 m thick matrix-
supported debris flow conglomerate bed and 0.5 m thick clast-supported tractional conglomerate bed (Figure
4.2). Younging direction is from bottom-left to top-right with a hammer for scale. Photograph B: Lower
Cretaceous alluvial conglomerates from Quebrada La Carreta which are predominately clast-supported
tractional conglomerate facies. Hammer for scale.
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Figure 4.4 An interpreted Landsat image (Bands 147) of the Sierra San Lorenzo area displaying a

large anticline plunging to the south-east and cored by Oxfordian-Kimmeridgian (Upper Jurassic) limestones
and evaporites. The fold structure is defined by two ash horizons, one below the conglomerate unit and one
above. The image presents a cross-sectional view of the alluvial conglomerate facies which show a lateral
thinning from 700 m to zero in less than 10 km.
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of the classic, “semi-conical” or steep dry-type (cohesive debris flow) fan of Holmes (1965); Schumm
(1977); see also review by Rachocki (1981), which are ideally related to tectonic escarpments. as
opposed 1o the wet-type (stream-dominated) alluvial fan of Nemec & Steel (1988a), which are
generally much lower gradient and larger in size.

The time-equivaient Lower Cretaceous erosively-based conglomerates at Quebrada La Carreta in the
south are primarily, normally-graded, clast-supported deposits with good evidence of pebbie
imbrication, planar-tabular and trough cross-bedding (Fig. 4.3, Photograph B). These deposits are
interpreted as tractional and stream-flow conglomerates laid down in a high-energy, proximal braided
fluvial system (Fig. 4.5).

The clast compositions indicate two different source areas for the Triassic conglomerate facies and the
Lower Cretaceous conglomerate facies. The Triassic conglomerates are immature, volcaniclastics
derived predominantly from Permo-Triassic acid volcanic and plutonic rocks. In contrast, the Lower
Cretaceous conglomerate facies are more mature sub-lithicarenites (Folk ez al., 1970; Pettijohn,
1975), thought to have been derived from a recycled orogen, described by Bogdanic (1990). The
Lower Cretaceous conglomerate facies also contain evidence for reworking of the Upper Jurassic

marine limestones, implying Early Cretaceous uplift of the Jurassic basin.

4.3.2 Fan-delta facies association

Description

The fan-delta facies association consists of clast- and matrix-supported conglomerates and gravels,
some of which are similar to those of the previously described conglomeratic alluvial fan facies
association (Table 4.1). In addition to the conglomerate and gravel facies, there are also intercalated
algal laminated limestone, reef-building coral, wave-rippled sandstone and bioturbated sandstone facies

(Table 4.1).

Quebrada Vaquilles and Punta del Viento examples

The Upper Triassic deposits at Quebradas Vaquilles and Punta del Viento (Fig. 1.1, Localities 60 and
63) consist of 1-10 m thick, dark red and pale grey to brown, matrix- and clast-supported conglomerate
facies with intercalated 0.1-0.5 m thick, algal laminated limestone, reef-building coral, wave-rippled
sandstone and bioturbated sandstone facies (Table 4.1, Figs 4.6 and 4.7). The algal laminated
limestone facies shows a distinctive millimetre-scale parallel and convex-upwards lamination with
0.1-0.5 m bed thickness and sheet geometry, which can be traced laterally for greater than 100 m (Fig.
4.6). Reef building coral facies are found in similar 0.1-0.5 m thick sheet geometry beds with
convex-upwards coral domes up to 0.1 m in diameter, indicating life position. Medium- to very
coarse-grained sandstone facies with abundant symmetrical ripples are found in beds of 0.4-2 m bed
thickness (Table 4.1, Fig. 4.7). Similar, 0.4-2 m thick fine- to medium-grained sandstones are found
which contain abundant vertical bioturbation of Skolithos, as well as bivalves, brachiopods and shell

debris (Table 4.1, Fig. 4.7).
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Cerro Jaspe example

Dark red and pale grey to brown, clast- and matrix-supported, gravel and pebble-grade conglomerate
facies compose the majority of the Lower Jurassic deposits of the Cerro Jaspe area (Table 4.1, Fig.
4 8). The clast-supported conglomerates are normally-graded with sharp to erosive bases incising up
to 0.2 m into the underlying unit, while the matrix-supported conglomerates are sharp-based and
commonly reverse-graded (Figs 4.8 and 4.9). The conglomerate beds are 0.5-5 m thick and laterally
extensive for greater than 100 m defining a characteristic sheet geometry. In addition. there are
distinctive matrix- and clast-supported gravel conglomerates ranging in thickness from 0.4-1 m,
composed of gravel-grade quartz grains held within a microsparite to sparry calcite matrix (Fig. 4.10).
The well rounded and sorted grains are of quartz, porphyritic volcanic and fine-grained red sandstone
compositions with abundant broken belemnite and coral fragments but no other evidence of body or
trace fossils (Fig. 4.9, Photograph B). The gravel facies commonly develop 0.2-0.4 m scale planar-
tabular cross-bedding with rare floating fine- to medium-sized pebble clasts (Fig. 4.10). Two pale
green to grey, medium- to very coarse-grained sandstone facies occur in the Cerro Jaspe area. a facies
characterised by symmetrical ripples of wavelength 0.05-0.1 m and amplitude 0.01-0.015 m, and a
heavily bioturbated sandstone with abundant small vertical Skolithos burrows (Table 4.1). Both
sandstone facies contain bivalve and brachiopod fauna as well as small quantities of shell debris. Reef
building coral facies range in bed thickness from 0.15-1.1 m with a microsparite composition and
abundant framework coral, as well as bivalve, brachiopod and belemnite fossils (Tabte 4.1). The
framework corals in the Southwest Cerro Jaspe example are generally convex-upwards domes in life
position with diameters up to 0.5 m (Fig. 4.12). The limestone beds have a well developed sheet

geometry which can be traced laterally for distances greater than 100 m.

Quebrada Honda example

On a markedly smaller scale the Oxfordian/Kimmeridgian of Quebrada Honda records the relatively
rapid transition from yellow, algal laminated limestone facies to dark red, coarse-grained sandstone and
conglomerate facies (Table 4.1, Fig. 4.11). The transition occurs over several tens of metres with the
intercalation of 0.1-0.5 m thick, sharp to slightly erosively based, red and green sandstone beds within
the algal laminated limestone facies (Figs 4.11 and 4.13). The intercalated sandstones are structureless
with rare, floating, fine to medium pebble-grade clasts (Fig. 4.11). Further through the transition
zone intercalations of 0.1-0.3 m thick algal laminated yellow limestone facies occur within the dark

red, coarse-grained sandstone and conglomerate facies (Figs 4.11 and 4.13).

Interpretation

The characteristic dark red colour seen in some of the conglomerate facies is caused by hacmatite
staining of grains or fine-grained detrital material, as previously discussed for alluvial fan
conglomerates (4.3.1). The dark red conglomerates are both matrix- and clast-supported indicating
debris and stream-flow mechanisms, respectively, with high percentages of silt matrix and diverse

clast populations reflecting their low maturity (Fig. 4.5). Where the conglomerates are pale to
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Figure 4.6 Upper Triassic conglomerate facies at Quebrada Vaquilles (Figure 1, locality 63)

Photograph A shows Upper Triassic conglomerate facies with 0.2-0.5 m thick sheet-geometry black algal
limestone striking from top-left to bottom-right (north-south) People for scale. Photograph B shows detail of

the 0.2-0.5 m thick sheet-geometry black algal limestone showing convex-upwards lamination, interpreted to
be a stromatolite. Notebook for scale
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Chapter 4 Depositional Environments

medium grey in colour with well developed rounding and sorting of clasts, a higher maturity is
interpreted, with the haematite producing iron oxides and fine-grained detrital material having been
removed by shallow-marine wave processes (Fig. 4.9). The high percentage of quartz pebbles.
abundant broken belemnite fragments and coral debris also support a degree of shallow-marine
reworking (Fig. 4.9, Photograph B). The matrix- and clast-supported gravel facies contain well
developed planar-tabular cross-bedding and a silt-free recrystallised microsparite matrix as well as
abundant broken belemnite fragments and coral debris, interpreted to indicate shallow-marine
reworking (Fig. 4.10). The medium- to very coarse-grained sandstone facies dominated by
symmetrical ripples is interpreted as a shallow-marine wave-dominated deposit occurring above
fairweather wave base, supported by the occurrence of marine bivalve and brachiopod fossils with
stringer horizons of shell debris (Table 4.1). Fine- to medium-grained sandstone facies with abundant
Skolithos bioturbation and body fossils is interpreted to represent a shallow-marine deposit (Table
4.1).

The reef building coral facies containing large framework corals in life position is an excellent
indicator of shallow-marine conditions (< 10 m water depth) and reduced terrigenous clastic input (Fig.
4.12). These periods of clastic starvation, during which the limestone facies form, are well defined
and can be traced laterally up to 100 m, representing local time lines within the section and
highlighting the marked variation in rates of sedimentation between the conglomerate and limestone
facies (Figs 4.9 and 4.12). This facies association of matrix- and clast-supported conglomerates with
thin intercalated marine sandstones and limestones is interpreted to represent the high-concentration,
sub-aqueous zone of a fan-delta (Nemec & Steel, 1988b). In the case of Quebradas Vaquilles and
Honda where the matrix- and clast-supported conglomerate facies contain thin intercalated laminated
limestone facies (Table 4.1, Fig. 4.13). The limestones are interpreted as algal deposits possibly

indicating the presence of a fan-delta prograding into a restricted lagoonal setting.

4.3.3 Sand-rich braided fluvial facies association

Description

Individual sandstone beds display a channel geometry and normal-grading from coarse- or very coarse-
grained sandstone to fine-grained sandstone facies (Table 4.1). Each bed is 1-4 m in vertical thickness,
thinning laterally to zero within 30 m. Basal boundaries are characteristically sharp to erosive with
incision up to 0.2 m into the underlying sandstone. At the base of each bed a 0.1-0.3 m thick gravel-
to fine pebble-grade lag is commonly developed with reworked fine-grained sandstone intraclasts
(Table 4.1). Large, 0.3-0.4 m scale trough and planar-tabular cross-bedding is developed in the coarse-
grained lower half of the bed, while climbing ripple lamination, asymmetric ripples, small 0.02-0.1
m scale trough cross-bedding and parallel lamination develop in the fine- to medium-grained upper half
of the bed (Table 4.1). The asymmetric ripples have wavelengths ranging from 0.05-0.1 m and
amplitudes of 0.01-0.015 m. There are rare continental vertebrate and invertebrate fossils as well as
plant debris which are particularly well exposed in the section at Quebrada La Carreta (Fig. 1.1,

Locality 61), described by Chong (1973); G. Chong, pers. comm. (1994).
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The sandstone channels contain little or no silt-grade material and are amalgamated into multistorey,
multilateral sandstone bodies ranging in thickness from 5-35 m (Table 4.1). The lower and upper

bounding surfaces are erosive and sharp, respectively, with abrupt facies changes below and above each

multistorey sandstone body.

Interpretation

The individual sandstone beds are interpreted as channel fills on the basis of their 1-4 m vertical
thickness, sharp to erosive base, normal-grading, internal sedimentary structures and channel
geometry. The characteristic internal sedimentary structures include a basal lag deposit, trough and
planar-tabular cross-bedding, climbing ripple lamination and asymmetric ripples (Table 4.1). The
asymmetric ripples are interpreted as unidirectional current ripples. The deposits are thought to be
continental in origin, based on their dark red colour, vertebrate and invertebrate fossils and plant
debris, supported by the lack of symmetric ripples or marine body and trace fossils. The amalgamated

sandstone beds are interpreted to represent multistorey, multilateral, sand-rich fluvial systems.

4.3.4 Minor fluvial channel facies association

Description

The minor fluvial channe! facies association is composed of single-storey channelised sandstone beds
within medium-grained red siltstone facies (Table 4.1, Figs 4.14 and 4.15). Individual sandstone beds
have a channel geometry and normal-grading from coarse-grained sandstone to very fine-grained
sandstone facies (Fig. 4.14). Each bed is 0.5-2 m in vertical thickness, thinning laterally to zero
within 50-100 m (Fig. 4.15). Bed boundaries are characteristically sharp to erosive with incision up
to 0.2 m into the underlying siltstone (Figs 4.14 and 4.15). At the base of each bed a 0.1-0.2 m
thick gravel to fine pebble lag is commonly developed with reworked siltstone rip-up intraclasts (Fig.
4.14). The coarse-grained fower half of the bed contains large, 0.3-0.4 m scale trough cross-bedding
or is structureless and massive, while climbing ripple lamination, asymmetric ripples, small 002-0.1
m scale trough cross-bedding and parallel lamination characterise the fine- to medium-grained upper
half of the bed (Fig. 4.14). The asymmetric ripples have wavelengths of 0.05 m and amplitudes of
001 m. The 0.5-5 m thick, medium-grained siltstone facies is commonly red in colour and internaily
homogeneous with rare parallel lamination and continental vertebrate and invertebrate fossils as well

as plant debris (Chong, 1973 G. Chong, pers. comm., 1994) (Table 4.1, Fig. 4.15).

Quebrada La Carreta example

The Lower Cretaceous deposits at Quebrada La Carreta (Fig. 1.1, Locality 61) are composed of
erosively-based, channelised sandstone facies within medium-grained siltstone facies, as previously
described (Table 4.1). In addition. there are 0.1-0.5 m thick intercalations of yellow to pale brown,
fine-grained algal limestone facies containing fine wavy or parallel lamination and small bivalve
fossils (Table 4.1). A distinctive 0.2-0.5 m thick, red to brown, fine- 1o medium-grained mottied

sandstone facies contains abundant, greater than 50%, carbonate and sideritic nodules and evidence of
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Figure 4.9 Clast- and matrix-supported conglomerate facies from the Cerro Jaspe area. Photograph A
shows pale grey matrix-supported conglomerate facies showing poor sorting and reverse grading (Table 4.1)
Lens cap for scale (5.6 cm in diameter). Photograph B shows gravel-grade conglomerate facies containing

‘ gments. Lens cap for scale (5.6 cm in diameter)

broken belemnite frag




Figure 4.10 Clast- and matrix-supported carbonate-cemented gravel facies from the Cerro Jaspe area
(Table 4.1). Photograph A shows large-scale 0.3-0.5 m planar-tabular cross-bedding within clast-supported
carbonate-cemented gravel facies. Hammer for scale. Photograph B shows matrix-supported carbonate-
cemented gravel facies with gravel-grade grains held within a microsparite to sparry calcite matrix. Lens cap
for scale (5.6 cm in diameter).
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limestones at Quebrada Honda (Figure 4.31, Photograph A). The erosionally-based sandstone facies can be
correlated laterally for 400 m.
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Figure 4.12 A bed of framework corals of 0.3-0.5 m diameter from the Cerro Jaspe area. The
beds of reef building coral facies have a sheet geometry and can be traced laterally for greater than 100
m. Lens cap and hammer for scale

Figure 4.13

he Late Jurassic-Early Cretaceous transition between yellow algal laminated
limestone facies and dark red coarse-grained sandstone and conglomerate facies (Figure 4.11). The
younging direction is from left to right and the scale-bar is | m. Intercalation of the two facies is clearly
seen over a transition of tens of metres (Figure 4.11)
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Figure 4.15 I'wo photographs showing the
medium-grained red siltstone facies in the El Abr:
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Chapter 4 Depositional Environments

small rootlets (Table 4.1). The beds have a sheet geometry and the abundance of both concretions and
rooting increases upwards through the bed. Upper bounding surfaces are diffuse to slightly planar
while lower contacts are diffuse and gradational. The tops to some of the thicker beds have a bleached
appearance.

Recently, new continental vertebrate and invertebrate fossils as well as plant debris have been found in
the Lower Cretaceous succession at N.E. El Abra (Fig. 4.15), observed by G. Chong, pers. comm.

(1994).

Interpretation

The individual sandstone beds are interpreted as channel fills on the basis of their 0.5-2 m vertical
thickness, sharp to erosive base, normal-grading, internal structures and channel geometry (Figs 4.14
and 4.15). The characteristic internal structures include a basal lag deposit, trough cross-bedding,
climbing ripple lamination and asymmetric ripples (Fig. 4.14). The asymmetric ripples are
interpreted as unidirectional current ripples. The medium-grained siltstone facies is interpreted as
overbank siltstones (Table 4.1). The sandstone and siltstone facies are thought to be continental in
origin, based on their dark red colour, vertebrate and invertebrate fossils and plant debris. The thin
limestone facies at Quebrada La Carreta are interpreted as marginal marine limestones based on their
fine algal texture and bivalve fossils (Table 4.1). The distinctive dark red and pale grey mottied
sandstone facies is interpreted as an immature paleosol or protosol (Table 4.1}, using the scheme of
Mack er al. (1993). Retallack (1988) describes how waterlogged soils form mottles due to the
reduction of iron into its ferrous state (Fe?*) and the presence of rootlets in the upper part of the
profile conform to his “O™ horizon. Soils of this nature form in conditions of at least seasonally
waterlogged strata with prolonged periods of high water-table, in a possibly sub-tropical environment.
It is interpreted that this soil type represents a relatively immature paleosol (protosol) due to the lack
of any significant peaty material or coal development (histosol), (Retallack, 1988). The variable
development of soils may reflect variations in coastal-plain sedimentation with the protosol facies
representing lower coastal-plain, low lying, waterlogged areas of floodplain lake, marsh and bay.

The sandstone beds are discrete, single-storey, channelised sandstone bodies within silt-grade rock
(Fig. 4.15). These sandstones are interpreted as single-storey fluvial channels within floodplain

siltstones deposited in a coastal-plain setting (Fig. 4.14).

4.3.5 Overbank facies association

Description

The overbank facies association comprises thin very fine- to medium-grained red sandstone facies
interbedded with medium- to coarse-grained red siltstone facies (Table 4.1). The very fine- to medium-
grained, red sandstone facies ranges from 0.1-0.5 m in vertical thickness with sharp to slightly erosive
bases and poorly developed normal grading. The sandstone beds are single-storey with sheet and rare
channel geometries. Internal structures comprise of climbing ripple cross-lamination, 0.02-0.2 m

scale trough and tabular cross-lamination, asymmetric ripple lamination (wavelength 0.05-0.1 m;
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amplitude 0.01-0.015 m) and parallel lamination. Fine pebble-grade rip-up clast horizons are
composed of fine-grained red siltstone intraclasts. There is also evidence of small pieces of wood and
plant debris. The upper 0.05-0.1 m of individual sandstone beds may contain soft sediment
deformation in the form of disrupted and contorted laminae. The thin sandstone beds are separated by
0.3-2 m thick beds of medium- to coarse-grained red siltstone facies. The medium- to coarse-grained
red siltstone facies display weakly developed parallel lamination and rarely, small ripples (Fig. 4.16).
The siltstones are particularly well developed in the Lower Cretaceous deposits of N.E. E! Abra (Fig.
1.1, Locality 13), Estacion Cochrane (Fig. 1.1, Locality 22) and Quebrada La Carreta (Fig. 1.1,
Locality 61) where they contain rare vertebrate and invertebrate remains as well as plant debris
(Chong, 1973; Chong & Gasparini, 1975). The specific fauna and flora are considered in Chapter 5

(Sequence Stratigraphy) where their particular chronostratigraphical significance is discussed.

Interpretation

The sharp base and normal-grading indicate an abrupt introduction of sand-grade material and waning
flow conditions. The paralle! lamination is interpreted as upper phase plane bedding, while the
climbing ripple cross-lamination is known to indicate high rates of sedimentation. Singh (1972) and
Klimek (1974) have demonstrated climbing ripple cross-lamination to be a characteristic feature of
waning flow crevasse splay sandstones. It is rare however, to see all the structures preserved in a
single sandstone bed but this combination of features supports the interpretation of single event
flows. The presence of disrupted and contorted laminae at the top of the bed is interpreted to represent
water escape structures, supporting rapid rates of sand deposition. The interbedding of these
sandstones with red siltstones is thought to represent floodplain deposition, leading to the
interpretation of the sandstones as crevasse splay deposits. The crevasse splay sand bodies are
distinguished from fluvial channel-fills on the basis of their much thinner, 0.1-0.15 m vertical
thickness and distinctive sheet geometry (Fig. 4.15). The crevasse splay deposits are interpreted to
represent the area of interfluvial floodplain proximal to a breached levee, with the crevasse splay
sandstones indicating periods of floodplain inundation. The sedimentation rates are markedly different,
with the sandstones representing single, short duration flood-events, while the siltstones represent
longer periods of background sedimentation from suspension. The medium- to coarse-grained red
siltstone facies represents the periods of background floodplain sedimentation deposited between
crevasse splay flood events (Table 4.1). There is good evidence for shallow-water to subaerial
conditions in the form of small ripples and faunal content. This observation is supported by the red
coloration which in most cases is indicative of subaerial oxidising conditions, as discussed by Besley
& Turner (1983) (Fig. 4.16). Most floodplain sedimentation is from suspension, with a tendency for
deposits to fine away from coeval channels (Hughes & Lewin, 1982) which is supported by the
absence of levee or crevasse splay sandstones within some of the siltstone facies, indicating a distal

floodplain setting with no direct channel influence (Fig. 4.16).
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Figure 4.16 Medium-grained red siltstone facies from the Rio San Salvador valley to the
south-west of Calama. These red siltstones are interpreted as floodplain deposits. The siltstones
are cross-cut by several igneous dykes and unconformably overlain by Tertiary sediments.

Figure 4.17 Fine-grained red and green siltstones from the Estacion Cochrane section south of
Calama (Figure 1.1, Locality 22). These red and green siltstones are interpreted as shallow-water
lacustrine deposits.
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Figure 4.18 The continental clastic facies model is constructed from an analysis of temporally and spatially
distinct facies associations which have been integrated to represent the linkage of contemporaneous depositional

environments,



Table 4.1

structures and bounding surfaces, thickness and geometry, and body and trace fossils, followed by a process interpretation.
Continental clastic facies description

Summary facies table describing all the continental clastic lithofacies found in northern Chile in terms of lithology and grain-size, sedimentary

Facies and Facies
Asspciation

Lithology and Grain
Size

Structures and
Bounding Surfaces

Thickness and
Geometry

Body and Trace
Fossils

Process
Interpretation

Huvial fan facies

Dark red, clast-supported
conglomerate facies
(Conglomeratic alluvial fan facies
association)

Pebble- to cobble-grade
conglomerates with coarse-grained
sandstone to gravel-grade matrix
Dark red / brown in colour

Clast compositions are porphyritic
volcanic, plutonic, lithic
sandstones and limestones

Clast-supported

Normal grading

Moderate sorting

Moderate rounding

Crudely stratified with poorly
developed 0.2-1 m scale planar-
tabular and trough cross-bedding
Clast imbrication

Internal erosion surfaces

Erosive base and sharp top to bed

When interbedded with dark red,
matrix-supported conglomerate
facies bed thickness ranges from
02-1m

In multi-storey clast-supported
complexes indjvidual bed
thickness ranges from 1-10 m
Sheet and channel geometries

Occasional freshwater bivalves
and plant debris (tree trunks and
leaf impressions) (Chong &
Hillebrand: 1985)

Rare reworked concretions which
contain Oxfordian ammonites
(Perisphinctes)

Sheet- and stream-flow deposits’
laid down by tractional processes

Dark red, matrix-supported
conglomerate facies
(Conglomeratic alluvial fan facies
association)

Pebble- to cobble-grade
conglomerates (rare floating 0.25-
0.3 m diameter boulder-grade
clasts) with fine- to coarse-grained
sandstone matrix

Dark red / brown in colour

Clast compositions are porphyritic
volcanic, plutonic, lithic
sandstones and limestones

Matrix-supported

Poor grading

Poor sorting

Poor rounding

Massive, structureless

Basal zone of shearing with broad
scours and striations

Sharp, non-erosive base and sharp
irregular top to bed

0.5-2 m bed thickness
Sheet geometry

Rare reworked concretions which
contain Oxfordian ammonites
(Perisphinctes)

Cohesive debris-flow deposit laid
down during a turbulent, high
concentration single event flood

Well stratified gravel facies
(Conglomeratic alluvial fan facies
association)

Very coarse-grained sandstone to
gravel-grade grain-size
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (0.2-0.5 m)

Normal grading

Internal erosion surfaces
associated with thin (0.05-0.1 m)
pebble lags

Erosive base and sharp top to bed

0.2-0.5 m bed thickness
Chanpel or sheet geometry

None present

Minor channel fills or
longitudinal barforms

Erosively-based coarse-grained
sandstone facies

(Conglomeratic alluvial fan facies
association)

Coarse- to very coarse-grained
sandstone
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (0.2-0.5 m)

Parallel Jamination

Normal grading

Internal erosion surfaces
associated with thin (0.05-0.1 m)

E:ble lags
sive base and sharp top to bed

0.2-0.5 m bed thickness
Channel or sheet geometry

Triassic sandstones contain
occasional freshwater bivalves and
plant debris (tree trunks and leaf
impressions)

Minor channel filis, dunes or
longitudinal barforms
Paralle]l lamination represents
upper phase plane bedding

Coarse-grained grey / green
sandstone facies
(Conglomeratic alluvial fan facies

association)

Coarse-grained sandstone
Grey / green in colour

Floating, angular, small pebble-
grade volcanic clasts

Trough and planar-tabular cross-
bedding (0.2-0.3 m)

Rare normal grading

Erosive base and sharp top to bed

0.5-3 m bed thickness
Sheet geometry

None present

Volcanigenic sandstone deposited
by tractional processes




Fan-delia facies association

Dark red, clast-supported
conglomerate facies
(Fan-delta facies association)

Pebble- t0 cobblc-gradc

sandstonc to gravel grade matrix

red / brown in colour
Clast composition is
predominately plutonic (Cerro
Jaspe Palaeozoic plutonics) or
porphyritic volcanic (Permo-
Tnass:c) quartz and fine-grained
red

Clast-supported

Normal grading

Moderate sorting

Moderate rounding

Crudely stratified with poorly
developed 0.2-1 m scale planar-
tabular and trough cross-bedding
Clast imbrication

Internal erosion surfaces

Erosive base and sharp top to bed

‘When interbedded with dark red,

matrix-supported conglomerate
facies bed thickness ranges from
0.2-1 m

In multi-storey clast-supported
complexes individual bed
thickness ranges from 1-10 m
Sheet and channel geometries

Occasional freshwater bivalves
and p]ant debris (tree trunks and
leaf 1mpressions) (Chong &
Hillebrandt 1985)

Sheet- and stream-flow deposits
laid down by tractional processes
No evidence of marine reworking

Dark red, matrix-supported
conglomerate facies
(Fan-delta facies association)

Pebble- to cobble-grade
conglomerates (rare floating 0.25-
0.3 m diameter boulder-grade
clasts) with fine- to coarse-grained
sandstone matrix

Dark red / brown in colour

Clast composition is

Matrix-supported

Poor grading

Poor sorting

Poor rounding

Massive, structureless

Basal zone of shearing with broad
scours and striations

Sharp, non-crosive basc and sharp

gular top to bed

rredomlmncly plu(omc (Ccrm
aspe

porphyritic volcanic (Pen'no—
Triassic), quartz and fine-grained
red sandstone

0.5-2 m bed thickness
Sheet geometry

Occasional freshwater bivalves
and plant debris (tree trunks and
leaf impressions) (Chong &
Hillebrandt 1985)

Cohesive debris-flow deposit laid
down during a turbulent, high
concentration single event flood
No evidence of marine reworking

Pale grey, clast-supported
conglomerate facies
(Fan-delta facies iation)

Pebble- to cobble-grade
conglomemes with coarse-grained

to gravel-grade matrix
Pale grey in colour

Clast composition is
predominately plutonic (Cerro
Jaspe Palaeozoic plutonics) or
porphyritic volcanic (Permo-
Triassic), quartz and fine-grained
red sandstone

Clast-supported

ormal grading
Clean (silt-free)
Well sorted
Well rounded
Crudely stratified with poorly
developed 0.2-1 m scale planar-
tabular and trough cross-bedding
Clast imbrication
Erosive base (incision up to 0.2
m) and sharp top

0.3-1 m bed thickness

In multi-storey complex
individual bed thicknesses range
from 1-10 m

Sheet geometry

Abundant broken belemnite,
coral, bivalve and brachiopod
debris but all has been reworked

Sheet- and stream-flow deposits
laid down by tractional processes
which have subsequently been
reworked by shallow-marine wave
processes

Pale grey, matrix-supported
conglomerate facies
(Fan-delta facies association)

Pebble- to cobble-grade
conglomerates (rare boulder-grade
clasts) with medium- to coarse-
grained sandstone matrix

Pale grey / brown in colour
Clast composition is
predominately plutonic (Cerro
Jaspe Palacozoic plutonics) or
porphyritic volcanic (Permo-
Triassic), quartz and fine-grained
red sand.

Matrix-supported

Massive

Clean (sili-free)

Poor reverse grading

Moderate rounding

Moderate sorting

Basal zone of shearing with broad
scours and striations

Sharp, non-erosive base and sharp
irregular top

0.5-2 m bed thickness
Sheet geometry

Broken belemnite, coral, bivalve
and brachiopod debris but all has
been reworked

Cohesive debris-flow deposit
which has been partly reworked
by shallow-marine wave processes

Clast-supported, carbonate-
cemented gravel facies
(Fan-delta facies association)

Very coarse-grained sandstone to
gravel-grade

Pale grey / brown in colour
Clast composition is
predominately plutonic (Cerro
Jaspe Palaeozoic plutonics) or
porphyritic volcanic (Permo-
Triassic), quartz and fine-grained
red sandstone

Trough and planar-tabular cross-
bedding (0.2-0.4 m)
Normal grading
Good sorting
Angular grains
Clean (silt-free)
Internal erosion surfaces
associated with thin (0.05-0.1 m)
Ecbblc lags

are floating small- to medium-
sized pebbles
Erosive base and sharp top to bed

0.4-1 m bed thickness
Sheet geometry

Abundant broken belemnite,
coral, bivalve and brachiopod
debris but all has been reworked

High-energy, shallow-marine
reworking of gravel-grade area of
fan-delta | .




Matrix-supported, carbonate-
cemented gravel facies
(Fan-delta facies association)

Gravel-grade grains held in fully
carbonate matrix of micro-sparite
Pale grey / brown in colour
Clast composition is
predominately plutonic (Cerro
Jaspe Palacozoic plutonics) or
porphyritic volcasic (Permo-
Triassic), quartz and fine-grained
red sandstone

Angular grains

Rare floating small- to medium-
sized pebbles

Clean (silt-free)

Erosive base and sharp top to bed

0.4-1 m bed thickness
Sheet geometry

Abundant broken belemnite,
coral, bivalve and brachiopod
debris but all has been reworked

High-energy, shallow-marine
reworking of gravel-grade area of
fan-delta

Matrix-support is due to limited
clastic input

Algal laminated limestone facies
(Fan-delta facies association)

Fine-grained micritic limestone
Yellow to pale brown in colour

Millimetre-scale parallel (mat) and
convex-upwards (stromatolitic)
laminations

Sharp base and top to bed

0.1-0.5 m bed thickness
Sheet geometry (>200 m lateral
continuity)

Stromatolites and algal mat
limestones

No evidence of fully marine body
or trace fossils

Thin periods of clastic starvation
in very shallow marginal marine or
lagoonal environments

Reef-building coral facies
(Fan-delta facies associati

Medium-graincd microsparite

No primary sedimentary structures
Sharp base and top to bed

0.15-1.1 m bed thickness
Sheet geometry (>100 m lateral
continuity)

Framework coral, bivalve and
brachiopod fossils

Corals are convex-upwards domes
(diameter up to 0.5 m) indicating
life position

Shallow-marine (<10 m water
depth), clear-water limestone
indicating very low clastic input

Medium- to very course-grained
wave rippled sandstone facies
(Fan-delta facies association)

Medivm- to very coarse-grained
sandstone
Pale green to grey in colour

Abundant symmetrical (wave)
ripples (wavelength 0.05-0.1 m,
amplitude 0.01-0.015 m)

Sharp to erosive base and sharp
top to bed

0.4-2 m bed thickness
Sheet geometry

Bivalve and brachiopods and
shell debris

Rare vertical bioturbation
{Skolithos)

Shallow-marine sandstone
recording wave processes

Fine- to medium-grained
bioturbated sandstone facies
(Fan-delta facies association)

Medium- to very coarse-grained
sandstone
Pale green to grey in colour

Primary sedimentary structures
destroyed by bioturbation
Sharp to erosive base and sharp
top to bed

0.4-2 m bed thickness
Sheet geometry

Abundant vertical bioturbation
(Skolithos)

Bivalve and brachiopods and
shell debris

Shallow-marine sandstone which
has undergone heavy
bioturbation

Sand-rich braided fluvial facies

Gravel- to small pebble-grade lag

facies
(Sand-rich braided fluvial facies
association)

Gravel- to small pebble-grade
conglomerate

Dark red / brown in colour
Clast compositions arc
intrabasinal fine- to medium-
grained sandstone facies

Clast-supported

Normal grading

Moderate sorting

Moderate rounding

Erosive base with incision up to
0.2 m into the underlying
sandstone and sharp or
gradational top to facies

0.1-0.3 m bed thickness making
up the base of the channel
sandstone unit

Channel geometry

No evidence of body or trace
fossils

Erosive lag facies deposited at
base of fluvial channel (not
always present)

Very coarse- to medium-grained
chanpel sandstone facies
(Sand-rich braided fluvial facies
association)

Very coarse- to medium-grained
sandstone
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (scale 0.2-0.5 m)
Normal grading
Moderate sorting
Moderate rounding
Erosive or sharp base and
gradational top to overlying

d facies

1-3 m bed thickness
Channel geometry (thins laterally
0 zero within 30 m)

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Fluvial sandstone channel-fill

Fine- to medium-grained channel
sandstone facies

(Sand-rich braided fluvial facies
association)

Fine- to medium-grained
sandstone
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (scale 0.02-0.2 m)
Climbing ripple lamination
Normal grading

Moderate sorting

Moderate rounding

Asymmetric ripples (wavelength
0.05-0.1 m, amplitude 0.01-0.015
m

Parallel lamination
Gradational base over underlying
facies and sharp top

0.3-1 m bed thickness making up
the top of the channel sandstone
unit

Channel geometry

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Fluvial sandstone channel-fill




I facies association

Minor fluvial ck
Gravel- to small pebble-grade lag
facies

(Sand / silt fluvial facies
association)

Gravel- to small pebble-grade
conglomerate

Dark red / brown in colour
Clast compositions are
intrabasinal medium-grained
siltstone facies

Clast-suppol

Normal grading

Moderate sorting

Moderate rounding

Erosive base with incision up to
0.2 m into the underlying
siltstone and sharp or gradational
top to facies

0.05-0.15 m bed thickness
making up the base of the channel
sandstone unit

Channel geometry

No evidence of body or trace
fossils

Erosive lag facies deposited at
base of fluvial channel (not
always present)

Clasts are intrabasinal rip-up clasts
of underlying siltstone

Coarse- to medium-grained
channel] sandstone facies
(Sand / silt fluvial facies
association)

Coarse- to medium-grained
sandstone
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (scale 0.2-0.5 m)
Normal grading

Mo(}emn sorting

1-2 m bed thickness
Channel geometry (thins laterally
to zero within 50-100 m)

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Sandstone channel-fill

Fine- to very fine-grained channel
sandstone facies

(Sand / silt fluvial facies
association)

Fine- to very fine-grained
sandstone
Dark red / brown in colour

Trough and plana:mbular Cross-
bedding (scale 0.02-0.2 m)

Moderate rounding
Asymmetric ripples (wavelength
0.05-0.! m, amplitude 0.01-0.015

m)

Parallel lamination

Gradational base over underlying
facies and sharp top

0.2-0.5 m bed thickness making
up the top of the channel
sandstone unit

Channel geometry

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Sandstone channel-fill

Medium-grained red siltstone

facics
(Sand / silt fluvial facies
association)

Medium-grained siltstone
Dark red / brown in colour

Massive

Rare paralie] lamination
Gradational base and incised top
due to overlying sandstone
channel

1-10 m bed thickness
Sheet geometry

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Background interfluve floodplain
siltstone deposition

Fine- to medium-grained mottled
sandstone facies

(Sand / silt fluvial facies
association)

Fine- to medium-grained
sandstone

Brown to red in colour with
characteristic mottling due to
calcareous concretions

Tops of thicker beds have
bleached appearance

Load structures in lower half of
bed

Abundant calcareous (carbonate
and siderite) nodules concentrated
in upper half (>50%)

Organic woody material and
rootlets concentrated at top
Diffuse and gradational lower
contacts and diffuse to slightly
planar upper contacts

0.3-1 m bed thickness
Sheet geometry

None present

Slow sedimentation rates with
relative clastic starvation and
prolonged high water-table
allowing immature palacosol
development (Mack ez al. 1993)

Overbank facies association

Very fine- to medium-grained, red
sandstone facies

(Sandy crevasse splay facies
association)

Very fine- to medium-grained
sandstone
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (scale 0.02-0.2 m)
Climbing ripple cross lamination
Normal grading
Moderate sorting
Moderate rounding
Asy ic ripples ( gl
0.05-0.1 m, ampliude 0.01-0.015

1, h

Paralle] lamination

Sharp to slightly erosive base
over underlying facics and sharp
top

0.1-0.5 m bed thickness
Single-storey
Sheet and rare channel geometry

Small pieces of wood and plant
debris

Deposition by waning flow from
an overbank crevasse splay




Medi to coarse-grained, red

Medi to coarse-grained

siltstone facies
(Sandy crevasse splay facies
association)

siltstone
Dark red / brown in colour

Massive
Rare parallel or wavy lamination
Gradational base and top

0.3-2 m bed thickness
Sheet geometry

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Last stages of crevasse splay and
standing water floodplain
deposition between crevasse
splays

Medium-grained, red siltstone
facies

(Floodplain siltstone facies
association)

Medium-grained siltstone
Dark red / brown in colour

Massive

Rare parallel lamination
Rare small adhesion ripples
(wavelength 0.05-0.1 m,
amplitude 0.01-0.015 m)
Gradational base and top

1-10 m bed thickness
Sheet geometry

Rare continental vertebrate and
invertebrate fossils as well as plant
debris (Chong 1973b; Chong
1973a)

Floodplain siltstone deposition
some distance from the fluvial
channel area

Lacustrine siltstone facies association

Fine- to medium-grained red
siltstone facies
{Lacustrine facies association)

Medium-grained siltstone
Dark red / brown in colour

Massive

Parallel lamination

Rare wavy lamination
Gradational base and top

1-10 m bed thickness
Sheet geometry

Freshwater molluscs as well as
plant debris (Chong 1973b;
Chong 1973a)

Subaqueous deposition in an area
of floodplain ponding

Fine- to medium-grained green
siltstone facies
(Lacustrine facies association}

Medium-grained siltstone
Pale to dark green in colour

Massive

Parallel lamination

Rare wavy lamination
Gradational base and top

1-10 m bed thickness
Sheet geometry

Freshwater molluscs as well as
plant debris (Chong 1973b;
Chong 1973a)

Subaqueous deposition in an area
of floodplain ponding where
reducing conditions indicate a
lack of any subaerial influence




Chapter 4 Depositional Environments

4.3.6 Lacustrine siltstone facies association

Description -

This association consists of alternating fine- to medium-grained, red and green siltstone facies which
are massive or finely laminated (Table 4.1). The distinctive green siltstone facies are markedly finer-
grained and different in appearance to any of the red floodplain siltstone facies (Fig. 4.17). They are
dominated by a fine paralle] lamination with rare wavy lamination. Chong (1973) has noted
freshwater molluscs from certain horizons. The fine-grained red siltstone facies are similar in
appearance to the green siltstone facies with fine parallel lamination and rare wavy lamination (Fig.

4.17).

Interpretation

Although there is no evidence for thick accumulations of well developed lacustrine deposits, there are
criteria allowing the distinction of localised floodplain ponding. The fine- to medium-grained, red and
green siltstone facies are finer-grained and differ in colour from the floodplain siltstone facies (Fig.
4.17). Besley & Turner (1983) discuss how green coloured siltstones may indicate reducing
conditions, relative to the surrounding red, subaerial floodplain, which is a highly oxidising
environment. The presence of freshwater molluscs indicates prolonged periods of shallow subaqueous
ponding. The red/green siltstones are thought to represent sub-aqueous, freshwater siltstones deposited

in an area of shallow water floodplain ponding.

4.3.7 Continental clastic Facies Model

The continental clastic deposits of northern Chile have been shown to include a wide variety of
different facies associations from fan-deltas through two distinct fluvial environments to alluvial fans.
The continental setting from Late Triassic-Early Cretaceous times appears to have been typically
warm to sub-tropical with moderate vegetation cover and faunal diversity (Chapter 2). The rainfall
was seasonal with deposits more typical of ephemeral flood events rather than continuous
sedimentation. This observation is supported by the apparent lack of lateral accretion structures. The
distinct lack of coal deposits and mature paleosols may be due to the high aridity and oxidising nature
of the environment. The continental clastic depositional mode! is based on the integration of
temporally and spatially distinct facies and facies associations and does not represent active deposition
in all the environments at a particular time (Figs 4.1 and 4.18). The depositional model is modified

through time by changing accommedation space and sediment supply, discussed in Chapter 5.
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Chapter 4 Depositional Environments

4.4 Shallow-marine siliciclastic ramp facies
description

A succession of offshore siltstone, shoreface sandstone and foreshore facies associations have been
interpreted to represent a genetically-linked shallowing-upward profile and hence, siliciclastic-ramp
parasequence (Figs 4.19 and 4.20). Sheet-geometry sandstones form a typical succession of
depositional facies (Table 4.2), sedimentary structures (storm- and wave-dominated), ichnofacies
(Skolithos and Cruziana) and body fossils (Aberhan, 1993a; 1993b) characterising a shallow-marine
depositional environment (Fig. 4.19). Overlying erosionally-based, fining-upward sandstone channel-
fills are interpreted as marginal-marine deltaic/estuarine deposits displaying both a fluvial and shallow-
marine character (Fig. 4.19). The deltaic/estuarine deposits of different depositional architecture and

hence interpreted to be genetically-unrelated to the underlying sheet-geometry shoreface deposits (Figs
4.19 and 4.20).

4.4.1 Estuarine facies association

Description

The 1.5-3 m thick sandstone beds are erosively-based with a channel geometry which thins laterally to
zero within 50-100 m. Each bed is normally-graded from coarse- or very coarse-grained sandstone
facies to fine- to medium-grained sandstone facies, often with a gravel to fine pebble lag at the base
(Table 4.2). Each unit displays a characteristic series of internal structures, with the lower, coarse-
grained sandstones containing large, 0.2-0.3 m scale trough cross-bedding, followed by climbing
ripple cross-lamination and asymmetric ripple structures, with the fine-grained top of the series
displaying symmetric ripples, rare parallel lamination and vertical bioturbation (Figs 4.21 and 4.22).
The small, 1 cm, vertical burrows are Skolithos (Fig. 4.22). The upper fine- to medium-grained
sandstone facies commonly have mud and silt drapes on the symmetric ripples and trough cross
bedding with isolated sandy wave trains and flaser bedding within muddy siltstone (Fig. 4.22).
Yellow to pale brown, fine-grained algal limestone facies range in bed thickness from 0.1-0.5 m with
wavy or parallel lamination and small bivalve fossils (Table 4.2). A distinctive 0.2-0.5 m thick, red
to brown, fine- to medium-grained mottled sandstone facies contains abundant, greater than 50%,
carbonate and sideritic nodules and evidence of smal! rootlets (Table 4.2). The beds have a sheet
geometry and the abundance of both concretions and rooting increases upwards through the bed.
Upper bounding surfaces are diffuse to slightly planar while lower contacts are diffuse and gradational.

The tops to some of the thicker beds have a bleached appearance.

Interpretation

The normally-graded sandstone beds are interpreted as discrete channel fills with trough cross bedding.
climbing ripple cross-lamination and asymmetric ripples, indicating unidirectional current processes.
The fine- to medium-grained sandstone facies of the channel tops is dominated by symmetric ripptes

and Skolithos bioturbation, interpreted to represent shallow-marine reworking (Table 4.2, Fig. 422).
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calcareous nodules indicating
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trough cross bedding

Medium-grained purple sandstone with
abundant trough cross bedding
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abundant wave ripples and small
Skolithos burrows

100 m
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An estuarine interpretation is supported by the abundance of mud and silt drapes on wave ripples and
trough cross bedding as well as the presence of flaser bedding, features characteristic of a tidally-

influenced estuarine environment (Fig. 4.22).

4.4.2 Shoreface facies association

Description

The sharp to erosively-based, medium- to very coarse-grained sandstone facies ranges from 0.2-1 m in
bed thickness, with a well developed sheet geometry (Table 4.2). Internally, the sandstones display
trough cross-bedding, symmetrical ripples, wavy and planar lamination, swaley cross-stratification and
rare hummocky cross-stratification (Figs 4.23 and 4.24). The sandstones are clean, being composed
predominantly of quartz with some feldspar grains. There are abundant examples of 0.01-0.05 m thick
shell lags developed both, at the base and within beds. The sandstones have a well developed trace
fossil assemblage (Fig. 4.24), including Skolithos, Planolites Palaeophycus, Thalassinoides and
Ophiomorpha, described by Fernandez-Lopez et al. (in press). The marine body fossil assemblage
includes bivalves (Gryphaea, Exogyra, Myophorella, Pholadomya, Trigonia, Astarte, Vaugonia),
gastropods (Pseudomelania, Trachynerita), solitary corals (Montlivaltia), colonial corals
(Microphyllia, Isastrea, Dendrastrea, Actinastrea), brachiopods, belemnites and echinoids, seen in both
life position and death assemblage (Fernandez-Lopez er al.in press). The sandstone beds are
amalgamated with sharp to erosive bed contacts and little silt-grade material present (Fig. 4.24).
Closely associated with the amalgamated sandstones are interbedded units of 0.2-0.5 m thick fine- to
very coarse-grained hummocky-cross-stratified sandstone facies and 0.2-0.4 m thick medium-grained
calcareous siltstone facies (Figs 4.25 and 4.26). The sandstone beds are erosively-based with a sheet
geometry and flat or undulose top surfaces (Fig. 4.25). The sandstone bodies have a large lateral
extent of greater than 100 m, indicative of a predominately tabular nature. However, lateral
termination of beds is also observed, where sandstone beds thin rapidly over 2 m and pinch out into
siltstones (Fig. 4.26). Internally, the sandstones display hummocky-cross-stratification, swaley-cross-
stratification and symmetrical ripples, with a high content of shell debris in the form of bivalve,
brachiopod and oyster fragments (Fig. 4.26). The shell debris is distributed throughout the bed and
commonly concentrated into a shelly lag at the base of the bed. Some of the sandstone beds contain
small vertical burrows of Skolithos. The medium-grained siltstone facies are calcareous in nature
with rare parallel lamination and Scolicia bioturbation in the form of well developed horizontal

feeding burrows formed by gastropods (Fig. 4.26).

Interpretation

The array of sedimentary structures described above are all typical of a shallow-marine wave-dominated
environment, an interpretation supported by the body and trace fossil assemblage (Table 4.2). The
subdivision of the shoreface deposits into foreshore, upper, middle and lower shoreface is based on the

relative abundance of different sedimentary structures and trace fossils, reflecting a progressive
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lowering of wave energy (Figs 4.19 and 4.25). These deposits are predominately wave-dominated and
hence are interpreted to have been deposited above the fair weather wave base (Fig. 4.19).

The sandstone facies containing well preserved hummocky- and swaley-cross-stratification are
interpreted as storm-dominated deposits occurring between the fairweather and storm wave bases (Figs
4.19 and 4.26). The sandstone facies are characterised by a tabular nature, lateral termination of beds,
undulatory basal and top surfaces, all features indicative of an oscillatory flow-regime and storm
deposited sandstones (Fig. 4.26). While the hummocky-cross-stratified sandstone facies are interpreted
to represent individual storm events, the interbedded siltstone facies are interpreted to represent the

fine-grained nature of the fairweather sedimentation (Fig. 4.25).

4.4.3 Offshore siltstone facies association

Description

The 1-10 m thick fine- to medium-grained calcareous siltstone facies is either massive or parallel
laminated and pale grey to yellow in colour (Table 4.2). Rare intercalated beds of 0.1-0.5 m thick
fine-grained calcareous sandstone facies have sharp to slightly erosive bases and sharp tops, displaying
poorly developed wavy and parallel lamination (Table 4.2). The sandstones and siltstones contain
abundant ammonites, with some bivalve and brachiopod fossils. The jet black, very fine- to fine-
grained siltstone facies is usually massive with rare parallel lamination (Table 4.2). The silts are
commonly poorly cemented or unconsolidated with abundant ammonite and rare bivalve and

brachiopod fossils. When freshly broken, the black siltstones give off a strong sulphurous smell.

Interpretation

On the basis of their fine-grained nature and faunal content, the siltstone and intercalated fine-grained
sandstone facies are interpreted to indicate low siliciclastic sediment input with the thin sandstones
representing rare, large storm-events or low concentration turbidity currents deposited in an offshore
setting. The presence of ammonite, bivalve and brachiopod fauna support the interpretation of an
offshore marine environment. The very fine-grained nature of the siltstone facies, black colour and
sulphurous smell indicate a high organic carbon content, interpreted to represent low siliciclastic
sediment input and dysoxic to anoxic conditions during deposition (Fig. 4.27). Absolute depths of
black shale formation remain poorly understood (Wignall & Maynard, 1993), with estimates varying
by an order of magnitude from a few tens to hundreds of metres (Hallam, 1967a; 1967b; Wignall,
1991). Thick black shales may form all or part of a sequence in distal marine settings where the water
is deep as a result of rapid sea-level rise and/or high subsidence rates (Wignall & Maynard, 1993).
These occurrences are adequately explained by the puddle model (Hallam & Bradshaw, 1979; Wignall,
1991). Thin black shales which extend from basinal into marginal settings fall into two categories,
basal transgressive black shales and maximum flooding surface black shales (Wignall & Maynard,
1993). The Lower Toarcian Jet Rock of northern England provides an example of early transgressive
black shales, while the Late Carboniferous (Pennsylvanian) of northern England contains black shales

associated with both early transgression (as in the Jet Rock example) and also maximum flooding
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Figure 4.23 The Lower Bajocian marine transgression at West Cerro Jaspe is marked by siliciclastic

shoreface deposits overlying Lower-Middle Jurassic fan-delta deposits. Photograph A is a strike view of the
section younging from left to right (east to west) with sheet geometry Lower Bajocian siliciclastic shoreface
deposits overlying Lower-Middle Jurassic fan-delta deposits. The shoreface deposits are overlain by a 40 m

thick dark green submarine lava. Photograph B displays the four shoreface parasequences underlying the lava
(Figure 4.24).
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The relationship between mudrock facies and oxicity-anoxicity, faunal and
organic matter content (Tucker 1991).




Offshore transition storm deposits Offshore anoxic black shales

Figure 4.28 The shallow-marine siliciclastic ramp facies model is constructed from an analysis of
temporally and spatially distinct facies associations which have been integrated to represent the linkage of
contemporaneous depositional environments.




Table 4.2

Summary facies table describing all the shallow-marine siliciclastic ramp-margin lithofacies found in northern Chile in terms of lithology and

grain-size, sedimentary structures and bounding surfaces, thickness and geometry, and body and trace fossils, followed by a process interpretation.
Shallow-marine siliciclastic facies description

Facies and Facies
Association

Lithology and Grain
Size

Structures and
Bounding Surfaces

Thickness and
Geometry

Body and Trace
Fossils

Process
Interpretation

Estuarine facies association

Gravel- to small pebble-grade lag

facies
(Estuarine facies association)

Gravel- to small pebble-grade
conglomerate

Dark red / brown in colour
Clast compositions are

i inal fine- to i
grained sandstone facies

Clast-supported
Normal grading
Moderate sorting
Moderate rounding
Erosive base with incision up to
0.2 m into the underlying
sandstone and sharp or
d: ] top to facies

0.1-0.3 m bed thickness making
up the base of the channel
sandstone unit

Channel geometry

No evidence of body or trace
fossils

Erosive lag facies deposited at
base of fluvial channel (not
always present)

Very coarse- to medium-grained
channel sandstone facies
(Estuarine facies association)

Very coarse- to medium-grained
sandstone
Dark red / brown in colour

Trough and planar-tabular cross-
bedding (scale 0.2-0.5 m)
Siltstone or mudstone draping of
foresets is common

Normal grading

Moderate sorting

Moderate rounding

Erosive or sharp base and
gm!aticna] top to overlying

facies

1-3 m bed thickness
Channel geometry (thins laterally
to zero within 50-100 m)

Rare vertical bioturbation
(skolithos) as well as plant debris
(Chong 1973b; Chong 1973a)

Fluvial sandstone channel-fill

WMad

to finc-grained of T
sandstone facies
(Estuarine facies association)

Fine- to medium-grained
sandstone
Dark red / brown in colour

(-

Trough and planar- Cross-
bedding (scale 0.02-0.2 m)
Climbing ripple lamination

Moderate rounding

Asymmetric ripples (wavelength
0.05-0.1 m, amplitude 0.01-0.015
m)

h

Sy ic ripples (wavelengl
(S)S-O.l m, amplitude 0.01-0.015
Wavy lamination

Parallel lamination

Gradational base over underlying
facies and sharp top

0.3-1 m bed thickness making up
the top of the channel sandstone
unit

Channel geometry

Abundant vertical bioturbation
(skolithos) as well as plant debris
(Chong 1973b; Chong 1973a)

Fluvial sandstone channel-fill
which has undergone wave-
reworking

Algal laminated limestone facies
(Estuarine facies association)

Fine-grained micritic limestone
Yellow to pale brown in colour

Millimetre-scale parallel (mat) and
ds (str litic)

0.1-0.5 m bed thickness
Sheet geometry (>200 m lateral

Stromatolites and algal mat

Thin periods of clastic starvation

convex-up limestones (base-level rise) with encroachment
laminations continuity) Rare small bivalve fossils of very shallow marginal marine or
_ _ Sharp base and top to bed lagoonal environments
Fmed-s to m?dn.lm-grmncd mottled Fine- to medium-grained Load structures in lower half of 0.3-1 m bed thickness None present Slow sedimentation rates with
sandstone facies

(Estuarine facies association)

sandstone

Brown to red in colour with
characteristic mottling due to
calcareous concretions

Tops of thicker beds have
bleached appearance

bed

Abundant calcareous (carbonate
and siderite) nodules concentrated
in upper haif >50%)

Organic woody material and
rootlets concentrated at top
Diffuse and gradational lower
contacts and diffuse to slighdy
planar upper contacts

Sheet geometry

relative clastic starvation and
prolonged high water-table
allowing immature palacosol
development (Mack er al. 1993)




Shoreface facies association

Bioturbated, medium- to very
arse-grained sandstone facies
(Shoreface facies association)

Medium- to very coarse-grained
sandstone
Pale grey in colour

Normal grading

Well sorted and rounded

Clean (silt-free)

Trough and planar-tabular cross-
beddmg (scale 0 1-03 m)

0.05-0.1 m, amphtudc 00]—0015

Wavy lamination

Parallel lamination

Rare hummocky- and swaley-
cross-stratification

Bounding surfaces are sharp to
erosive

Sandstone beds range from 0.2-1
m with a distinctive sheet

geometry

Body fossils

Bivalves, gastropods,
brachiopods, belemnites,
ammonites

Skolithos, ophiomorpha,
diplocraterion, thalassinoides,
arenicolites, palaeophycus,
rhizocorallium, teichichnus,
cruziana, planolites, chondrites

High energy shallow-marine
sandstones deposited
predominately by wave processes
with rare storm beds

Hummocky- and swaley-cross-
stnuf cation
ic ripples h

ples (wa
0.05-0.1 m, amplitude 001.0015

Wavy lamination

Parallel lamination

Bounding surfaces are sharp to
erosive

distinctive wavy form while the
upper bounding surface is flat or
wavy

Skolithos, ophiomorpha,
diplocraterion, thalassinoides,
arenicolites, palaeophycus,
rhizocorallium, teichichnus,
cruziana, planolites, chondrites

Fine- to very coarse-grained Fine- to very coarse-grained Normal grading Sandstone beds range from 0.1- Body fossils High gy sand: d d
sandstone facies sandstone Well sorted 0.8 m with a distinctive sheet Ammonites, bivalves, gastropods, dunng a single storm event
(Shoreface facies association) Pale grey in colour Well rounded geometry brachiopods, belemnites

Clean (silt-free) The lower bounding surface has a | Trace fossils

Med: T

ained

Mod: T al

siltstone ?acxes
(Shoreface facies association)

siltstone
Pale grey /yellow in colour

Massive
Rare parallel lamination
Gradational base and top

Sandstone beds range from 0.1-
0.8 m with a distinctive sheet

geometry

bivalves, g pods,

brachlopods, belemnites

Heavy bioturbation similar to that
seen in the interbedded Fine- to
very coarse-grained sandstone
facies but the preservation
potential is markedly less

Low-energy siltstone d:é)osilcd
during fairweather peri
between storm events

Offshore_calcareous :dt:toLLule: association

Fine-grained cal

e ed

Fine- to

facies
(Offshore calcareous siltstone
facies association)

calcareous sandstone
Pale grey /yellow in colour

Massive
Rare paraliel or wavy lamination
Sharp base and top

Sandstone beds range from 0.1-
0.5 m thick with a distinctive
sheet geometry

Ammonites, bivalves

Sandstone deposited during major
storm or by distal turbidity current

Fine- to medium-grained
calcareous siltstone facies
(Offshore calcareous siltstone
facies association)

Fine- to medium-grained
calcarcous siltstone
Pale grey /ycllow in colour

Massive
Rare paralle! lamination
Gradational base and top

Siltstone beds range from 1-10 m
with a distinctive sheet geometry

Ammonites, bivalves

Rare bioturbation but difficult to
identify duc to weathering

B )

Lo By si posi
in a fully marine oxygenated
environment

Very fine- to fine-grained black

Very fine- to fine-grained

Massive

Slltsmne  beds range from 1-10 m

Low-energy siltstone deposition

siltstone facies calcareous siltstone Rare parallel lamination with a d ve sheet g y | A i bivalves in a fully marine anoxic
(Offshore calcareous siltstone Black in colour Gradational base and top Trace fossils environment
facies association) Nosne noted
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(Wignall & Maynard, 1993). Both these areas provide analogues to the Lower Toarcian and Lower-
Middle Oxfordian of northern Chile where the black shale facies are interpreted to represent early

transgressive black shales and maximum flooding surface black shales.

4.4.4 Shallow-marine siliciclastic ramp facies model

The shallow-marine siliciclastic ramp deposits of northern Chile have been shown to include a wide
variety of different facies associations from offshore black shale through offshore transition and
shoreface to estuarine deposits (Fig. 4.19). The marine siliciclastic depositional model is based on the
integration of temporally and spatially distinct facies and facies associations and does not represent
active deposition in all the environments at a particular time (Fig. 4.28). The depositional model is
modified through time by changing accommodation space and sediment supply. discussed in Chapter
5. Although the fairweather and storm processes are well defined and produce distinct facies
associations, it is difficult to quantify the depth ranges and widths of particular facies belts (Figs 4.20
and 4.25). These values are heavily dependant on the wave energy and coastal bathymetry of the
basin. On the basis of a typical siliciclastic ramp parasequence from the Book Cliffs in North
America the depths for fairweather and storm wave bases have been estimated on the assumption that
the parasequence records progradation with no aggradation (Figs 4.29) (J. Howell pers. comm., 1996).
The mean depths for fairweather and storm wave-base are 21.5 m and 35.5 m, respectively. This
method cannot be applied to the parasequences seen in the Domeyko basin because a single complete
shallowing-upward succession from offshore to non-marine facies is not preserved. The depth of the
marine siltstone and anoxic black shale facies are also difficult to quantify due to their lack of
structures and benthic fauna, possibly occurring at shallow depths if the mixed layer is at shallow
levels (P. Turner pers. comm., 1994). Their close association with thin wave-rippled sandstones and
bioclastic limestones supports the interpretation of relatively shallow depths of deposition associated

with early transgressive black shales and maximum flooding surface black shales.
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4.5 Shallow-marine carbonate ramp facies
description

A succession of offshore lime mudstone/wackestone and shoreface limestone facies associations have
been interpreted to represent a genetically-linked shallowing-upward profile and hence, carbonate ramp
parasequence (Figs 4.30 and 4.31). Overlying marginal-marine lagoonal limestones and sabkha
evaporitic facies are separated from the fully marine limestones by regionally extensive surfaces, and
hence, are interpreted to be genetically-unrelated (Fig. 4.30). Internal sedimentary structures observed
in the shoreface limestone deposits are analogous to those of the shoreface sandstone deposits
indicating that similar wave- and storm-processes controlled carbonate sediment accumulation, with
the principle difference being availability of siliciclastic or carbonate sediment (Table 4.3). During
periods of restricted siliciclastic sediment input it is interpreted that the siliciclastic-ramp was replaced
by a carbonate ramp setting (Fig. 4.31).

The carbonate ramp facies description includes evaporite deposits where precipitation takes place in a
range of shallow- to deep-water environments during periods of increasing aridity (Tucker, 1991a;
Kendall, 1992). The majority of the world’s thickest and most extensive evaporite successions were
precipitated in intracratonic basins, which were separated from the world ocean by some barrier
(Tucker, 1991b). Examples include the Zechstein, Williston-Elk Point, Michigan, Paradox,
Delaware, Moscow and Siberian basins. Once relative sea-level has dropped below the height of the
barrier (as a result of global sea-level fall or tectonic uplift of the barrier) to cut off the basin totally,
then the basin may drawdown very quickly through evaporation (Tucker, 1991b). Global sea-level
may only need 1o rise several metres to overtop the barrier and replenish the brines. In terms of
sequence stratigraphical models for carbonate-evaporite basins, two principle types can be
distinguished depending on the degree of drawdown (Tucker, 1991b): model 1, incomplete drawdown,
giving marginal gypsum wedges and basinal laminated gypsum, and model 2, complete drawdown,
giving halite basin-fills. The Jurassic evaporite facies of the Domeyko basin, and other South

American basins, are interpreted to form by a similar silling process where the barrier is the subaerial

Jurassic volcanic arc to the west.

4.5.1 Sabkha evaporite facies association

Description

The evaporites are composed of fine- to medium-grained gypsum with rare anhydrite and significant
amounts of carbonate and terrigenous clastic impurities on the basis of petrographic analysis. In hand
specimen the impurities give the evaporites a dirty red/brown colour as opposed to the clean white
colour associated with pure gypsum and anhydrite. The impurities are concentrated along a network of
veins, resuiting in the formation of the classic chicken-wire texture. In some cases, tepee structures
and small desiccation cracks (0.05-0.1 m in diameter) can be observed on the surfaces of individual

bedding planes. Towards the base of the evaporite units there are rare 0.01-0.1 m intraclasts of the
underlying limestones.
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A typical siliciclastic ramp parasequence from the Book Cliffs in North America displays a complete shallowing-upward succession from offshore to non-marine facies allowing

the depths for fairweather and storm wave bases to be estimated on the assumption that the parasequence records progradation with no aggradation (J. Howell pers. comm. 1996). This method
cannot be applied to the parasequences seen in the Domeyko basin because a single complete shallowing-upward succession from offshore to non-marine facies is not preserved.
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Chapter 4 Depositional Environments

North Cerro Jaspe example

The Upper Jurassic succession at North Cerro Jaspe provides an example of Oxfordian-Kimmeridgian
aged evaporite facies (Fig. 4.32). The sharp-based evaporite facies abruptly overlie Oxfordian marine
siltstones with abundant ammonite fauna (Perisphinctes), indicating normal salinity marine
conditions. In thin section, the lower evaporite facies are predominately composed of gypsum with
significant amounts of carbonate and terrigenous clastic impurities (Fig. 4., HGW47, 48, 49, 50 and
51). Midway through the evaporite unit are two thin beds of fine-grained siltstone and oolitic
sandstone, 0.3 and 0.5 m thick respectively. In thin section, the overlying evaporite unit is found to
contain small clasts of the underlying oolitic sandstone, ooids and calcareous red algae (Fig. 4.32,
HGW354). The evaporite unit is overlain by fine-grained bioclastic limestone containing abundant

Exogyra virgula of Kimmeridgian-Early Cretaceous age.

Interpretation

On the basis of their high carbonate and terrigenous clastic content resulting in a chicken-wire texture,
the evaporites are interpreted to represent an inter- to supra-tidal marine sabkha setting. The presence
of tepee structures and desiccation cracks indicates evaporation to sub-aerial conditions, commonly
found in the inter-tidal zone. The two thin beds of fine-grained siltstone and oolitic sandstone are
interpreted to represent an influx of normal salinity marine water. This flooding surface is sharp
implying an abrupt flooding with the introduction of ooids, interpreted to represent shaliow-marine
conditions. The presence of reworked oolitic sandstone, ooids and calcareous red algae in the upper
evaporites are interpreted to indicate the influx of marine water (Fig. 4. , HGW54). The overlying
fine-grained bioclastic limestone containing abundant Exogyra virgula is interpreted to represent the
influx of marine water and the re-establishment of normal salinity marine conditions, recorded as a
flooding event. On the basis of reworked oolitic sandstone, ooids and calcareous red algae within the
evaporites and their close association with adjacent marine siltstones, oolitic sandstones and bioclastic
limestones, a shallow-marine origin is interpreted. Therefore, an incomplete drawdown model is
proposed, whereby sabkha and reworked evaporites form marginal gypsum wedges around the
periphery of a silled basin, periodically replenished by an influx of normal salinity seawater. An arid

climate implies that there will be little dilution of the brines from freshwater river discharge.

4.5.2 Lagoonal carbonate facies association

Description

There are several distinct limestone facies developed including algal laminated limestone, algal oncoid
limestone, monospecific bivalve-rich limestone and crinoid debris limestone facies (Table 4.3). The
algal laminated limestones are fine-grained and micritic in nature, ranging from grey to yellow and
pink in colour (Table 4.3, Fig. 4.33). They display a distinctive fine millimetre-scale lamination
which is commonly flat (mat) and only rarely mounded (stromatolitic) (Fig. 4.33). Hardy &

Ginsburg (1977) noted that a fine millimetre-scale lamination is common of intertidal zones and
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associated with a fenestral fabric (Fig. 4.33). The algal lamination is commonly highlighted by
colour alternation and picked out on the weathered surface, as seen at Quebrada Honda (Fig. 4.33).
The 0.1-0.5 m thick algal oncoid limestone facies is composed of abundant 0.001-0.01 m algal
oncoids which are cigar-shaped or rarely round (Table 4.3, Fig. 4.33). The beds can be traced laterally
for greater than 400 m indicating a sheet geometry (Fig. 4.11). An abundant stunted monospecific
bivalve assemblage characterises the monospecific bivalve-rich limestone facies which is grey in
colour with sheet geometries (Table 4.3). The 0.05-0.1 m thick crinoid debris limestone facies is

composed of yellow to pale brown parallel and wavy laminated limestone facies with abundant broken

crinoid debris (Table 4.3).

Interpretation

The algal laminated limestone facies is interpreted to represent low-energy deposition in a shallow
marginal marine or muddy lagoonal setting on the basis of the fine algal mat and stromatolite
laminations (Fig. 4.33). The algal oncoliths are indicative of an intertidal zone where the coated
grains are rolled around causing their continued growth by the snowballing mechanism, first noted by
Gebelein (1976) and later described by Jones & Goodbody (1985) (Fig. 4.33). Golubic & Fischer
(1975) describe how the asymmetric geometry of the oncoids indicates that they are formed in a
relatively low-energy environment such as a lagoon, as opposed to the higher energy shoreface. In the
case of the monospecific bivalve-rich limestone facies, an abundant stunted monospecific bivalve
assemblage is characteristic of a marginal marine to lagoonal environment where hypersaline
conditions control faunal development. The crinoid debris limestone facies is rare, characterised by a
coarser grain size, sharp to slightly erosive base and shell or crinoid debris, interpreted 0 result from
storm-related floods into the lagoon. However, the flood breaches are rare, indicating that the deposits
occur in an intertidal to supratidal setting and limestone aggradation rates were relatively rapid. The
lagoonal carbonate deposits of northern Chile are temporally and spatially restricted to the Late

Jurassic-lowest Cretaceous, post Oxfordian/Kimmeridgian evaporites, marking the marine regression
between 21°-24°S.

4.5.3 Limestone shoreface facies association

Description

The 0.2-2 m thick, dark grey bioclastic limestone facies has a brown weathering colour and is micro-
sparry to sparry in nature with abundant bioclastic material (Table 4.3, Figs 4.25 and 4.34). The
bioclastic material includes shell fragments of bivalves, brachiopods, gastropods, belemnites and
oysters, along with solitary corals and rare ammonite fragments (Fig. 4.34). All the constituent
bioclastic material shows clear evidence of reworking (Fig. 4.34). In several cases, the lowest few
limestone beds contain abundant intraclasts of the underlying porphyritic volcanic rock (Table 4.3).
The oolitic limestone facies is composed of well developed spherical oolites from 1-3 mm in diameter
with a sparry calcite pore filling matrix no evidence of lime mudstone (Table 4.3). There are 1o

apparent intemal structures preserved and the limestone has a brown weathered appearance. The oolitic
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Figure 4.33 Photograph A: Algal laminated limestone facies from the Kimmeridgian of
Quebrada Honda (Figure 4.11). The limestones range from yellow and grey to pink in colour with
a distinctive millimetre-scale parallel lamination. Pencil for scale. Photograph B: Algal oncoid
limestone facies from the Kimmeridgian of Quebrada San Pedro showing abundant cigar-shaped
algal oncoids. Pencil for scale.
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limestone unit itself ranges from 0.4-2 m in thickness and is laterally extensive over 1000 m at
outcrop (Cerritos Bayos). The coarse-grained calcareous sandstone facies is grey in colour and occurs
in 0.5-2 m thick beds with a sheet geometry, displaying 0.1-0.3 m trough and planar-tabular cross
bedding, symmetric ripples and both wavy and parallel lamination (Table 4.3). The brown limestone
facies is composed of 1-2 m thick beds of pale grey medium-grained grainstone with both wavy and
parallel lamination (Table 4.3). The limestone beds have sharp, undulatory bases and a characteristic
sheet geometry, with abundant bivalve and brachiopod fossils. The grey limestone facies is composed
of 1-2 m thick beds of dark grey fine-grained packstone and wackestone with both wavy and paralle!
lamination (Table 4.3). The limestone beds have sharp bases and a characteristic sheet geometry with
abundant bivalve and brachiopod fossils. In all cases the sheet geometry limestone beds are
amalgamated with little or no silt-grade material present.

Closely associated are interbedded units of 0.2-0.5 m thick fine- to very coarse-grained hummocky-
cross-stratified grainstone facies and 0.2-0.4 m thick medium-grained mudstone facies (Table 4.3).
The grainstone beds are erosively-based with a sheet geometry, flat or undulose top surfaces and a
lateral extent of greater than 100 m, indicative of a predominately tabular nature. However, lateral
termination of beds is also observed, where grainstone beds thin rapidly over 2 m and pinch out into
mudstones. Internally, the grainstones display hummocky-cross-stratification, swaley-cross-
stratification and symmetrical ripples, with a high content of shell debris in the form of bivaive,
brachiopod and oyster fragments. The shell debris is distributed throughout the bed and commonly
concentrated into a shelly lag at the base of the bed. Some of the grainstone beds contain small
vertical burrows of Skolithos. The medium-grained mudstone facies is calcareous in nature with rare
paraliel lamination and Scolicia bioturbation in the form of well developed horizontal feeding burrows
formed by gastropods. The mudstone units contain abundant calcareous concretions which are
spherical or ellipsoidal in shape and range in diameter from 0.05-0.5 m, often concentrated along

particular horizons.

Interpretation

The bioclastic limestone facies contains a high percentage of reworked shell debris with a sparry
(micrite-free) composition and commonly reworking of underlying porphyritic volcanic rock, leading
to the interpretation of a high-energy, shallow-marine foreshore deposit (Fig. 4.34). A transgressive
interpretation is supported by the relatively thin (several metres) nature of these deposits which are
only preserved during periods of marine transgression (Figs 4.25 and 4.34). The oolitic limestone
facies is interpreted as a high-energy shallow-marine shoreface limestone on the basis of a micrite-free
matrix with the apparent lack of coral growth indicating an unsuitable substrate. The coarse-grained
calcareous sandstone facies is interpreted as a high-energy shallow-marine sandstone based on the
presence of trough and planar-tabular cross bedding as well as abundant symmetric ripples, indicating
shallow-marine wave activity (Table 4.3). The brown limestone facies is predominately of grainstone
composition with abundant shallow-marine fauna, indicative of high-energy shoreface deposition

(Table 4.3). The grey limestone facies is composed of fine-grained packstone and wackestone
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limestones with a more muddy micritic matrix indicating a lower-energy depositional setting but still
characteristic of the amalgamated limestone shoreface.

The grainstone facies containing well preserved hummocky- and swaley-cross-stratification are
interpreted as storm-dominated deposits occurring between the fairweather and storm wave bases (Table
4.3,Fig. 4.31). The grainstone facies are characterised by a tabular nature, lateral termination of beds,
undulatory basal and top surfaces, all features indicative of an oscillatory flow-regime and storm
deposited deposits, While the hummocky-cross-stratified grainstone facies are interpreted to represent
individual storm events, the interbedded mudstone facies are interpreted to represent the fine-grained
nature of the fairweather sedimentation (Fig. 4.31). The interbedded grainstone and mudstone facies
occur between the fairweather and storm wave bases and are interpreted as offshore transition storm
deposits in a carbonate ramp setting. The concretions are thought to have formed by early diagenetic
processes during periods of reduced sedimentation where anaerobic conditions developed at, or slightly
below, the sediment surface. The abundance of concretions may be controlied by the length of time
that sedimentation was suppressed and the magnitude of carbonate supersaturation in the anaerobic
zone (Raiswell, 1987). Such conditions are consistent with parasequence flooding surfaces. and

therefore several of the concretionary horizons may reflect parasequence flooding surfaces.

4.5.4 Offshore carbonate mudstone facies association

Description

The 1-10 m thick medium-grained carbonate mudstone facies is either massive or parallel laminated
and pale grey to yellow in colour with abundant calcareous concretions which are spherical or
ellipsoidal in shape and range in diameter from 0.05-0.5 m (Table 4.3). Rare intercalated beds of 0.1-
0.5 m thick fine-grained packstone facies are calcareous in nature, with sharp to slightly erosive bases
and sharp tops. Internally, the packstones have poorly developed wavy and paraliel lamination. The
packstones and mudstones contain abundant ammonite fauna, with some bivalve fauna. Interbedded
0.3-1 m thick jet black mudstone and 0.1-0.5 m thick grey/black, micritic limestone facies are usually
massive with rare parallel lamination and abundant ammonite and bivalve fossils (Table 4.3). When
freshly broken. the shales give off a strong sulphurous smell. The micritic limestone facies is unique
to this facies association, being dark grey to black in colour with a very fine-grained micritic texture
(Table 4.3). The grey weathered surface of the limestone picks out poorly developed wavy and parallel
lamination. The limestone beds themselves have undulatory bases and flat or undulatory tops with a
sheet geometry. The limestones and shales contain abundant ammonite and both articulated and

disarticulated bivalve fossils as well as small shell fragments.

Interpretation

The mudstones and intercalated fine-grained packstones are interpreted to have formed in an offshore
setting where siliciclastic sediment input was low, with the thin packstones representing carbonate
input in the form of rare, large storm-events or low concentration turbidity currents. The presence of

ammonite and bivalve fauna support the interpretation of an offshore marine environment. Abundant
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calcareous concretions indicate slow rates of deposition, as discussed above in Section 4.5.3. The
very fine-grained nature of the mudstone and micritic limestone facies, black colour and sulphurous
smell indicate a high organic carbon content, interpreted to represent negligible siliciclastic sediment
input and dysoxic to anoxic conditions during deposition (Fig. 4.27). Absolute depths of black shale
formation remain poorly understood (Wignall & Maynard, 1993), with estimates varying by an order
of magnitude from a few tens to hundreds of metres (Hallam, 1967a; 1967b; Wignall, 1991). The
black mudstone facies extend from basinal into marginal settings and are interpreted as basal
transgressive black shales and maximum flooding surface black shales, similar to those described for

the offshore siltstone facies association (4.3.3) (Wignall & Maynard, 1993).

4.5.5 Subaqueous evaporite facies association

Description

The subaqueous evaporite facies is almost entirely composed of gypsum with only a small proportion
of anhydrite and negligible carbonate and terrigenous clastic impurities. In hand specimen, this gives
a distinctive clean white appearance to the evaporites, characteristic of pure gypsum, distinguishing
them from the previously described dirty red/brown colour of the sabkha evaporite facies (4.5.1). The
evaporites are poorly bedded on the scale of 0.5-2 m reaching a total thicknesses of 30-150 m, with
sharp lower and upper bounding surfaces. The gypsum has a micro-crystalline amorphous texture,
termed alabaster, which weathers to give a sharp jagged appearance at outcrop. The evaporites appear
to lack a coherent internal structure making the detection of post-depositional deformation and thus,

the measurement of accurate stratigraphical thickness more difficult.

Quebrada San Pedro example

The Upper Jurassic succession at Quebrada San Pedro provides another example of Oxfordian-
Kimmeridgian aged evaporite facies. The sharp-based evaporite facies abruptly overlie Oxfordian
marine siltstones with abundant ammonite fauna, indicating normal salinity marine conditions (Gygi
& Hillebrandt, 1991). In thin section, the lower evaporite facies are predominately composed of
gypsum with small amounts of carbonate and terrigenous clastic impurities while the upper evaporite
facies contain negligible impurities. The evaporite unit is overlain by fine-grained lagoonal limestone
facies (4.5.1) containing abundant oncoids and monospecific bivalve assemblages of Kimmeridgian
age. The overlying lagoonal limestones contain no evidence for subaerial exposure similar to those

noted for the sabkha evaporite facies (4.5.1).

Interpretation

The absence of carbonate and terrigenous clastic impurities within the gypsum gives a clean white
appearance, quite different to the chicken-wire texture of the sabkha evaporite facies. This clean white
appearance is interpreted to indicate the subaqueous accumulation of evaporites from hypersaline
brines, supported by a lack of tepee structures or desiccation cracks. The evaporites at Quebrada San

Pedro are overlain by lagoonal limestone facies and do not record compiete drawdown and desiccation
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of the basin, thus an incomplete drawdown model is proposed similar to that for the sabkha evaporites
(Tucker, 1991b). The incomplete drawdown model suggests sub-aqueous marine evaporites are
precipitated from concentrated brines within a silled basin, periodically replenished by an influx of

normal salinity seawater. An arid climate implies that there will be little dilution of the brines from

freshwater river discharge.

4.5.6 Shallow-marine carbonate ramp facies model

The shallow-marine carbonate ramp deposits of northern Chile have been shown to include a wide
variety of different facies associations from offshore black shale through offshore transition and
shoreface to lagoonal deposits (Fig. 4.30). On the basis of the above temporally and spatially distinct
facies associations it is possible to develop a homoclinal carbonate ramp depositional model. The
carbonate ramp model is similar to that of a siliciclastic ramp (Fig. 4.28) except for the substitution
of carbonate facies (Fig. 4.30). The depositional model is modified through time by changing
accommodation space and sediment supply, discussed in Chapter 5. Although the fairweather and
storm processes are well defined and produce distinct facies associations, it is difficult to quantify the
depth ranges and widths of particular facies belts, as for the siliciclastic ramp deposits.

Upper Jurassic evaporite deposits in northern Chile mark a short duration, but integral event in the
evolution of this basin. The two evaporitic depositional settings are difficult to link genetically, but
must be closely related due to their time equivalence and close vertical stacking relationships. The
incomplete drawdown mode! is based around a silled basin setting, where high evaporation rates
predominated, causing the formation of concentrated saline brines. These brines must be periodically
replenished with sea-water in order to accumulate evaporite units up to 150 m in thickness. Sabkha
evaporites formed at the basin margin while subaqueous basinal evaporites precipitated in the basin
centre. The incomplete drawdown model of Tucker (1991b) is similar to that proposed for the

Messinian evaporites of the Mediterranean, which may provide a realistic analogue (Hsii ez al.. 1977;

Vai & Lucchi, 1977; Butler er al., 1995).
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Table 4.3

Summary facies table describing all the shallow-marine carbonate ramp-margin lithofacies found in northern Chile in terms of lithology and

grain-size, sedimentary structures and bounding surfaces, thickness and geometry, and body and trace fossils, followed by a process interpretation.

Shallow-marine carbonate ramp environment

Facies and Facies
Association

Lithology and Grain
Size

Structures and
Bounding Surfaces

Thickness and
Geometry

Body and Trace
Fossils

Process
Interpretation

Sabkha _evaporite facies association

Sabkha evaporite facies
(Sabkha evaporite facies
association)

Fine- to medium grained gypsum
and anhydrite with significant
amounts of carbonate and
terrigenous clastic impurities

Red / brown in colour

Desiccation cracks (0.05-0.1 m in
diameter)
Tepee structures
Chickenwire texture
At base of unit there are rare intra-
clasts of underlying limestone
Both the basal and upper

g surfaces are sharp

Evaporite beds range from 1-10 m
with a sheet geometry

None

Inter- to supra-tidal marine
evaporites deposited in a sabkha
environment

Oolitic limestone facies
(Sabkha evaporite facies

Sparry limestone
Pale grey in colour

Wavy Tamination
Parallel lamination

0.5 m bed thickness
Sheet geometry

High-energy shallow-marine

ha 0 Abundant oolites, calcarcous red | limestone
association) Sharp bounding surfaces algae

Lag I Jacies iati

Algal laminated limestone facies Fine-grained micritic limestone

(Lagoonal limestone facies
association)

Yellow, pink and pale brown in
colour

Millimetre-scale parallel (mat) and
co -upwards ( litic)
laminations

Sharp base and top to bed

0.1-0.5 m bed thickness
Sheet geometry (>200 m lateral
continuity)

Stromatolites and algal mat
limestones

Thick accumulations of low-
energy, very shallow marginal
marine or lagoonal deposits

Algal oncoid limestone facies
(Lagoonal limestone facies
association)

Fine-grained micritic limestone
Grey in colour

Abundant 0.001-0.01 m algal
oncoids which are lens-shaped or
rarely round

Sharp base and top to bed

0.1-0.5 m bed thickness
Sheet geometry (>200 m lateral
continuity)

Algal oncoids

Low-energy lagoonal deposits
(Lens shape is indicative of low-
energy conditions)

Monospecific bivalve-rich
limestone facies

(Lagoonal limestone facies
association)

Fine d micritic 1

Grey in colour

No evid of Yy
structures
Sharp base and top to bed

0.1-0.5 m bed thickness
Sheet geometry (>200 m lateral
continuity)

Very abundant, stunted,
monospecific bivalve assemblage

Low-energy, very shallow
margmal marine or 1agoonal

its (Monospecific,
assemblage is indicative of
marginal marine-hypersaline
conditions)

Crinoid debris limestone facies
(Lagoonal limestone facies
assocnation)

Fine-grained micritic limestone
Yellow and pale brown in colour

Paralle]l and wavy laminations
Sharp to slightly erosive base and
sharp top to bed

0.05-0.1 m bed thickness
Sheet geometry

Abundant broken crinoid debris

High-energy wash-over of crinoid
debris into lagoonal

Slwrejau tone facies

Biocl with vol Sparry li with small Massive limestone with clast- and 0.2-2 m bed thickness Body fossils High-energy shallow-marine
clasts fac:es_ . pebble- to boulder-grade (0.05- matrix-supported clasts of Sheet geometry bivalves, brachiopods, limestone reworking underlying
(Shoreface limestone facies 0.5 m diameter) clasts of porphyritic lava gastropods, belemnites, oysters, lava

association) porphyritic lava ’ : .

Pale grey in colour

Sharp to erosive base and sharp
top

solitary corals and rare ammonite

Bioclastic limestone facies

4

(Shoreface limestone facies
association)

Sparry limestone
Pale grey in colour

Massive
Sharp to erosive base and sharp
top

0.2-2 m bed thickness
Sheet geometry

Body fossils

bivalves, brachiopods,
gastropods, belemnites, oysters,
iolimry corals and rare ammonite

High-energy shallow-marine
limestone

Oolitic limestone facies
(Shoreface limestone facies
association)

Sparry limestone
Pale grey in colour

Trough and planar-tabular cross-
bedding (scale 0.1-0.3 m)
Symmetric ripples (wavelength
0.05-0.1 m, amplitude 0.01-0.015
m

Wavy lamination
Parallel lamination

Sharp bounding surfaces

0.2-2 m bed thickness
Sheet geometry

Abundant oolites, bivalves,
gastropods, brachiopods,
belemnites

High-energy shallow-marine
limestone




Coarse-grained calcareous
sandstone facies

Coarse-grained calcareous
sandstone

Trough and planar-tabular cross-
bedding (scale 0.1-03 m)

0.5-2 m bed thickness
Sheet geometry

No evidence of body or trace
fossils

High-energy sandy platform
sandstone with very low
mudstone content

(Shoreface limestone facies Grey in colour Sy npples_( length
association) 2;)05-0.1 m, amplitude 0.01-0.015
Wavy lamination
Parallel larnination
Sharp bounding surfaces .
Brown limestone Medium-grained grai Wavy lamination 1-2 m bed thickness High-energy sandy platform
(Shoreface limestone facies limestone Parallel lamination Sheet geometry Abundant bivalves and lm'le(slo(ne with very low mudstone
contenl

association)

|

Sharp bounding surfaces

Brown in colour when
and pale grey on a fresh surface

brachiopods

Grey limestone
(Shoreface limestone facies
association)

Fine-grained packstone to
wackestone limestone

hapad

Wavy lamination
Paralle! lamination
Sharp bounding surfaces

Grey in colour when
and dark grey on a fresh surface

1-2 m bed thickness
Sheet geometry

Abundant bivalves and
brachiopods

Low-energy platform limestone
with mudstone content

Grainstone limestone facies
(Shoreface limestone facies
association)

Fine- to coarse-grained grainsione
limestone
Pale grey / yellow in colour

Normal grading

Well sorted

Well rounded

Clean (mud-free)

Hummocky- and swaley-cross-
stratification

Symmetric ripples (wavelength
0.05-0.1 m, amplitude 0.01-0.015
m)

Wavy lamination

Paralle! Jamination

Bounding surfaces are sharp to
erosive

Limestone beds range from 0.1-
0.8 m with a distinctive sheet
geometry

The lower bounding surface has a
distinctive wavy form while the
upper bounding surface is flat or
wavy

A i bivalves, g pods,
brachiopods, belemnites

Skolithos, ophiomorpha,
diplocraterion, thalassinoides,
arenicolites, palacophycus,
thizocorallium, teichichnus,
cruziana, planolites, chondrites

High-energy grainstone deposited
during a single storm event

Wackestone limestone facies
(Shoreface limestone facies
association)

Y PeH

grained wack
limestone
Pale grey /yellow in colour

Massive
Rare parallel lamination
Gradational base and top

Wackestone beds range from 0.1-
0.8 m with a distinctive sheet
geometry

Ammonites, bivalves, gastropods,
brachiopods, belemnites

Heavy bioturbation similar to that
seen in the interbedded grainstone
limestone facies but the
preservation potential is markedly
less

Low-energy wackestone deposited
during fairweather periods
between storm events

pry 7.

Offshore

Jacies

Fine-grained packstone facies
(Offshore ¢ nate mudstone
facies association)

Fine- to medium-grained
packstone
Pale grey /yellow in colour

Massive
Rare paralle! or wavy lamination
Sharp base and top

Packstone beds range from 0.1-
0.5 m thick with a distinctive

sheet geometry

Ammonites, bivalves

sited during major
istal turbidity current

Packstone de
storm or by

Calcareous mudstone facies
(Offshore carbonate mudstone
facies association)

Medium-grained calcareous
mudstone
Pale grey /yellow in colour

Massive
Rare paraliel lamination
Gradational base and top

Mudstone beds range from 1-10 m
thick with a distinctive sheet
geometry

Ammonites, bivalves

Rare bioturbation but difficult to
identify due to weathering

Low-energy mudstone deposition
in a fully marine oxygenated
environment

Calcareous concretion facies
(Offshore carbonate mud

Medium-grained calcareous
d with abund

facies association

calcareous concretions

Mudstone is pale grey /yellow in

Massive

Rare paralle] lamination
Internally the concretions are
massive or with a poor spherical

colour with grey

Gradational base and top

Concretion beds range from 0.1-1
m with a distinctive sheet

geo
éoncrelions range from 0.01-1 m
in diameter

Abundant ammonites and
bivalves preserved within the
concretions

No preserved evidence of trace
fossils

Low-energy mudstone deposition
in a fully marine oxygenated
environment

The concretions may indicate
periods of reduced rates of
sedimentation




Anoxic black shale Very fine- to fine-grained Massive Mudstone beds range from 1-10 m Low-energy siltstone deposition
(Offshore carbonate mudstone calcareous mudstone Rare parallel lamination with a distinctive sheet g Yy | A ites, bivalves in a fully marire anoxic
facies association) Black in colour Gradational base and top i environment
None noted
Black micritic limestone facies Very fine- to fine-grained micritic | Massive Limestone beds range from 1-10 m i Low-energy limestone deposition
(Offshore carbonate mudstone limestone Rare parallel lamination with a distinctive sheet geometry | Ammonites, bivalves in a fully marine anoxic
i environment

facies association)

Black in colour

Gradational base and top

None noted

Subaqueous evaporite facies association

Massive evaporite facies

(Subaqueous evaporite facies

association)

Fine- to medium grained gypsum
and anhydrite
White in colour

Massive

Evaporite beds range from 1-10 m
with a sheet geometry

None

Subaqueous marine evaporites
deposited in a hypersaline
environment
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4.6 Shallow-marine carbonate rimmed-shelf
facies description

In the Norian/Rhaetian (Late Triassic) and Bajocian (Middle Jurassic) thin coral reefs developed in the
Domeyko basin (Prinz, 1991). The Norian/Rhaetian coral reefs are restricted to the initial marine
transgression between 23.5°-25°S where they are closely associated with, and overlie fan-delta deposits
(Fig. 4.7). Subsequent Bajocian coral reefs are widespread in the Domeyko basin and are particularly
well developed during the Early Bajocian marine transgression in the Cerro Jaspe area (21.5°-22°S),
where they are again closely associated with fan-delta deposits (Fig. 4.8). Thin coral reef facies are
intercalated with the fan-delta conglomerates and have been previously described as one of the facies
composing the fan-delta facies association (Table 4.1). However, the thicker reefs and in particular
those capping the fan-delta conglomerates are deposited under fully marine conditions, and hence are

considered separately.

4.6.1 Carbonate reef facies association

Description

The pale grey framework coral reef facies is composed of abundant reef-building corals, mainly
Thecosmilia, with associated solitary corals, bivalve, brachiopod and rare ammonite fossils, described
by Chong (1973) (Table 4.4). Without exception, these corals are hermatypic forms, commonly
preserved in-situ, life position and constitute a framework reefal carbonate, displaying both patch and
fringing geometries (Prinz, 1991) (Fig. 4.36). The reefs range from 1-30 m in thickness with sharp
lower and upper bounding surfaces (Fig. 4.36). The fringing reefs seen at Quebrada Corallas occur in
a unique depositional setting which has not been previously described from northern Chile (G. Chong
pers. comm., 1994). These 0.5-3 m thick framework coral limestones are intercalated with 3-30 m
thick units of sub-aqueously deposited volcanic ash facies (Section 4.7.2). The limestones are light to
medium grey in colour and fine- to medium-grained, composed almost exclusively of massive,
interlocking framework corals in life position. The limestones rest on a relatively flat substrate of
fine- to very fine-grained volcanic ash, while the top of the limestone is flat marking an abrupt
transition back to fine-grained volcanic ash. The top surface of the limestone shows the draping of
the overlying ash onto and between individual corals. The bioclastic limestone facies is principally
composed of bivalves and brachiopods with gastropods, belemnites and conodonts forming distinctive
mounded geometries, seen at East Portezuelo de la Sal (Table 4.4, Fig. 4.36). The bioclastic mounds
are 10-30 m in diameter and have been heavily dolomitized making detailed study more difficult
(Chong, 1973) (Fig. 4.36). Between the bioclastic mounds are draped intra-mound heterolithic
sediments of thinly interbedded micritic limestone and calcareous mudstone facies (Table 4.4). Beds of
the pale grey to yellow micritic limestone facies are 0.05-0.2 m in thickness with a sheet geometry
and wavy or parallel lamination, while the interbedded medium-grained calcareous mudstone facies

display parallel lamination.
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Interpretation

The framework coral reef facies is predominately composed of large reef-building corals in life
position and hence is interpreted to represent a shallow-marine carbonate reef displaying both patch
and fringing geometries (Fig. 4.36). The corals are exclusively hermatypic forms, whose appearance
is not only dependant on a warm climate and the possibility of a supply of larvae, but also from the
palaeogeographical features of the Mesozoic Domeyko basin, as discussed by Prinz (1991). Such reef
facies are indicative of negligible siliciclastic sediment input and shallow-water conditions of less than
10 m water-depth. The upper surface of the coral reef facies is commonly draped with fine-grained
offshore siltstone facies or in the case of Quebrada Corralas, volcanic ash facies, indicating that the
drowning of the reef was a rapid event. The bioclastic limestone facies is interpreted as a shallow-
marine shell mound on the basis of the abundant bivalve and brachiopod fauna, lack of mud-grade
material and characteristic mounded geometry (Fig. 4.36). The interbedded micritic limestone and
calcareous mudstone facies are interpreted as lower-energy shallow-marine deposits which occur
between and are temporally equivalent to the bioclastic limestone facies, at least at East Portezuelo de

la Sal (Fig. 1.1, Locality 52).

4.6.2 Shallow-marine carbonate rimmed-shelf facies model

The coral reef facies association is restricted within the Domeyko basin and does not provide enough
information to develop an integrated rimmed-shelf facies model. Instead, a depositional environment
is presented for the coral reefs taking into account their close association with fan-delta facies (Fig.
4.37). The prominent depositional setting in the Domeyko basin was a carbonate ramp margin as
previously described (Aberhan, 1993a; 1993b), with only limited occurrences of coral reefs (Prinz,
1991). Further more specialised fringing reefs are seen at Quebrada Corralas where they are

interbedded with subaqueous volcanic ash and are included in the volcanic facies model (Fig. 4.38).
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Shelly mounds

Fan-delta
conglomerates

Coral fringing
reef on crest of
fault block

Calcareous siltstones

Figure 4.37 The shallow-marine carbonate reef-margin facies model is constructed from an
analysis of temporally and spatially distinct reef facies which have been integrated to display the
different reef geometries seen in the Domeyko basin succession.
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Figure 4,38 Volcanic and volcaniclastic deposits and their depositional setting.
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4.7 Volcanic and Volcaniclastic facies
description

The Mesozoic volcanic-related deposits of northern Chile are widespread, but their origin is poorly
understood. The majority of the Permo-Triassic syn-rift volcanics are rhyolitic and andesitic in origin,
while the Coastal Cordillera preserves a large proportion of the andesitic Jurassic volcanic arc. This
section only considers the volcanic rocks which have a direct influence on the Mesozoic marine basin-
fill. Although the volcanic deposits are markedly different to the dominant mixed carbonate/clastic
component, they are critical when considering depositional environments and basin evolution. The
example from Quebrada Corallas (Fig. 1.1, Locality 15) presents a unique depositional environment
where framework carbonate reef facies are interbedded with subaqueous volcanic ash facies, only

observed at this locality in northern Chile (G. Chong pers. comm., 1994).

4.7.1 Sub-aqueous lava facies association

Description

Although lavas are not sedimentary rocks, they represent part of the preserved stratigraphical rock
record and have important implications for the surrounding depositional environments in the
Domeyko basin. Thick units of lava, ranging from 10-50 m, are found in the Lower Bajocian marine
rocks of Cerro Jaspe (Fernandez-Lopez et al. in press) and Lower Cretaceous marine rocks of Quebrada
La Carreta. The lavas are typically very fine-grained to glassy and dark green to grey in colour, with
plagioclase phenocrysts. They are always heavily weathered at the surface and have commonly
undergone partial alteration and replacement of the feldspar component. Due to the heavy degree of
degradation it is difficult to positively identify any intemal cooling structures, such as pillows. There
are abundant quartz geoids and veining in the Cerro Jaspe example. The Cerro Jaspe lava lies directly
on shallow-marine, upper shoreface sandstones (4.4.2) with a thin baked contact, while the unbaked
top surface has a small degree of topography (0.1-0.2 m) and is overlain by similar shallow-marine
sandstones (Fig. 4.23). The age of the lava is Early Bajocian, based on ammonites from the
underlying and overlying marine strata (Fernandez-Lopez et al. in press). This particular lava unit
ranges from 30-50 m in thickness and can be traced laterally for 25 kilometres (Fig. 4.23). The lava
at Quebrada La Carreta is Early Cretaceous in age and lies within offshore marine siltstone facies.
The lava has a marked topography of several metres on the top surface and lateral variations in

thickness.

Interpretation

The presence of poorly preserved pillow structures, a glassy texture, bedding concordance, and
transgressive nature and reworking into the overlying marine rocks implies that the volcanic units are
subaqueous lavas, as opposed to intrusive volcanic rocks. The lava at Cerro Jaspe appears to have

been erupted into a much shallower marine environment on the basis of the surrounding shoreface
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sandstones as opposed to offshore siltstones, supported by a high degree of shallow-marine erosion

and reworking of the lava top (Fig. 4.23).

4.7.2 Sub-aqueous volcanic ash facies association

Description

The Quebrada Corallas section consists of 0.5-3 m thick framework coral limestones facies
intercalated with 3-30 m thick units of volcanic ash. The poorly consolidated, very fine- to medium-
grained ash is white in colour and internally homogeneous. There are rare ammonites preserved
within the ash and these tend to be more frequent in the first few metres overlying a framework coral
limestone. Although there are few internal structures the overall bedding is defined by 0.05-0.2 m
thick horizons of well cemented ash. Within several of the ash horizons there are large blocks and
rafts of framework coral limestone, ranging in size from 0.5-3 m in diameter. These olistoliths are

randomly orientated relative to the growth direction of the constituent corals.

Interpretation

The volcanic ashes are interpreted as fully marine, sub-aqueous suspension deposits on the basis of
their close association with framework coral limestones and the presence of ammonite fauna. A
shallow-marine origin is indicated by the coral assemblage and fringing geometry of the reefs (4.6.1).
The accretion geometry of the reefs is progradational and the presence of olistostromes is interpreted 10

indicate a relatively steep margin. These criteria, along with the thickness of the ash units points t0

the close proximity of an active volcanic vent.

4.7.3 Volcaniclastic breccia facies association

Description

The volcaniclastic breccia facies association is restricted to the area of Sierra Candeleros (Fig. 1.1,
Locality 62). This section is composed of interbedded limestone and calcareous siltstone facies and
framework coral limestone facies of Early Cretaceous age, which are overlain by a thick unit of
volcaniclastic breccia. The breccia is both matrix- and clast-supported, with angular to very angular
clasts ranging in size from 0.01-1 m in diameter. The clasts are almost exclusively porphyritic
volcanic (95%) in origin, with rare reworked clasts of the underlying limestone (<5%). The matrix is

composed of an immature medium- to coarse-grained sandstone with no interal structures. There 15

no apparent preferred clast imbrication or orientation within the breccia.

Interpretation

The breccia is interpreted as being very proximal, from the highly angular clasts and immature
sandstone matrix. The process of deposition is by debris flow, indicated by the matrix-supporied
horizons and large range in clast sizes (Fig. 4.5). This is supported by the lack of clast imbrication or

orientation, also indicative of a debris flow mechanism (Fig. 4.5). The deposit is not a primary
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pyroclastic flow based on the absence of any welding within the matrix and the large amount of

immature matrix sandstone interpreted to be a debris flow mechanism.

4.7.4 Volcanic and volcaniclastic facies model

The volcanic and volcaniclastic deposits of northern Chile do not represent a genetically-linked series
of depositional environments (Fig. 4.38). Instead, they highlight localised occurrences within the
mixed carbonate/clastic marine system. Although the separate volcanic and volcaniclastic facies
associations cannot be linked at this level, we can consider their individual interaction and effects on

the surrounding depositional environments (Fig. 4.38).

4.8 Summary

The Upper Triassic to Lower Cretaceous Domeyko basin-fill comprises a highly diverse sedimentary
succession including continental clastic, mixed carbonate and siliciclastic marine and evaporite
deposits. The subsequent integration of these facies units has allowed the development of depositional
models for each environment, based on an amalgamation of temporally and spatially distinct facies and
facies associations. The majority of the mixed carbonate and siliciclastic marine basin-fill is
interpreted to have been deposited in a ramp-type setting. Stratal architecture appears to be
predominantly controlled by siliciclastic sediment input, basin-margin morphology and rate of relative
sea-level change. The distal offshore facies of the mixed carbonate and siliciclastic ramp are dominated
by carbonate mudstones, while further up-dip siliciclastic sediment input resulted in sandy shoreface
facies. Reef-building coral facies are both temporally and spatially restricted in the Domeyko basin as
a result of cool water conditions and a lack of suitable substrate. The marine deposits record an
almost complete ammonite biochronology indicating open marine connection, with only a minor

input of volcanic material from the Jurassic volcanic arc to the west.
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Table 4.4 Summary facies table describing all the shallow-marine carbonate rimmed-shelf and volcanigenic lithofacies found in northern Chile in terms of
lithology and grain-size, sedimentary structures and bounding surfaces, thickness and geometry, and body and trace fossils, followed by a process interpretation.
Shallow-marine carbonate rimmed-shelf environment

Facies and Facies | Lithology and Grain Structures and Thickness and Body and Trace Process
Association Size Bounding Surfaces Geometry Fossils Interpretation
Framework coral reef facies Sparry limestone No evid of sedi Y 1-30 m bed thickness Body fossils Major shallow-marine reefal
(Carbonate reef facies association) j Pale grey in colour structures Sheet (fringing) and lens (patch) Major frame building corals limestones deposited during

Sharp bounding surfaces geometries (colonial and solitary), bivalves, | periods of low clastic input
gastropods, brachiopods,
belemnites, conodonts

Bioclastic limestone facies Sparry limestone No evidence of sedi y 1-30 m bed thickness Body fossils Major shallow-marine bioclastic
(Carbonate reef facies association) | Pale grey in colour structures Mounded geometry Abundant bivalves and limestone mounds deposited
Sharp bounding surfaces brachiopods with gastropods, during periods of low clastic
belemnites and conodonts input
Thinly bedded micritic limestone | Micritic limestone Wavy or parallel lamination 0.05-0.2 m bed thickness Body fossils Shallow-marine carbonate
facies Pale grey to yellow in colour Sharp bounding surfaces Sheet geometry solitary corals, bivalves, deposition in inter-reef areas

(Carbonate reef facies association) gastropods, brachiopods,

Medium-grained calcareous Medium-grained calcareous Parallel lamination 0.05-0.2 m bed thickness Body fossils Shallow-marine carbonate
mudstone facies mudstone Sharp bounding surfaces Sheet geometry solitary corals, bivalves, deposition in inter-reef areas
{Carbonate reef facies association) | Pale grey to yellow in colour gastropods, brachiopods,
belemnites
Volcanic environment
Facies and Facies | Lithology and Grain Structures and Thickness and Body and Trace Process
Association Size Bounding Surfaces Geometry Fossils Interpretation

Sub-aqueous lava facies association
Lava facies Very fine-grained to glassy Plagioclase phenocrysts 10-50 m in thickness None Shallow-marine subaqueous lava
(Sub-aqueous lava facies vesicular lava Vesicles and quartz filled Sheet geometry
association) Dark green / grey in colour amygdales

Quartz geoids and veining

Possible pillow structures

Sharp bounding surfaces
Sub-aq Icanic_ash facies
Fine-grained volcanic ash facies Fine-grained volcanic ash Massive 1-40 m in thickness Rare ammonites Shallow-marine volcanic ash
(Sub-aqueous volcanic ash facies | White in colour In the thin ash units there are 0.5- | Sheet geometry
association) 1 m limestone olistoliths

Sharp lower bounding surface

with sharp or gradational upper

bounding surface
Volcaniclastic breccia facies
Volcaniclastic breccia facies Volcaniclastic breccia Matrix- and clast-supported 1-10 m in thickness None High-energy volcanic breccia
(Volcaniclastic breccia facies Dark green / grey in colour Clast-size ranges from 0.01-1 m Sheet geometry deposit deposited by a cohesive
association) Very poor grading debris flow mechanism

Very poor sorting

Highly lar _clasts
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5.1 Objectives of chapter

The principal objective of this chapter is to use sedimentary logging and detailed facies analysis to
define sequence stratigraphical surfaces and stratal packages, thus allowing the interpretation and
prediction of sedimentary facies development through time. Such changes in sedimentary facies
through time are interpreted to be driven by changes in accommodation space and hence relative sea-
level, thus permitting an analysis of Jurassic relative sea-level change for the Domeyko basin.

Firstly, the published lithostratigraphical subdivision for the Domeyko basin has been reviewed.
Subsequently, the methodology and application of sequence stratigraphical concepts is presented,
followed by the characterisation of significant surfaces (sequence boundaries and flooding surfaces).
These concepts are then applied to the Domeyko basin succession and the principal second-order
sequences are discussed. Finally, several examples of higher frequency sequences are presented and
characterised on the basis of their position within the lower-frequency, longer-duration second-order

cycles.

5.2 Lithostratigraphy

The lithostratigraphical units for the Mesozoic deposits of northern Chile are summarised in Fig. 5.1
(Ramirez & Gardeweg, 1982; Marinovic & Lahsen, 1984; Naranjo & Puig, 1984). Several authors
have described particular Jurassic sections (Harrington, 1961; Perez & Levi, 1961; Garcia, 1967,
Chong, 1973; Moraga er al., 1974; Montano, 1976, Chong, 1977, Ramirez & Gardeweg, 1982;
Marinovic & Lahsen, 1984; Bogdanic, 1990) and the Jurassic stratigraphy was subsequently
summarised by Ramirez & Gardeweg (1982); Marinovic & Lahsen (1984) and Naranjo & Puig (1984)
during production of the regional geological maps of northern Chile.

Lithostratigraphical approaches to correlation and basin analysis inherently suffer from the problem of
diachroneity of facies and hence the formations lack chronostratigraphical significance. The Domeyko
basin succession is characterised by the widespread occurrence of time-transgressive facies units, some
of which range from Late Triassic to the Late Bajocian. However, the Millonaria Formation
constitutes a regionally mappable lithostratigraphical unit (evaporite facies) which probably also has
chronostratigraphical significance; where dated it is always developed between the Bimammatum-
Acanthicum Zones of the Oxfordian-Kimmeridgian (Marinovic & Lahsen, 1984) (Fig. 5.1). A
sequence stratigraphical approach has been adopted in order to allow a chronostratigraphical analysis of

the Domeyko basin succession.

5.3 Sequence stratigraphical concepts

5.3.1 Introduction and historical development of sequence stratigraphy
In addition to sedimentary logging and detailed facies analysis (Chapter 4), the methods and concepts
of sequence stratigraphy were critically tested in this back-arc basin setting. Sequence stratigraphy is a
multidisciplinary tool for the interpretation and prediction of sedimentary facies through time, thus

allowing an analysis of depositional history. The technique is based around the identification and
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correlation of key surfaces of chronostratigraphical significance and the characterisation of the
intervening stratal packages. Traditionally, sequence stratigraphical studies have been concentrated in
passive margin or foreland basin settings (eg. Posamentier & Vail, 1988; Van Wagoner ¢! al., 1990;
1991). This study applies sequence stratigraphical concepts to a back-arc basin. The Mesozoic
deposits of northern Chile comprise of siliciclastic, carbonate, evaporite, fluvial and volcaniclastic
facies, thus allowing the testing of current sequence stratigraphical models in a variety of depositional
environments.

In 1948 Sloss correlated unconformity bounded sequences of several million years duration across the
North American craton (Sloss ef al., 1949; Sloss, 1950; 1963). Subsequently, a series of papers by
Exxon staff, published in A.A.P.G. Memoir 26 (Payton, 1977), refined the approach of correlating
unconformity bounded sequences using seismic data from passive margin settings, thus introducing
the term “seismic stratigraphy”. Seismic stratigraphy uses seismic reflections which are thought to
represent time stratigraphical surfaces, as opposed to lithostratigraphical surfaces. Thus, a reflector
may pass laterally from a sand into a shale. The characterisation of reflector terminations on the basis
of onlap, downlap and truncation allows the delineation of large-scale depositional sequences, bounded
by regional unconformities or sequence boundaries (Vail et al., 1977b). Seismic stratigraphy allowed
the recognition of typically third-order sequences (0.5-5 Ma), from which systems tracts, the primary
building blocks of the sequence were defined. Seismic stratigraphy divides seismic data into genetic
units, while seismic facies analysis describes those units. Sangree & Widmier (1977) introduced the
procedure termed seismic facies analysis, allowing the interpretation of depositional facies from
seismic reflection data. Seismic facies analysis involves the delineation and interpretation of
reflection geometry, continuity. amplitude, frequency and interval velocity, as well as the external
form and three-dimensional associations of groups of reflections.

Coastal onlap is generally inferred from seismic data as the landward onlap of topset reflections, where
these are assumed or demonstrated to represent littoral, paralic or coastal non-marine deposits
(Mitchum, 1977). Usage by the Exxon school extends the term to onlap of reflections tandward of
the offlap break. These topset deposits are assumed to have accumulated close to sea-level and
patterns of coastal onlap with respect to the onlapped surface, indicate changes in relative sea-level.
Relative sea-level was defined by Mitchum (1977) as, “*an apparent rise or fall of sea-level with respect
to the land surface as a result of changes in eustatic sea-level and movements (uplift or subsidence) of
a pre-existing datum horizon in the underlying sediment pile, whereby a relative change may be
operative on a local, regional or global scale” (Fig. 5.2). Coastal encroachment, for example, results
from rising relative sea-level, while a basinward shift in coastal onlap results from a fall in relative
sea-level. Changes in relative sea-level are measured on seismic data from shifting patterns of coastal
onlap (Mitchum, 1977) and. in the rock record, from trace displacement (Bertram & Milton, 1990). A
rise in relative sea-level causes coastal encroachment, which may or may not be accompanied by
transgression, while a fall in relative sea-level at the basin margin causes a sequence boundary, usually
with truncation of reflectors. At this time, the Exxon school made the assumption that sequences

were developed due to sea-level changes, linked to a globally synchronous, glacially-moderated eustatic
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Group Formation Description Age Range
Chacarilla | Chacarilla Formation Red alluvial conglomerates & fluvial Early Cretaceous
Group (Western Sequence of sandstones, all of continental origin

| Bogdanic, 1990)
Sierra San Lorenzo Beds Red conglomerates & coarse-grained
(1125m) sandstones, probably of continental
(Marinovic & Lahsen, 1984) origin
Caracoles | Santa Ana Formation Marine & continental sediments with
Group Naranjo & Puig, 1984) intercalated andesitic lavas

Honda Formation (170m)
(Ramirez & Gardeweg, 1982)

Calcarenites (pellets, pisoliths &
extraclasts)
Interpreted as lagoonal limestones

Millonaria Formation (30m)

(Marinovic & Lahsen, 1984)

Gypsum (Garcia, 1967)

Doralisa Formation (260m)
(Marinovic & Lahsen, 1984)

Grey / yellow siltstones with intercalated
grey limestones (Garcia, 1967; Montano,
1976)

Caracoles Formation (150m)
(Marinovic & Lahsen, 1984)

Grey calcarenites & calcareous siltstones
containing calcareous concretions
(Ramirez & Gardeweg, 1982)

Torcazas Formation (210m)
(Ramirez & Gardeweg, 1982)

Grey basal conglomerate of volcanic clasts |
with sandy matrix & sparry cement; grey
calcareous sandstones

Candeleros Formation
(Naranjo & Puig, 1984)

Member 1 (lower) Andesitic lavas with
intercalations of tuffs & limestones
Member 2 (middle) Fossiliferous
limestones with intercalations of andesitic |
lavas :
Member 3 (upper) Andesitic lavas with
fossiliferous calcareous interbeds, locally
interfingering with Member 2

Moctezuma Formation
(Marinovic & Lahsen, 1984)

Grey basal conglomerate of volcanic &
plutonic clasts with sandy matrix &
calcareous cement; grey calcareous
sandstones; grey limestone (Perez & Levi,
1961)

(Naranjo, 1978)

La Negra Formation Andesitic volcanics with intercalated
(Garcia, 1967) marine sediments

Posada de los Hidalgo Fossiliferous marine sediments & lavas
Formation

(Garcia, 1967)

Pan de Azucar Formation Pyroclastic & sedimentary, fossiliferous

marine rocks

Profeta Formation

(Chong, 1973a)

Marine carbonate rocks with tuffaceous
intercalations in the upper part

Figure 5.1 The pre-existing lithostratigraphy for the Mesozoic deposits of northern Chile (Ramirez
& Gardeweg 1982; Marinovic & Lahsen 1984 and Naranjo & Puig 1984). Several authors defined
particular parts of the Jurassic stratigraphy (Perez & Levi 1961; Garcia 1967; Chong 1973; Moraga et
al. 1974; Montano 1976; Ramirez & Gardeweg 1982; Marinovic & Lahsen 1984; Bogdanic 1990)
which were subsequently amalgamated by Ramirez & Gardeweg (1982); Marinovic & Lahsen (1984) and
Naranjo & Puig (1984) during their production of the regional geological maps of Northern Chile. The
interval studied in this thesis is highlighted in grey.
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Chapter 5 Sequence stratigraphy

sea-level curve (Fig. 5.3). An assumption which led to the publication of the Vail er al. (1977b) and
Hagq er al. (1988) “global eustatic cycle charts™ (Fig. 5.3). Subsequently, two opposing schools of
thought emerged, the Exxon and Galloway methods of sequence stratigraphical analysis, based on the

relative importance of key stratigraphical surfaces.

Exxon method of sequence stratigraphical analysis

The original definitions and concepts of sequence stratigraphy (summarised above) were developed
within the Exxon Production Research Company and published by Vail er al. (1977b); Jervey (1988);
Posamentier er al. (1988;1992); Van Wagoner er al. (1988; 1990); and Mitchum & Van Wagoner
(1991). The fundamental unit of the Exxon model is the sequence, defined by Mitchum (1977) as, “a
relatively conformable succession of genetically related strata bounded at its top and base by
unconformities or their correlative conformities” (Figs 5.4 and 5.5). Exxon sequences are defined by
sequence boundaries and composed of systems tracts, which in turn are made up of parasequences (Figs
54 and 5.5). Exxon depositional sequences and systems tracts were initially tied to the eustatic sea-
level curve (Fig. 5.3). However, Jervey (1988) proposed the principle of accommodation space as,
“the space (volume) made available for potential sediment accumulation as a function of both sea-level
fluctuation and subsidence”, where relative sea-level change controls the creation or destruction of
accommodation space, with the rate of change through time being a key factor in the resulting
stratigraphical architecture (Fig. 5.2).

The Exxon methodology is one of scale independence, whereby sequences, systems tracts and
parasequences occur on a hierarchy of scales, but all have the following properties (Posamentier er al.,
1992).

1. Each stratal unit is a genetically related succession of strata bounded by chronostratigraphically
significant surfaces.

2. Each surface is a single, physical boundary that everywhere separates all of the strata above from all
of the strata below over the extent of that surface.

Few events are synchronous across a basin; faults nucleate and grow, the change from uplift to
subsidence is progressive, erosional unconformities propagate outwards from the basin margin. The
only events that theoretically could be synchronous across an entire basin are those recording the
maximum rates of rise (maximum flooding surface) and fall (sequence boundary) of relative sea-level,
when controlled by processes on a greater scale than the basin (ie. plate-wide or eustatic). Exxon
sequence stratigraphy provides “a detailed study of genetically related facies within a framework of
chronostratigraphically significant surfaces” (Van Wagoner er al., 1990), where the key correlation

surface is the sequence boundary.

Galloway method of sequence stratigraphical analysis
The Galloway (1989) approach to sequence stratigraphical analysis uses the genetic stratigraphical
sequence, defined as, “a package of sediments recording a significant episode of basin margin

outbuilding and basin filling, bounded by periods of widespread basin-margin flooding”. The genetic
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Chapter 5 Sequence stratigraphy

stratigraphical sequence is bounded by maximum flooding surfaces which are easily recognisable and
can be correlated in both outcrop and subsurface datasets. Marine flooding surfaces define “facies
sequences” which are the building blocks of genetic stratigraphical sequences and are analogous 10
parasequences in Exxon terminology. The genetic stratigraphical sequence is a major
regressive/transgressive cycle with a duration up to 4-5 Ma (Galloway, 1989; Van Wagoner ef al..
1990) and forms a basic component of basin fill. Genetic stratigraphical sequences form the obvious
building blocks of stratigraphy and are easy to recognise and map in a variety of datasets. Their
development is controlled by the interplay of sediment supply and relative sea-level. Although an
analysis of basin fill in terms of genetic stratigraphical sequences is easier than a sequence
stratigraphical analysis, less information is derived on the causative controls on stratigraphical
development, as no differentiation is drawn between cycles driven by relative sea-level changes (which
will contain a sequence boundary) and those driven by sediment supply variations (which need contain
no sequence boundary). Therefore, a genetic stratigraphical sequence may not be precisely correlatable
beyond the area of local sediment supply control.

Galloway (1989) defined rock units like this in the belief that the genetic linkage was least across the
major flooding surfaces, while between them the rocks were closely related by common provenance
and process. However, the facies assemblages may be significantly different between the
progradational and backstepping portions of the genetic stratigraphical unit. Galloway (1989)
emphasised the three-dimensional nature of genetic stratigraphical sequences and highlighted the
variations due to eustasy and subsidence, with particular reference to along strike variations in
sediment supply. Early Exxon models were criticised as being two-dimensional until Jervey (1988)
took into account both sediment flux variations and accommodation variations in three-dimensions.
Tucker (1991b) concluded that a genetic stratigraphical approach to correlation would contain
significant time gaps and hence be of no use in the subdivision and interpretation of carbonate-

evaporite successions, similar to some of those found in the Domeyko basin.

Sequence stratigraphical methodology adopted in this thesis

The principle of accommodation space is central to sequence stratigraphy, whatever the driving
mechanism for sequence development. Relative sea-level change controls the creation or reduction of
accommodation space, with the rate of change through time being a key factor in the resulting
stratigraphical architecture. In active extensional domains the expressions of eustatic sea-level are still
present in the stratigraphical record, however these expressions are modified by complex basin margin
topography and by significant, along strike variations in subsidence and accommodation creation
(Gawthorpe et al., 1994; Howell & Flint in press).

The sequence stratigraphical approach used in this thesis is similar to that of Surlyk (1990) which was
based on the concepts of Posamentier ez al. (1988); Van Wagoner et al. (1990); Loucks & Sarg (1993)
and Posamentier & Allen (1993) combined with field sedimentological evidence for shallowing-

upward trends, progradation, hiati, condensation, and changes in water-depth. We utilise these
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Figure 54  Exxon type-1 sequence developed on a margin with an offlap break (Van Wagoner et al., 1990).
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A. Stratal Characteristics of a Shoreface Parasequence
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WITHIN EACH PARASEQUENCE:

*SANDSTONE BEDSETS AND BEDS THICKEN UPWARD
*SANDSTONE/MUDSTONE RATIO INCREASES UPWARD
*GRAIN SIZE INCREASES UPWARD
*LAMINAE GEOMETRY BECOME STEEPER UPWARD
(IN GENERAL)
*BIOTURBATION DECREASES UPWARD TO THE
PARASEQUENCE BOUNDARY
*FACIES WITHIN EACH PARASEQUENCE SHOAL UPWARD

PARASEQUENCE
BOUNDAI

PARASEQUENCE BOUNDARY MARKED BY:

* ABRUPT CHANGE IN LITHOLOGY FROM SANDSTONE
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Figure 5.6  Sedimentological characteristics of a shallow-marine shoreface parasequence
(Van Wagoner ef al., 1990).
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approaches, carefully constrained by the biostratigraphy and process sedimentology in the following

analysis, together with the terminology presented by Van Wagoner et al. (1988).

5.3.2 Surfaces of sequence stratigraphical significance
This section considers the definition and expression of particular bounding surfaces, taking into
account depositional dip and strike variations in both marine and continental settings. Discussion on

the mechanism of formation is given with reference to the rate of change of accommodation space.

Flooding surfaces

Flooding surfaces occur on a hierarchy of scales, from those which bound parasequences and
parasequence-sets, to the major flooding surfaces which define genetic stratigraphical sequences and
form maximum flooding surfaces in Exxon sequences. Flooding surfaces form when rising relative
sea-level outpaces sediment supply, resulting in an abrupt increase in accommodation space.
deepening of water and subsequent landward shift in facies belts. There are several types of flooding
surface, the marine flooding surface and the maximum flooding surface have the following
characteristics.

The marine flooding surface is defined by Van Wagoner er al. (1990) as, “a surface separating younger
from older strata across which there is evidence of an abrupt increase in water-depth”. This deepening
is commonly accompanied by minor submarine erosion or non-deposition with a minor hiatus
indicated, but not by subaerial erosion due to stream rejuvenation or a basinward shift in facies.
Marine flooding surfaces punctuate deposition in coastal-plain and shallow-marine systems and are
used to divide the stratigraphy into component parasequences.

The maximum flooding surface is defined by Posamentier er al. (1988) as, “the surface corresponding
to the time of maximum flooding, called the downlap surface or maximum flooding surface”. The
maximum flooding surface is the most landward flooding surface within a single cycle of
backstepping and progradation. It is commonly associated with a condensed section in a basinward
direction and in the Exxon model forms the boundary between the transgressive and highstand systems
tracts. On a simple sinusoidal relative sea-level curve the maximum flooding surface corresponds to
the R’ inflection point and equates to the time of maximum rate of relative sea-level rise. In terms of
parasequence stacking geometries it is the boundary between a backstepping unit and an overlying
prograding unit. The distinctive character of maximum flooding surfaces and the widespread
development in the basin of the equivalent condensed interval, makes them the easiest of sequence
stratigraphical surfaces to identify. They are equivalent to the bounding hiatal surfaces that define the
genetic stratigraphical units of Galloway (1989) and equate to a second- or third-order maximum
flooding surface in Exxon terminology.

Flooding surfaces in shallow-marine settings are characterised by the occurrence of the following
criteria.

1. The condensed horizon of Loutit ef al. (1988) is characterised by hardgrounds, glauconitic bands,

bio-erosion, submarine winnowing or faunal abundance peaks.
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2. Evidence for an abrupt increase in water-depth across a single surface indicated by a landward shift
in facies above the flooding surface.

3. The presence of an intensely bioturbated horizon on the upper surface of the sandstone that occurs
directly below the abrupt change in lithology or thin sandstones lying within the flooding zone.
Surfaces which fulfil the above criteria can be called flooding surfaces. Subsequently,an analysis of
the parasequence architecture and regional extent of the surface must be carried out to determine the
type and order of flooding surface. Flooding surfaces can also be recognised in non-marine settings by
the cessation of clastic systems and subsequent deposition of carbonaceous shales and coals, thin algal
or marine limestones. Aitken & Flint (1994) have interpreted thick, regionally extensive belts of
carbonaceous shale and coal as being indicative of a prolonged period of high (and/or rising) water

table caused by a rise in relative sea-level or base-level and a subsequent increase in accommodation

space.

Sequence boundaries

Sequence boundaries form as a result of a fall in relative sea-level during the maximum rate of
removal of accommodation space. Mitchum (1977) defined the sequence boundary as, “an
unconformity and its correlative conformity”. When considering a basin margin profile with a well
developed offlap break, two types of sequence boundary have been described, the Type-1 and Type-2
sequence boundary (Fig. 5.4).

The Type-1 sequence boundary is characterised by subaerial exposure and concurrent subaerial erosion
associated with stream rejuvenation, a basinward shift in facies, a downward shift in coastal ontap, and
onlap of overlying strata (Van Wagoner et al., 1988). As a result of the basinward shift in facies,
non-marine or very shallow-marine rocks, such as braided stream or estuarine sandstones above a
sequence boundary , may directly overlie deeper-water marine rocks, such as lower shoreface sandstones
or shelfal mudstones, below a boundary with no preservation of rocks deposited in intermediate
depositional environments. The intermediate facies must have been deposited but were eroded during
sequence boundary formation. A Type-1 sequence boundary is interpreted to form when the rate of
eustatic fall exceeds the rate of basin subsidence at the offlap break, producing a fall in relative sea-
level at that position (Fig. 5.4). The Type-2 sequence boundary is marked by subaerial exposure and a
downward shift in coastal onfap landward of the offlap break; however it lacks both subaerial erosion
associated with stream rejuvenation and a basinward shift in facies (Van Wagoner et al., 1988). Onlap
of overlying strata landward of the offlap break also marks a Type-2 sequence boundary. A Type-2
sequence boundary is interpreted to form when the rate of eustatic fall is less than the rate of basin
subsidence at the offlap break, so that no relative sea-level fall occurs at that position (Fig. 5.4).
Type-1 sequence boundaties are associated with incised valley formation and lowstand fan deposition,
whereas if the fall is restricted to that portion of the profile landward of the offlap break, then the
boundary is a Type-2 and no lowstand fans are deposited. In a basin such as a ramp margin with no
clear offlap break. a Type-1 sequence boundary is based on the identification of subaerial exposure and

erosion (Fig. 5.5). These criteria permit the interpretation of a candidate sequence boundary.
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Subsequent, regional mapping and correlation of the surface must be carried out to ensure the event is

not autocyclic, such as a distributary channel.

5.3.3 Parasequences and parasequence stacking geometries

Van Wagoner er al. (1988) defined the parasequence as, “a relatively conformable succession of
genetically related beds or bedsets bounded by marine flooding surfaces and their correlative surfaces™.
Parasequences are the products of discrete episodes of basin fill, characterised by shallowing-upward
profiles with progressively younger bedsets deposited in progressively shallower water (Van Wagoner
et al., 1988; 1990) (Fig. 5.6). Internally, the parasequence displays an upward increase in average
grain-size and bed-thickness with no abrupt decreases of water-depth (Van Wagoner et al., 1990) (Fig.
5.6). Parasequence boundaries form the lowest-order practical chronostratigraphical framework for
correlation and mapping. At present, parasequences are only recognised with confidence in shallow-
marine settings (Fig. 5.7) and their recognition in delta and coastal-plain settings is not easily defined
(Aitken & Flint, 1994). Parasequence-sets are defined as, “a succession of genetically related
parasequences forming a distinctive stacking pattern”, (Van Wagoner er al., 1990). Progradational,
backstepping and aggradational parasequence-sets can be recognised (Fig. 5.8). In areas of high
sediment input, parasequence-sets are the building blocks of systems tracts and sequences and are a
class of depositional unit intermediate between parasequence and sequence. In areas of low sediment

input, such as the Domeyko basin, these intermediate units may not be recognisable.

5.3.4 Systems tracts and depositional architecture

A systems tract represents the range of linked depositional systems currently active during a particular
time interval, defined by Brown & Fisher (1977). Systems tracts are separated by key surfaces of
sequence stratigraphical significance, defining separate parts of the relative sea-level cycle and which
contain significantly different component depositional systems (Fig. 5.9-5.11). Mitchum & Van
Wagoner (1990) state that, “each systems tract is interpreted to have been deposited during a specific
phase or portion of one complete cycle of relative fall and rise of sea-level. The sequences and
systems tracts however are defined on the basis of stratal geometry and physical relationships, using
objective stratal and facies criteria that do not depend on frequency of occurrence, size or interpreted
depositional mechanism”. A Type-1 sequence is composed of lowstand, transgressive and highstand
systems tracts (Fig. 5.9-5.11), while a Type-2 sequence comprises, shelf-margin, transgressive and

highstand systems tracts.

Lowstand systems tract

The lowstand systems tract is the lowermost systems tract in a depositional sequence bounded at its
base by a Type-1 sequence boundary and at its top by a transgressive or marine-flooding surface (Van
. Wagoner et al., 1988) (Fig. 5.9). Lowstand systems tracts are deposited during intervals characterised
by relative sea-level fall, still-stand and subsequent slow relative sea-level rise (Fig. 5.9). The

lowstand systems tract, if deposited in a basin with a shelf break, generally can be subdivided into
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three separate units, from oldest to youngest, a basin-floor fan, a slope-fan and a lowstand-wedge (Van
Wagoner ez al., 1988) (Fig. 5.9). Siliciclastic sediment bypasses the shelf and slope through incised
valleys to feed the basin-floor fan, interpreted to occur during a fall in relative sea-level. The slope-fan
is characterised by turbidite and debris-flow deposition on the middle or base of the slope. The
lowstand-wedge is characterised on the shelf by proximal fluvial facies, constituting the lower portion
of the incised valley fill, which commonly onlaps onto the sequence boundary. Then, on the slope by
progradational fill with wedge geometry, overlying and commonly downlapping onto the basin-floor
fan or the slope-fan. If deposited in a basin with a ramp-margin, the lowstand systems tract consists
of a relatively thin lowstand wedge characterised by stream incision and sediment bypass followed by
the infilling of incised valleys and continued shoreline progradation. The resulting lowstand wedge is
composed of incised valley fill deposits up-dip and one or more progradational parasequence-sets down-
dip. The incised valleys which are characteristic of the lowstand systems tract are usually filled either
by proximal fluvial facies deposited as part of the aggradational late-lowstand prograding wedge (Fig.
5.9), or estuarine to marine facies deposited as part of the transgressive systems tract (Fig. 5.10). On
the interfluves to the incised valleys, the interfluvial sequence boundary is characterised by long

periods of subaerial exposure with little or no lowstand deposit preserved (Fig. 5.9).

Shelf-margin systems tract

The shelf-margin systems tract is the lowermost systems tract in a depositional sequence bounded at
its base by a Type-2 sequence boundary and at its top by a transgressive or marine flooding surface
(Van Wagoner et al., 1988). The systems tract is characterised by one or more weakly progradational
to aggradational parasequence-sets which onlap onto the sequence boundary in a landward direction and
downlap onto the sequence boundary in a basinward direction. The shelf-margin systems tract may be
difficult to recognise in outcrop and is only differentiated from the underlying highstand systems tract

by a subtle Type-2 sequence boundary and possibly a change in the parasequence stacking pattern.

Transgressive systems tract

The transgressive systems tract occurs above the lowstand systems tract and below the maximum
flooding surface, being characterised by one or more backstepping parasequences (Van Wagoner et al..
1988) (Fig. 5.10). The systems tract progressively deepens upward as successively younger
parasequences step farther landward. The facies of the transgressive systems tract are often more coal-

rich and more strongly influenced by tidal processes than those of the highstand and Jowstand systems

tracts.

Highstand systems tract

The highstand systems tract is bounded below by a maximum flooding surface and above by 2
sequence boundary and may be characterised by one or more aggradational parasequence-Sets that are

succeeded by one or more progradational parasequence-sets with prograding clinoform geometries (Van
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Parasequence Development

STAGE ONE

PS
(A)

PROGRADATION OF PARASEQUENCE (A) DURING A TIME WHEN THE RATE OF DEPOSITION
EXCEEDS THE RATE OF WATER DEPTH INCREASE. BEDSETS COMPOSE THE PARASEQUENCE.

THE YOUNGEST BEDSET IS NON-DEPOSITIONAL.

STAGE TWO

COASTAL PLAIN SANDSTONES SHALLOW-MARINE MARINE
AND MUDSTONES SANDSTONES MUDSTONES

PS
(A)

RAPID WATER DEPTH INCREASE FLOODS THE TOP OF PARASEQUENCE (A) CREATING A
SURFACE OF NON-DEPOSITION WITH RESPECT TO SILICICLASTIC SEDIMENT. THIN
CARBONATES, GLAUCONITES, ORGANIC-RICH MARLS, OR VOLCANIC ASHES MAY BE

DEPOSITED ON THE SURFACE.

STAGE THREE

PS
(B)

PS
(A)

PROGRADATION OF PARASEQUENCE (B) DURING A TIME WHEN THE RATE OF DEPOSITION
EXCEEDS THE RATE OF WATER DEPTH INCREASE. BEDSETS IN PARASEQUENCE (B)
DOWNLAP ONTO THE BOUNDARY OF PARASEQUENCE (A). THERE IS AN ABRUPT DEEPENING
OF FACIES ACROSS THE BOUNDARY OF PARASEQUENCE (A).

Figure 5.7 Progressive development of a parasequence boundary (Van Wagoner et al., 1990).
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Figure 5.8 Parasequence stacking patterns (Van Wagoner et al., 1990).



LOWSTAND SYSTEMS TRACT (LST) WITH SHELF BREAK
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Figure 5.9  Sequence evolution represented by sequence boundary formation and lowstand systems tract, fan and wedge deposition (Van Wagoner et al., 1990).
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Figure 5.10  Sequence evolution represented by transgressive systems tract deposition (Van Wagoner et al., 1990).
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Wagoner ez al., 1988) (Fig. 5.11). The systems tract progressively shallows-upward as successively

younger parasequences step farther basinward (Fig. 5.11).

5.3.5 Hierarchy of sequences: sequence-sets and composite sequences
Analysis of sequence development and relative sea-level generally show a hierarchy of cyclicity,
demonstrated in both siliciclastic (Mitchum & Van Wagoner, 1991) and carbonate (Hunt & Tucker.
1993) environments. Higher-frequency, shorter-duration cycles form the building blocks of lower-
frequency, longer-duration cycles (Fig. 5.12). Vail er al. (1991) assigned “orders” of hierarchy
depending on the duration of the cycle and interpreted probable signatures and causes for each order of
cyclicity (Fig. 5.13).

The component systems tracts of high-order sequences will be modified in terms of their relative
importance according to their position in the lower-order sequences (Fig. 5.12). For example, the
lowstand systems tracts of successive fourth-order sequences will be enhanced during a third-order
relative sea-level fall and suppressed during a third-order relative sea-level rise (Fig. 5.12). It is
unlikely that the controlling processes have a set periodicity and cycles of relative sea-level may have
less organisation than an ordering system implies. Third-order cycles have a duration ranging from
0.5-5 Ma and are recognisable on seismic datasets and in outcrop (Vail er al., 1977b; Haq et al.,
1988). Higher frequency, fourth-order cycles with a duration of 0.1-0.2 Ma are commonly beyond
seismic resolution, exceptions being shallow seismic datasets or areas of high subsidence and are most
readily recognised in outcrop and well-log datasets (Mitchum & Van Wagoner, 1991). A sequence-set
is composed of higher-order sequences arranged in a distinctive progradational, aggradational or
backstepping stacking pattern (Mitchum & Van Wagoner, 1990) (Fig. 5.8). Higher-order sequences
and sequence-sets form the building blocks of composite sequences (Mitchum & Van Wagoner, 1990).
Second-order sequences, for example, are commonly composite sequences formed from stacked third-
order sequences. The nature and expression of the higher-order sequences will vary between the
different systems tracts of the lower-order composite sequence. For example, the higher-order
sequences within the lowstand systems tract of the composite sequence are affected by the background
fall in relative sea-level and the transgressive systems tract of the higher-order sequences are subdued

and may even be absent, due to erosional removal.

5.4 Sequence stratigraphical surfaces in different
depositional settings

Criteria for the identification of sequence boundaries and maximum flooding surfaces are summarised
for a shallow-marine siliciclastic ramp by Van Wagoner er al. (1990), for a shallow-marine carbonate
ramp and shallow-marine carbonate rimmed-margin by Loucks & Sarg (1993), for marginal-marine
fan-deltas by Postma (1995), and for fluvial environments by Shanley & McCabe (1991) and Aitken
& Flint (1994).

85



Chapter § Sequence stratigraphy

5.4.1 Shallow-marine siliciclastic ramp setting

The sequence boundary displays a basinward shift in facies (Type-1), a vertical change in parasequence
stacking patterns (Type-1 or Type-2) and regional distribution throughout the basin (Van Wagoner ef
al., 1990). Within a basin, the Type-1 sequence boundary has different physical expressions
depending both on where it is observed (Van Wagoner et al., 1990) and on along strike variations in
subsidence rates and sediment supply (Howell & Flint in press). Sharp-based shoreface sandstone
facies are interpreted as lowstand deposits, directly overlying offshore siltstone facies interpreted to
represent the previous highstand. In siliciclastic ramp settings, the production of lowstand shoreline
deposits is interpreted to represent the reduction in accommodation space associated with forced
regression (Posamentier ef al., 1992). The facies-tract dislocation is interpreted to form as a result of
the high rate of accommodation space removal and is distinct from the much slower rates of
accommodation space removal associated with lowstand or highstand progradation. Ina basinward
direction, heterolithic storm-derived sandstone facies are interpreted as lowstand deposits, directly
overlying offshore siltstone facies of the previous highstand. The storm-derived sandstone facies are
interpreted as resulting from lowering of storm wave base and lowstand sediment by-pass of the upper
ramp during storm events into the otherwise sand-starved deep basin. In areas of complete sand-
starvation the sequence boundary is recorded as a correlative surface. The reduction in accommodation
space associated with sequence boundary formation is interpreted to be driven by a fall in relative sea-
level.

The maximum flooding surface is defined by a change from backstepping to progradational
parasequence geometries and commonly associated with a condensed section, forming at the time of
maximum rate of relative sea-level rise. The condensed section is characterised by hardgrounds,
authigenic minerals (glauconite, phosphorite and siderite), bio-erosion, submarine winnowing Of
faunal abundance peaks (Loutit ef al., 1988), and is interpreted to represent the time of maximum
accommodation space creation and clastic sediment starvation. The maximum flooding surface is
clearly developed within the area of the shoreface and offshore transition but is more subtle in the
basinal sections due to low rates of sedimentation. The increase in accommodation space associated

with maximum flooding surface formation is interpreted to be driven by a rise in relative sea-level.

5.4.2 Shallow-marine carbonate ramp setting

The sequence boundary in a carbonate ramp setting produces a similar response to that of the
siliciclastic setting, with a basinward shift in facies (Type-1), a vertical change in parasequence
stacking patterns (Type-1 or Type-2) and regional distribution throughout the basin (Van Wagoner &/
al.. 1990). Sharp-based, amalgamated limestone and sandstone facies are interpreted as lowstand
deposits, directly overlying offshore mudstone facies interpreted as the previous highstand. In
carbonate ramp settings, the production of lowstand shoreline deposits is also interpreted to represent
the reduction in accommodation space associated with forced regression (Hunt & Tucker, 1992). Ina
basinward direction, heterolithic storm-derived grainstone and packstone facies are interpreted as

lowstand deposits, directly overlying offshore mudstone facies interpreted to represent the previous
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Figure5.11  Sequence evolution represented by highstand systems tract deposition (Van Wagoner e al., 1990).
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Figure 5.13 Orders of cyclicity and stratigraphic signatures of tectonic, eustatic and

sedimentary cyclicity (Vail et al. 1991).




Chapter § Sequence stratigraphy

highstand. The storm-derived grainstone and packstone facies are interpreted as resuiting from
lowering of storm wave-base and similar lowstand sediment by-pass of the upper ramp during storm
events into the otherwise mud-dominated deep basin. Characteristic sedimentological features of the
sequence boundary include; a change from calcareous mudstones/limestones (siliciclastic-free) to sandy
limestones, an abrupt increase in shell debris, the reworking of fossils and a reduction in ammonite
fauna, all of which are interpreted to indicate a decrease in water-depth.

The maximum flooding surface is represented by a change from backstepping to progradational
parasequence geometries and commonly associated with a condensed section. In addition to the
features seen in siliciclastic settings, an abrupt increase in the abundance of calcareous concretions is

interpreted to reflect the reduced rates of sedimentation associated with the condensed section.

5.4.3 Shallow-marine carbonate reef-margin setting

The sequence boundary produces a distinctly different response in a carbonate reef-margin setting, with
the reduction in accommodation space resulting in exposure and a shutting-down of the carbonate
“factory”. Exposure of the shelf rarely results in mechanical reworking of the shelf and more
commonly in chemical reworking, characterised by dolomitization in arid conditions (Tucker, 1992).
Megabreccias deposited in a toe of slope apron are interpreted to result from collapse of the platform
margin during negative accommodation space (Hunt & Tucker, 1992). An abrupt shift from offshore
marine mudstones to thick evaporite facies is interpreted to represent a reduction in accommodation
space, causing the basin to become silled with the loss of permanent marine connection.

The maximum flooding surface is commonly associated with an abrupt drowning event and landward
shift in facies (Erlich et al., 1993; Zempolich, 1993). Shallow-marine platform or reefal limestone
facies overlain by ammonite-bearing, offshore mudstone facies are interpreted to represent an abrupt
deepening of facies and increase in accommodation space. The top surface of the underlying limestone
reef often shows infilling of cavities or Neptunian dykes and the blanketing of life-position framework
corals by offshore mudstones, supporting an abrupt increase in accommodation space and drowning of

the limestone reef.

5.4.4 Marginal-marine fan-delta setting

Erosionally-based, multi-storey conglomerate facies directly overlying shallow-marine limestone or
fine-grained sandstone facies is interpreted to represent a reduction in accommodation space. This
abrupt basinward shift of facies within a fan-delta succession is characterised by lateral and vertical
lithofacies features and interpreted to represent the progradation of the alluvial fan during a drop in
relative sea-level (Postma, 1995). Sequence boundaries can be readily distinguished from autocyclic
lobe shifts on the basis of their regional extent and recognition in the marine basin.

Shallow-marine coral limestone or fine-grained sandstone facies directly overlying pebble
conglomerate or coarse-grained sandstone facies is interpreted to represent the shutting-down of
siliciclastic sediment supply associated with an abrupt increase in accommodation space (Postma,

1995). The maximum flooding surface is characterised by the most landward of these marine facies,
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separating the backstepping transgressive and progradational highstand systems tracts. The maximum

flooding surface also commonly results in complete drowning of the alluvial fan system.

5.4.5 Fluvial setting

The sequence boundary expression in a fluvial setting is modified by along strike variations in the
degree of incision. Erosionally-based, multi-storey fluvial channels incising into fine-grained
floodplain siltstones is characteristic of the main channel area, termed the incised-valley where the
overlying fluvial/estuarine sandstones represent the lowstand-early transgressive incised-valley fill
(Flint et al., 1995). On the interfluvial areas the degree of incision is much less or none with well-
drained paleosols recording the temporally-equivalent fall in base level (Aitken & Flint, 1994).
Recent advances in the understanding of estuarine settings have permitted more sophisticated treatment
of the fluvial-marine transition (Dalrymple ef al., 1994) and subdivision of the incised-valley fill
(Zaitlin er al., 1994). A loss of accommodation space and the resulting formation of incised-valleys
may occur in response to factors unrelated to changes in relative sea-level, however, the majority of
published examples are believed to be associated with a drop of relative sea-level (Dalrymple et al.,
1994).

The expression of the maximum flooding surface varies markedly within the incised-valley fill,
characterised within marine shales (Loutit er al., 1988) at the seaward end of the incised-valley, within
thin marine limestones/estuarine sandstones in marginal-marine areas and may be associated with the

fluvial sediments that have the most distal character and are the finest-grained in the non-manne

domain (Zaitlin et al., 1994).

5.4.6 Summary

Although the expression of the sequence boundary and maximum flooding surface may vary depending
on the depositional environment, the systematic facies-shift and depositional architecture is the same

for each surface, recording a temporally-equivalent relative sea-level change.

5.5 Second-order sequence stratigraphy

Sequence stratigraphical analysis of the Domeyko basin has identified five second-order Exxon-type
unconformity bounded sequences (Figs 5.14-5.20). Each second-order sequence is composed of several
third-order sequences which themselves comprise systems tracts, identified on the basis of
parasequence stacking patterns and facies-tract shifts. In this section we restrict our discussion to the

five second-order sequences, which have durations ranging from 11-17 Ma (relative durations of stages
from Gradstein et al., 1994).

5.5.1 Sequence 1 (Late Triassic-Sinemurian)

Transgressive systems tract

The sequence boundary and lowstand systems tract of our first defined sequence are not distinguished

from the overall Triassic continental/volcanic succession. Eleven backstepping parasequences
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deposited in a fan-delta setting (Quebrada Vagquillas and Punta del Viento) record an increasingly
important influence of transgression in the form of thin intercalated marine limestone and wave-
rippled sandstone facies, capped by a 10-40 m thick reefal limestone (Chong, 1977; Prinz, 1991) (Fig.
5.14). Down-dip (north-west), time-equivalent deposition took place in a shallow-marine carbonate-
ramp (Sierra Argomedo). Here, clearly marked backstepping parasequences record a gradual deepening
from lower shoreface limestone/sandstone to offshore lime mudstone facies (Fig. 5.14). The
increasing marine influence and backstepping stacking pattern are interpreted to represent a progressive
increase in accommodation space associated with the transgressive systems tract.

Maximum flooding surface

An abrupt landward shift in facies from shallow-marine reefal limestone facies (<10 m water-depth) to
offshore siltstone facies (>50 m estimated water-depth), drowning of all coral reefs (Prinz, 1991),
reduction of shallow-water bivalves, gastropods, brachiopods (Groschke e al., 1988) and the first
occurrence and domination of Lower Hettangian ammonites (Chong, 1977; Groschke ez al., 1988) are
interpreted to represent a maximum rate of increase in accommodation space associated with the
formation of a maximum flooding surface in the earliest Hettangian (Fig. 5.14). Figure 5.14
demonstrates the regional extent and importance of this surface as an excellent correlation horizon and
approximate time line, hence its use as a reference datum.

Highstand systems tract

Deposits overlying the maximum flooding surface comprise progradational ammonite bearing offshore
marine facies, displaying a gradual transition from carbonate-dominated to siliciclastic-dominated
facies (Groschke et al., 1988) (Fig. 5.14). This stacking pattern is interpreted to represent a
progressive reduction of accommodation space associated with the highstand systems tract. The
succession at Sierra de Varas records Aalenian-age marine heterolithic sandstones and siltstones
directly overlying Upper Triassic marine siltstones with non-deposition and erosion resulting in a
depositional hiatus spanning from Late Triassic to the Aalenian (Chong & Hillebrandt, 1985) (Fig.
5.14). This local feature is interpreted to be tectonic in origin, resulting from footwall uplift of the
basement along the West Fissure Fault System. To the north between 22°-23°S, progradational
Sinemurian-age floodplain siltstone, shallow-marine limestone facies (Cerro San Lorenzo) and lower
shoreface limestone facies (Cerritos Bayos) are interpreted to represent the highstand systems tract

(Fig. 5.15).

5.5.2 Sequence 2 (Pliensbachian-Toarcian)

Sequence boundary and lowstand systems tract

At Cerritos Bayos near the basin margin, Pliensbachian-age upper shoreface sandstone facies
erosionally overlie Sinemurian-age lower shoreface limestone facies. The former are interpreted to
represent forced regression lowstand deposits associated with a rapid reduction in accommodation space
and the formation of a sequence boundary (Fig. 5.15). Up-dip to the north (Cerro San Lorenzo), an
erosionally-based multistorey fluvial sandstone unit of 10.5 m thickness, directly overlies floodplain

siltstone and shallow-marine limestone facies, also representing an abrupt basinward shift in facies
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(Fig. 5.15). The erosion surface records several metres of incision over a lateral distance of 500 m.
with the basal fluvial sandstone facies overlain by 130 m thick aggradational to progradational sandy
limestone facies, The abrupt basinward shift from marginal-marine to non-marine facies, several
metres of incision, > 500 m lateral extent of the erosion surface and incoming of non-marine to
shallow-marine facies are interpreted to represent an incised valley-fill deposit (cf. Dalrymple e al..
1994). Biostratigraphical evidence from the underlying floodplain siltstone/shallow-marine limestone
facies and overlying sandy limestone facies suggests an Early Pliensbachian age, temporally
cquivalent 1o the forced regression in the shallow-marine ramp setting. Further south (25°S), distal
carbonate-ramp deposits (East Portezuelo de la Sal) include lower shoreface-offshore transition
packstone and mudstone facies directly overlying offshore mudstone facies with a sharp, non-erosional
contact, interpreted to represent the same sequence boundary (Fig. 5.14). This sequence boundary
represents the most significant Early Jurassic basinward shift in facies seen in the Domeyko basin.
Transgressive systems tract and maximum flooding surface

A landward shift in facies from the Pliensbachian lowstand systems tract shoreface sandstone and
sandy limestone facies to anoxic basinal lime mudstone facies indicates the first well defined flooding
surface in Sequence 2, which is interpreted as the transgressive surface separating the Pliensbachian
lowstand and Toarcian transgressive systems tracts (Fig. 5.15). Aggradational to backstepping bedsets
of offshore lime mudstone and packstone facies (65-75 m total thickness) recording siliciclastic
sediment starvation and progressive deepening are interpreted as the transgressive systems tract (Fig.
5.15). Ammonite bearing black packstone facies (Cerro San Lorenzo) are strongly anoxic and
characterise the most basinal facies within the Toarcian, interpreted to represent the maximum
flooding surface or condensed section (Fig. 5.15). Further south (Cerritos Bayos), a single horizon of
large (>0.5 m in diameter) calcareous concretions within fine-grained yellow mudstones is interpreted
to represent the slowest rates of deposition associated with the condensed section of this maximum
flooding surface (Fig. 5.15). These seclions demonstrate the variable character of a maximum
flooding surface in the anoxic and oxygenated zones of a carbonate ramp environment.

Highstand systems tract

Anoxic black mudstone (Cerro San Lorenzo) and progradational yellow mudstone facies (Cerritos
Bayos) with increasingly abundant bioclastic packstone and sandstone beds upwards, record a
progressive shallowing in an area of slow rates of deposition and decreasing accommodation space.

interpreted to represent the highstand systems tract (Fig. 5.15).

§.5.3 Sequence 3 (Aalenian-Bajocian)

Nequence boundary and lowstand systems tract

Erosionally-hased. shoreface sandstone facies at Cerritos Bayos and sharp-based, lower shoreface
hmestone facies at Cerro San Lorenzo which directly overlie Toarcian basinal mudstone facies are
mnterpreted to represent a basal Aalenian sequence boundary (Fig. 5.15). Four progradational
parasequences recording a marked increase in the limestone:mudstone ratio and the appearance of a

distinetive mono-specific benthic bivalve assemblage of Nuculana cf. ovum, are interpreted to

90



]
Q 0]
i Q
South & Dona Ines | IQuebrada 40k IPunta del e—aok | Sierra e—aok | E. Ptzo. de | 15km—»] Aguada Sierra de NE =
2. Chica Vaquillas = Viento Argomedo la Sal de Varas fe—2km—s] e-8skm—{ "= b o North
= A q g Varas Pascua =
c g (Hllteb;agré%t)et. al., (McKie, 1994) (Chong & Hillebrandt, 1985)  (Hillebrandt et. al., 1986) | 3
® | Ve
© ” ol
= I See Appendix 1 for g
'c_) s N K i A full sedimentary logs (<)
o) z o S e =
§ 2 A, 5 2 =
5 j------ToarC|an - |5
s . n LX ¢ @
ol 2 E =1 |8
@ | = ety g X e
% E .......... 'TST:_:_:_:__A , Non-deposition and erosion at the Sierra de Varas - - .':tll 2 %
< --------------- section results in a deposmonal hiatus spannlng pd oL :.i, o 7))
ol = o :-:-:-:-:_:-:-:-:from LateTnassnc Aalenian times. This Iocal :-:- ] <L
T ] [ s o ey o L ey e A s | S T, ele
SISl B o e e e e e L S e el B e e e 2 b7 | =12
5| s e e e N T 74 = |
5 8 £
o ot o
c i
7] 4 £
n
[ =
| =
B 3
e o
o c
b = ©
: B
- - -
5 l‘;::"fv”y Y )/\;/v'»/‘ {: . 5
- — ~ - —
© =
© Q
ol£ P
=l é QO
m e \'/ W '/ e 7]
m ' NN 7 '.(/v,v/vv 8
s AT g
o i .‘{v"{v'{-;{vv/vv{';{/‘{-/ W v “ E
18| E Permo-Triassic otaion s |-
=| B \ :’ S z
ol [ “Volcanic Basement “2220% 3
=l E AN RAN AR AR et 1 =
NN 7 Vé’y‘-:’ VV':{;/V/*/ 4 "/,\/ Y\/\{V \1/:¢¢4 //'-/ W N ‘-{V‘-u
’
Biostratigraphic time line Continental conglomerate Aguada &
Alto de
4 mfs Maxium flooding surface Lagoonal limestone Varas
2 sy X SB Sequence boundary Shoreface sandstone d; II:ZS(;I [—
ERL L LR S bloh o ifs Initial flooding surface Shallow-marine limestone
Permo—Tnassnc
[ n nﬂ LST Lowstand systems tract Offshore transition siltstone
4 Sy t | TST Transgressive systems tract Offshore mudstone 50km
Cont,lnen a HST Highstand systems tract Anoxic black shale —
CIaStICS and rs Ravinement surface Evaporites
V0|CanICS , % T.:'.VV ’VVVV’ j’ 3 Volcanics 697

Figure 5.14 Norian (Late Triassic)-Pliensbachian

(Early Jurassic) correlation panel for the area between 24° and 26°S.




Baj.

Aalenian

Toarcian

Aalen. | Baj.

Toarcian

=3
«
=]
S IS
Q S
& ©
@ L
: :
i 9
o
o=
i
-
=
=
(0]
. £
See Appendix 2 for 0
full sedimentary logs
Figure 5.15 Sinemurian (Early Jurassic)-Aalenian (Middle Jurassic) correlation panel for the

area between 22°-23°S.




Chapter § Sequence stratigraphy

represent an abrupt shallowing (Fig. 5.15). These lowstand deposits are distinctly coarser-grained
with a higher packstone:mudstone, or sandstone:siltstone ratio than those below (Figs 5.15-5.16).
Transgressive systems tract

Backstepping shoreface facies at West Cerro Jaspe and Quebrada San Pedro, storm-dominated offshore
transition facies at South-west Cerro Jaspe and Cerro San Lorenzo and offshore siltstone facies at
Cerritos Bayos and Quebrada Profeta all record a progressive increase in water-depth and are interpreted
to represent the Lower Bajocian transgressive systems tract (Figs 4.23-4.25 and 5.16). The shallow-
marine example at Quebrada San Pedro records the initial marine transgression and transgressive
systems tract as two backstepping parasequences with the upper parasequence being characterised by
the Lupherites biozone (Figs 5.17, 5.18). The offshore succession at Quebrada Profeta records a
single parasequence also characterised by the Lupherites biozone, thus allowing high resolution
correlation of the two successions (Figs 5.17-5.19).

Middle Jurassic Volcanic Activity

In the north, between 21°40'-22°8S, a 30-40 m thick Lower Bajocian submarine lava can be walked out
laterally (north-south) for more than 12 km (Fernandez-Lopez et al. in press), while 15 km further
south (Quebrada Corralas) a 225 m thick succession of Bajocian-Callovian volcanic ash with
intercalated reefal limestones is interpreted to represent a small active volcanic island (Fig. 5.16).
Bajocian-Callovian volcanic activity (Groschke & Hillebrandt, 1994) is also recorded in the south
(25°30°S) of the Precordillera (Sierra Candeleros) and in the Coastal Cordillera (Rencoret). The Middle
Jurassic volcanic activity along the Precordillera cannot be accounted for by the distant Jurassic
volcanic arc, some 100 km to the west, and is interpreted to represent renewed tectonic activity along
the eastern margin bounding fault at this time. This interpretation is supported by renewed
transtensional movement along the eastern margin bounding fault in the Middle Jurassic (Prinz er al.,
1994; Fernandez-Lopez et al. in press). The Callovian and Oxfordian isopach maps of Prinz er al.
(1994) record high sediment thicknesses in small isolated depocentres, consistent with the formation
of pull-apart basins.

Maximum flooding surface

A deepening of facies, siliciclastic sediment starvation and a faunal abundance peak in the proximal
area (Quebrada San Pedro and Cerro Jaspe) coupled with a significant depositional hiatus (condensed
section) in the basinal section (Quebrada Profeta), shown by the juxtaposition of the Lupherites and
Stephanosphinctes biozones (Fernandez-Lopez ef al., 1994), are interpreted to indicate a maximum
flooding surface (Megasphaeroceras magnum Zone) (Figs 5.16,5.17). The change from backstepping
to progradational parasequence stacking patterns at Quebrada San Pedro, West Cerro Jaspe and South-
west Cerro Jaspe is also a characteristic feature of the maximum flooding surface, defining the
boundary between the transgressive and highstand systems tracts (Fig. 5.17).

Highstand systems tract

Progradational shoreface sandstones and limestones in the proximal area and offshore transition
siltstones in Quebrada Profeta, Cerritos Bayos and Cerro San Lorenzo are interpreted to represent the

progressive reduction in accommodation space within the highstand systems tract (Figs 5.16, 5.17).
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The shallow-marine example at Quebrada San Pedro records the highstand systems tract as four
progradational parasequences characterised by the Stephanosphinctes and Strenoceras biozones (Fig.
5.17). The offshore succession at Quebrada Profeta records five parasequences also characterised by the
Stephanosphinctes and Strenoceras biozones, thus allowing high resolution correlation of the two
successions (Figs 5.17-5.19).

5.5.4 Sequence 4 (Bathonian-Oxfordian)

Sequence boundary and shelf-margin systems tract

Erosionally-based, lower shoreface sandstone facies directly overlying offshore siltstone facies clearly
seen in the proximal shallow-marine storm-dominated ramp sections are interpreted to represent a
reduction in accommodation space and the formation of a sequence boundary (Figs 5.16, 5.17).
Further evidence for a shallowing of water-depth is indicated by a change in faunal abundances from
ammonite-dominant to bivalve-dominant biofacies and an increase in the degree of sediment and fossil
reworking (Fernandez-Lopez et al., 1994; Groschke & Hillebrandt, 1994). Non-deposition and
submarine erosion in the shallow-marine proximal section at Quebrada San Pedro resulted in a
depositional hiatus corresponding to the Garantiana, Parkinsoni and Zigzag ammonite Zones,
spanning approximately 4.5 Ma (Fernandez-Lopez er al., 1994) (Fig. 5.18). This hiatus marks the
boundary between the two stages of ammonite colonisation, as discussed by Fernandez-Lopez e! al.
(1994). The time break allows us to interpret a Type-2 sequence boundary (Fig. 5.17). In the basinal
section (Quebrada Profeta), the influx of several closely spaced 0.3 m thick sandstones into an
otherwise uninterrupted offshore mudstone succession and preservation of a complete ammonite
chronology (Groschke & Hillebrandt, 1994) indicates a correlative conformity (Figs 5.17, 5.19).
Aggradational lower shoreface storm-dominated facies in the proximal shallow-marine sections and
thin heterolithic sandstones in the basinal sections (Cerro San Lorenzo, Cerritos Bayos and Quebrada
Profeta) are interpreted to represent a Bathonian shelf-margin systems tract (Fig. 5.17).
Transgressive systems tract

A landward shift in facies from the heterolithic storm-dominated sandstones of the shelf-margin
systems tract to offshore siltstone facies indicates the first well defined flooding surface (Steinmanni
Zone) in Sequence 4 and is interpreted as the transgressive surface separating the Bathonian shelf-
margin and transgressive systems tracts (Fig. 5.17). Backstepping offshore transition and offshore
siltstone facies are interpreted to represent the transgressive systems tract of Sequence 4 (Fig. 5.16.
5.17). In the north at West Cerro Jaspe (21°40’S), the transgressive systems tract is unusually thick
(> 300 m). This is attributed to transtensional faulting along the eastern basin margin which results
in isolated Callovian-Oxfordian depocentres (pull-apart basins) of particularly high subsidence rate,
where thicknesses can reach 480 m (Prinz et al., 1994).

Maximum flooding surface

Much of the Domeyko basin records Lower-Middle Oxfordian ammonite bearing black mudstone
facies, representing strongly anoxic depositional conditions. These facies directly overlie yellow

calcareous siltstones with a sharp, non-erosive contact, interpreted as a maximum flooding surface
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Chapter 5§ Sequence stratigraphy

(Fig. 5.20). In the north (West Cerro Jaspe), fine-grained yellow mudstone facies with a horizon of
abundant large calcareous concretions (0.5-2 m in diameter) record the deepest marine facies and
siliciclastic sediment starvation, interpreted to represent the maximum flooding surface in an
oxygenated carbonate-ramp environment (Fig. 5.20).

Highstand systems tract

A gradual transition from the anoxic black mudstone facies to progradational yellow siliciclastic
siltstones containing rare thin sandstone beds is interpreted to represent shallowing, characteristic of

the highstand systems tract but in a low sediment supply setting (Fig. 5.20).

5.5.5 Sequence 5 (Late Oxfordian-Early Cretaceous)

Sequence boundary and lowstand systems tract

A sharp-based succession of subaqueous evaporite facies 10-200 m thick, directly overlying offshore
marine siltstone facies records an abrupt shallowing and basinward shift in facies and is interpreted as a
sequence boundary (Fig. 5.20). The sediments directly below the evaporites are dated as Late
Oxfordian (Bimammatum Zone) and those directly above are dated as Late Kimmeridgian (Acanthicum
Zone) indicating that the evaporites have a duration of five ammonite zones, spanning approximately
7.5 Ma (Gygi & Hillebrandt, 1991; Hillebrandt e7 al., 1992). The Upper Oxfordian-Lower
Kimmeridgian evaporites are predominately subaqueous basinal evaporite facies with limited marginal
sabkha evaporite facies seen in the north (Cerro Jaspe, Fig. 5.20). The occurrence of regionally
extensive subaqueous evaporite facies is interpreted to result from restricted marine connection due to
barring of the basin, similar to that proposed for the Messinian evaporites of the Mediterranean (Hsii
et al., 1977; Vai & Lucchi, 1977; Warren & Kendall, 1985), hence implying a high-magnitude fall of
relative sea level.

Transgressive systems tract and maximum flooding surface

The change from hypersaline basinal or marginal sabkha evaporite facies to shaliow-marine or
lagoonal limestone facies is interpreted as the first well defined marine flooding surface and hence, a
transgressive surface (Fig. 5.20). Kimmeridgian-age, backstepping marginal-marine lagoonal
sandstone and limestone facies in the north (21°-24°S) and shallow-marine sandstone and siltstone
facies in the south (24°-26°30'S) are interpreted to represent a transgressive systems tract (Fig. 5.20).
A cessation of siliciclastic sediment input and change from backstepping to progradational
parasequence stacking geometries is interpreted to indicate the maximum rate of marine flooding and
hence the maximum flooding surface (Fig. 5.20).

Highstand systems tract

Progradational marginal-marine lagoonal to hypersaline limestones (without sandstones) in the north
of the basin (21°-24°S) and shallow-marine sandstones and siltstones in the south of the basin (24°-
26°30°S) are interpreted to represent the highstand systems tract (Fig. 5.20). This is truncated by
continental facies associated with the Early Cretaceous sequence boundary (Chong, 1977; Bogdanic,

1990). The unconformity is underlain by Upper Kimmeridgian marginal-marine facies in the north of
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the basin (21°-24°S) and by Lower Cretaceous marine facies (Quebrada La Carreta) in the south of the
basin (24°-26°30°S).

5.5.6 Palaeogeographical evolution and relative sea-level changes

The sequence stratigraphical analysis provides a stratigraphical framework for the understanding of
palaeogeographical and chronostratigraphical development of the Domeyko basin (Figs 521, 5.22).
The palacogeographical development can be summarised by four maps showing the limited Late
Triassic marine transgression between 23°30°-26°30’S, the continued Hettangian-Sinemurian marine
transgression to the north and east, the Bajocian transgression of the Cerro Jaspe area (Early Bajocian)
and Quebrada San Pedro peninsula (Late Bajocian) and the Kimmeridgian-Early Cretaceous marine to
continental transition (Fig. 5.21). This progressive marine flooding to the north and east can be seen
from the chronostratigraphy, highlighting the time-transgressive nature of shoreface sandstone facies
and the synchronous nature of the Oxfordian-Kimmeridgian evaporite facies (Fig. 5.22).

The sequence stratigraphical analysis of the Domeyko basin succession allows the development of a
Jurassic relative sea-level curve for northern Chile (Fig. 5.23). The relative sea-level curve is based
on the identification of sequence boundaries and maximum flooding surfaces which define the R’ and
F’ inflection points, respectively. The absolute magnitude of sea-level changes is difficult to measure
due to a lack of abundant palaeobathymetric indicators. However, the relative magnitude of sea-level
changes can be estimated on the basis of the facies juxtaposition across each particular sequence
boundary and flooding surface. For example, a flooding surface which places offshore siltstones over
lower-shoreface storm-dominated sandstones is interpreted to be of lower magnitude than a flooding
surface which places similar offshore siltstones over marginal-marine fan-delta conglomerates.
Additional biostratigraphical data which allows the identification and measurement of duration of a
depositional hiatus is also interpreted to be an indicator of the relative magnitude of sea-level changes
when the comparison is made between similar depositional environments. The longer duration hiati
are assigned greater relative magnitudes of sea-level change. On the basis of this approach a long-term

relative sea-level curve for the five second-order sequences is presented (Fig. 5.23).

5.5 Characterisation of high-frequency third-
order sequences

5.5.1 Introduction

Sequence stratigraphical evidence of second- and third-order cyclicity was presented on curves of coastal
onlap and eustatic cycles (Vail et al., 1977a; Haq et al., 1987; 1988) (Fig. 5.3). The fundamental
third-order cycle has an average duration of 1-2 Ma but may range from 0.5-5 Ma (Vail er al., 1991)
(Fig. 5.3). These third-order cycles are the building blocks of larger-scale cycles (second-order cycles)
that have a duration of 9-10 Ma (Mitchum & Van Wagoner, 1991) (Fig. 5.3). Similarly, fourth-order
cycles of duration 0.1-0.2 Ma form the building blocks of third-order cycles (Mitchum & Van
Wagoner, 1991). Mitchum & Van Wagoner (1991) discussed the principal of scale-independence and

gave examples of third-order composite sequences composed of fourth-order sequences, preserved in

94



immeridgian

K

|

Sequence

Lorenzo Corralas

San Pedro San Pedro

o D)

See Appendix 4 for
full sedimentary logs

Lower Cretaceous
Continental Clastlcs

North
South North Quebradal‘_ws km—] Quebrada fe——<1 km—| Quebrada 80 km——"l Cerro San l‘_45 km—s] Quebrada I‘ ST v Quebrada < 15 km - W Co Jaspe
Honda

Profeta

23°

Oxfordian

Callovian|

Figure 5.20 Oxfordian-Kimmeridgian (Late Jurassic) correlation panel for the area between 21.5°-25°S.

)
O
|
)
=
- 3|
e .4\ fS (D
3 B g b =
S o
2 |8
-’{"/‘j [e))
I I =
e e‘ :/; /; —
// /) ()]
o
A I7A56|E
4144 |E
o3 SR ERINE
A !
b A P
L
L A PPN
A A
N A 7
A 7’ A —
e AP
-SB
=
3
°
£
pr—
o=
3
>
o
—
' S




70° 69° 70° 69°

Late Triassic;
(205 Ma)

Agua Dulce
23°
Salar de
m 1) Y % Atacama
,’ Antofagasta L/ 3 7,
24°1 8” T24°
fiod L
4 pSalar
Punta yegu
14
250.4 ¥ —LZSD
T:
) & i
Xy B J Dl
26°1 O T26°
Ch : Salar de
50km f iy iswme Pedernal 50km
south (Prinz et al., 1994).

Kimmeridgiansg \ . g}d
(150Ma) . 2 S

.
J
=

Rio Loa

o D N
.. !b illag '0
‘ i
% : .u‘“ i i
T Tocopitiah 83 fEE G =
) T4 Chuquicamata
ﬂa > U
‘ X,
23° ) #! +23°
5 Salar de
64 B;l}edlno 4 Atacama
Antof oy : o J
24° r24°
£t Lo
4 )Salar de
. 03 R Punta Negra
25% Papaso, ot o 28 T25°
T e D
L) '”
7, .“
% ¢

oRy 2

/,

Chanaral { ;CSllude

Connection with ocean is to the ~ Pedernales 20
south (Prinz et al., 1994). .

70° 69°

Figure 5.21 Pal cographic reconstructions for the: 1. Late Triassic; 2. Sinemurian; 3. Bajocian; and 5.
Kimmeridgian ::ongnhem Chile. Absolute ages of stage boundaries and durations of stages are taken from -
Gradstein et. al., (1994).

3




North

-

Standard European Zones

OCCITANICA
| EUXINUS
'Erangtes spp.
" MICRACANTHUM
PONTI . i
| FALLAUXI (65 Ma)
" SEMIFORME |
DARWIN
" HYBONOTUM ‘*
BECKERI Wi
EUDOXUS
~ ACANTHICUM 44;:uq -
DIVISUM
g| HYPSELOCYCLUM
PLATYNOTA X
T 1541 Maf
L | BIMAMMATUM
BIFURCATUM
TRANSVERSARIUM (5.3 Ma)
PLICATILIS
CORDATUM A it
E [ MARIAE O GUsSto
LAMBERTI RN
| ATHLETA )
CORONATUM
JASON
GRACILIS |CALLOVIENSE
MACROCEPHALUS
DISCUS 1644 Ma'
RETROC.
BREMERI
M| SUBCONTRACTUS
PROGRACILIS
E| 2GzaG
PARKINSONI
L | GARANTIANA
SUBFURCATUM
HUMPHRIESIANUM
SAUZEI
€| LAEVIUSCULA
OVALIS
" DISCITES
CONCAVUM
MURCHISONAE
SCISSUM
OPALINUM
LEVESQUEI
THOUARSENSE
| VARIABILIS
BIFRONS
FALCIFERUM
TENUICOSTATUM
SPINATUM
MARGARITATUS
DAVOEI (5.7 Ma)
e[| BEX
~ JAMESONI
RARICOSTATUM
[ OXYNOTUM
| OBTUSUM
TURNER
£| SEMICOSTATUM
BUCKLANDI
ANGULATA
LIASICUS (3.8 Ma)
| PLANORBIS |

23° 22°S o1
T

Er
o
[

L &2

EARLA
| RYAZ

1442 Ma

-

TITHONIAN
z

m

I e amsa=sssasssasaEmEN
J N SN SN SO RO ) BN SCR SON 0N S0N 0N
Lagoonal limestones

N §

=

£ SO ON S8 SC O X SO N I S0 60N 50N §

=

>
>
>
)-

I

>
>
>
>
>
>
>
>
>
>
>
>
>
s1H
>
7’
>
>
>
>
b
>
7
>-
)-

>
4
>
>
4
>
b
5
>
>
>
>
>
7,
>

L
;,
3¢
>
) e
¢
3
>
7
P
>y
>
>
7,
7,
>
>
7,
>
b
>
>
¥
7,
»
7
>
7,
Ps
>
>
>
¥
7,
>

>
>
%3
37y
j5¢%¢ &
>33
»2325 2331

>
e

>
>
3752
>

>

>

>

>
>
>
>
>
>
);)
3¢
254
555
36
3>
€
>
>
3
>
>
>
>
>
>
>
>
>
>
>
>
>

5
Dy
®
<
)

3
O.
=
®
%
?y
>
>y

>
>
>

LATE
KIMMERIDGIAN
35>
3?32
52323252

57523257
>
>

2654

j5¢
3’5
550
$3¢°
2
o
(363
3
52323757
>
>
»
>
>
>
>
‘3
3
3¢
375>

264
>
el

2.2
3>
53
7>
>
3636 3¢
32323257y
327y
13¢5
3757y
%6 5
3>
4
>;>>>>
5
»
YIAD
3>
P26 26 24
>y
>y
>
>
>
4
39393
<
2
>33
39353
>
4
36343

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>§>
3>
>
o
5333555
3¢
3252
>
36563
>
>
>
>
>
>

>
>
3257375

3
>

>

»>5>
52373732

?y

>

136 36 4

12826 3¢
323232523

P36

>y
>0
52373
>

>
>
>
»>
>
>
3>
>

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
0>
5>
V>
5>
s>
5>
>
5>
»>

OXFORDIAN

(5.0 Ma)

CALLOVIAN
=

(4.8 Ma)

BATHONIAN

169.2 Ma

JURASSIC
MIDDLE

(7.3 Ma) NNMNVMNNNNNNVVVNNNVNVNVVVYVYVYY

BAJOCIAN

176.5 Ma

(3.6 Ma)

AALENIAN

180.1 Ma

(9.5 Ma)

TOARCIAN

189.6 M

Location M

22¢
Tocopilla

PLEINSBACHIAN

195.3 Ma fifie

EARLY

Continental / fan-delta
conglomerate

Lagoonal limestone
Shoreface sandstone
Reef / platform limestone

=

(6.6 Ma)t.

SINEMURIAN

201.9 Ma{”

m]{ =

205.7 Ma

Absolute ages and
durations of stages
(Gradstein et. al.,

m 1994)

Evaporite
1X] Submarine lava

[[ T Hiatus

DEENREEEDEAEAEEERBON

[CARNIAN] NORIAN | RHAETIAN beTTANGIAN

| TRIASSIC
LATE

Figure 5.22 Chronostratigraphy of the Domeyko basin from Late Triassic-Early Cretaceous. Absolute ages of stage boundaries and durations of stages are taken from Gradstein et.
al., (1994).




Standard European
Ammonite Zones

Southern
Andes

Relative Sea-level Curve

OCCITANICA

ICRET]
EARLY|
RYAZ

EUXINUS

Zore.

Durangites spp.

12 e e

MICRACANTHUM

| itorspincoumZone |

PONTI

FALLAUXI

(6.5 Ma) sateecens |

TITHONIAN
=

SEMIFORME

ook Zove,
T e

DARWINI

mendozanue Zone

Surfaces & systems tracts

HYBONOTUM

BECKERI

150.7 Ma- Torquatisphinctes

@
-
2
High g Low

g3 &
T4

EUDOXUS

O

ACANTHICUM

S,

TST |

DIVISUM

(3.4 Ma)

LATE

KIMMERIDGIAN

HYPSELOCYCLUM

EVAPORITES

PLATYNOTA

PLANULA

154.1 Ma-|

Third-Order

o

ifs
LST

LI'lSequences

OXFORDIAN
=

HST

159.4 Ma

CALLOVIAN
=

DISCUS

RETROC.

£
mis

TST

BREMERI

SUBCONTRACTUS

(4.8 Ma)

BATHONIAN
ES

PROGRACILIS

ZIGZAG

LST

PARKINSONI

JURASSIC
MIDDLE
m

GARANTIANA

SB
HST

SUBFURCATUM

AJOCIAN

HUMPHRIESIANUM

SAUZEI

(7.3 Ma)

LAEVIUSCULA

OVALIS

DISCITES

CONCAVUM

mfs™|

TST

ifs—

176.5 Ma{ paiarg. Zone

MURCHISONAE

SCISSUM

(3.6 Ma)

AALENIAN
m

OPALINUM

LST

LEVESQUEI

THOUARSENSE

VARIABILIS

HST
mfs—

(9.5 Ma)

TOARCIAN
=

oL
ifs—

\-Third-Order

LST

EARLY

SINEMURIAN | PLIENSBACHIAN
-

LATE
[ NORIAN

o

TRIASSIC

Absolute ages and
durations of stages
(Gradstein et. al., 1994)

x
-

HST

mfs—

TST

Figure 5.23

and durations of stages are taken from Gradstein et. al., (1994).

Jurassic relative sea-level changes in northern Chile. Absolute ages of stage boundaries




Comparison of low-order and high-order Domeyko basin Sequences

Characteristics

Second-order (Low-
frequency) sequence

Third-order (High-frequencW
sequence

Average thickness and
range (m)

Average thickness 200-300 m

Range of thickness 112-520 m
Note: Thicknesses may reach in
excess of 500m in depocentres
(Prinz et. al. 1994)

Average thickness 50-100 m

Range of thickness 20-150 m

Average duration and Average duration 14.5 Ma Average duration 3.5 Ma
range (Ma)

Range of duration 10.9-17.1 Ma Range of duration 2-5 Ma
Sequence boundary Type-1 Type-1
characterisation Major incision of up to several

(Type-1 and Type-2)

metres marked by an erosion surface
Biostratigraphic hiatus
Superposition of proximal/shallower
water facies on deeper marine facies

Type:2

Marine reworking in shallow-marine
sections and correlative conformity
in down-dip sections

Incision is minor but depositional
hiatus of up to 4.5 Ma

Minor incision of up to one metre
marked by an erosion surface
Commonly Biozone boundary
Superposition of proximal/shallqwer
water facies on deeper marine facies

Type:2

Little or no erosion )
Identified on the basis of a change in
parasequence stacking patterns

Mapped extent within
preserved basin-fill (km)

Basinwide (450 km)

Variable but with confidence
between 100-450 km

Flooding surface
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Figure 5.24 Comparison of second- and third-order sequences within the Domeyko basin succession.



Chapter § Sequence stratigraphy

areas of rapid subsidence and high sedimentation rates. Fourth-order sequences have been described
extensively from the Cretaceous of the Western Interior Basin, U.S.A. (Van Wagoner et al., 1990;
Mellere & Steel, 1995; O'Byrne & Flint, 1995).

The Domeyko basin succession records highly variable rates of sediment and water loaded basement
subsidence commonly ranging from 5-20 mm/1000 years out of the depocentres, but reaching 110
mm/1000 years in the depocentres, coupled with relatively low rates of sediment supply (rates of
sediment and water loaded basement subsidence are calculated using the thicknesses of Prinz er al.
(1994) and the absolute duration of stages from Gradstein er al. (1994)). A simple correction for
compaction based on lithology and following the porosity functions presented by Sclater & Christie
(1980) would decrease the thicknesses, and hence subsidence rates by 40 %. Such a correction would
give average decompacted subsidence rates of 2-8 mm/1000 years, reaching 44 mm/1000 years in the
depocentres. These average subsidence rates are relatively low when compared to 10 mm/1000 years
for passive margins and 33 mm/1000 years (ranging from 23-43 mm/1000 years) for foreland basins
(Cross, 1986; Kukal, 1990). The very high subsidence rates observed in the isolated depocentres of
the Domeyko basin are thought to represent pull-apart basins (Prinz er al., 1994), where subsidence
rates can exceed those of foreland basins (N. Kusnir pers. comm., 1996).

In the Domeyko basin setting, the stratigraphical succession could be expected to record second-order
sequences composed of third-order sequences and their component parasequences (Mitchum & Van
Wagoner, 1991). The five previously described second-order sequences composing the Domeyko basin
succession have an average duration of 14.5 Ma, ranging from 10.9-17.1 Ma (Gradstein et al., 1994)
(Fig. 5.23). Within these second-order cycles a higher-order cyclicity has also been identified (Fig.
5.23).

Each of the second-order sequences in the Domeyko basin is composed of three to five higher-
frequency sequences. Simple averaging gives each an average duration of 3.5 Ma, ranging from 2-5
Ma (Fig. 5.23), which equates to third-order cyclicity. These sequences are composed of systems
tracts, identified on the basis of parasequence stacking patterns and facies-tract shifts. Figure 5.24
presents a comparison of the fundamental characteristics of the second- and third-order sequences
interpreted from the Domeyko basin succession.

Typically, the second-order sequences are hundreds of metres thick as opposed to the third-order
sequences which are tens of metres in thickness (Fig. 5.24). Although large variations in sediment
thickness are seen within the basin (Prinz er al., 1994), at any one section the range of second- and
third-order sequence thicknesses is an order of magnitude different. The absolute durations of both the
second- and third-order cycles are quite regular, resulting in the longer-term second-order sequences
being composed of between three and five third-order sequences (Fig. 5.24). The Type-1 sequence
boundaries of both sequences are characterised by erosional incision with the second-order surfaces
recording a greater degree of incision, reflecting their greater relative significance (Fig. 5.24). This
. greater degree of incision is commonly associated with a depositional hiatus which can be detected by
missing ammonite zones. Sequence 4 is the only second-order Type-2 sequence interpreted within the

Domeyko basin succession, characterised by a change in parasequence stacking patterns from
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progradational to aggradational with a depositional hiatus spanning three ammonite zones (4.5 Ma)
(Fernandez-Lopez et al., 1994). The third-order Type-2 sequences are identified solely on the basis of a
change in parasequence stacking patterns and any depositional hiatus is beyond local biostratigraphical
resolution (Fig. 5.24). All the second-order surfaces can be mapped throughout the basin (over a
distance of 450 km) with confidence, while the third-order surfaces are readily observed in the shallow-
marine environments but are sometimes difficult to detect in the deeper marine environments. This
problem results from the lower-magnitude third-order relative sea-level changes being recorded as the
correlative conformity with no physical expression in the offshore environment. The character of the
flooding surfaces in both second- and third-order sequences is similar but the magnitude of second-order
rises is much greater, resulting in siliciclastic sediment starvation, abrupt landward shift in facies and
juxtaposition of different depositional environments (ie. offshore marine facies overlying fan-delta
facies) (Fig. 5.24).

In the following two examples we consider stacked third-order sequences and their internal
characteristics on the basis of their position within the longer-term second-order sequence (Fig. 5.24).
In particular, by studying the high resolution anatomy of second-order Sequences 1 and 4 it has been
possible to characterise the component third-order sequences (Fig. 5.24). The examples demonstrate
the nature of the two scales of cyclicity and their interaction which results in a second-order composite
sequence, but does not produce the "typical" sequence-sets (sensu Mitchum & Van Wagoner, 1991)
normally associated with composite sequences. A full analysis of all seventeen identified high-

frequency sequences and their parasequences is beyond the scope of this thesis.

5.5.2 High resolution anatomy of Sequence 1

The Upper Triassic transgressive systems tract of Sequence 1 is composed of three backstepping third-
order sequences (transgressive sequence-set) overlain by the earliest Hettangian second-order maximum
flooding surface and Hettangian-Sinemurian second-order highstand systems tract, composed of two
third-order sequences which show a gross progradational trend, interpreted as a highstand sequence-set

(sensu Mitchum & Van Wagoner, 1991).

Sequence 1: Transgressive sequence-set

The transgressive sequence-set contains three backstepping third-order sequences, herein named 1.1,
1.2 and 1.3, deposited in basin margin fan-delta settings (Quebrada Vaguillas & Punta del Viento) and
down-dip (north-west), in a shallow-marine carbonate-ramp setting (Sierra Argomedo) (Fig. 5.25).
Sequence 1.1

Sequence 1.1 is unusually thick, composed of 100-130 m of aggradational to backstepping coarse-
grained conglomerate facies which is overlain by 20-50 m of similar backstepping conglomeratcs with
intercalated medium- to coarse-grained wave-rippled sandstone and in-situ coral limestone facies (Fig.
5.25). The substantial sediment thickness is interpreted to result from high rates of deposition
characteristic of fan-delta systems in an active tectonic setting, coupled Wwith increasing

. . I . ; i ted to
accommodation space during a long-term rise in relative sea-level. These deposits are interpre
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Chapter 5 Sequence stratigraphy

represent the late-lowstand and transgressive systems tracts of Sequence 1.1. At Sierra Argomedo,
time-equivalent backstepping heterolithic limestone parasequences record the initial marine
transgression and a progressive deepening in the Norian (Fig. 5.25). There appears to be no
preservation of highstand deposits.

Sequence 1.2

A 70 m thick unit of erosionally-based conglomerates (Punta del Viento) and 40 m thick unit of
progradational lagoonal limestone facies (Quebrada Vagquillas) record an abrupt basinward shift in
facies marking the sequence boundary and lowstand systems tract of third-order Sequence 1.2 (Fig.
5.25). These lowstand deposits are overlain by a 40-50 m thickness of medium- to coarse-grained
wave-rippled sandstone and coral limestone facies recording a thin transgressive systems tract,
maximum flooding surface and thick highstand systems tract. Down-dip, a I m thick bed of coarse-
grained gravelly sandstone with trough cross-bedding is interpreted to record the formation of a
sequence boundary, with overlying siltstones and heterolithic limestones recording the transgressive
and highstand systems tracts, respectively (Fig. 5.25).

Shelf-margin and transgressive systems tracts of Sequence 1.3

A 30 m thick unit of coral reef (Thecosmilia) and thin wave-rippled siliciclastic sandstone facies
indicates renewed marine transgression and shallow-marine conditions (Fig. 5.25). This unit is
interpreted as the shelf-margin and transgressive systems tracts of Type-2 Sequence 1.3 and is overlain
by offshore marine mudstones indicating an abrupt landward shift in facies, the maximum flooding
surface. This surface records the drowning of all coral reefs and the most landward facies shift seen in
the Norian-Sinemurian, and hence is assigned second-order significance (Figs 5.23,5.25).

In the fan-delta environment, the backstepping Sequences, 1.1-1.3, record an increasingly important
influence of transgression in the form of thin intercalated shallow-marine limestone and wave-rippled
sandstone facies, interpreted to represent the transgressive sequence-set of second-order Sequence 1
(Fig. 5.25). The fan-delta succession records an overall rise in relative sea-level with superimposed
fall (Sequence 1.2) and overlying stillstand without significant fall (Sequence 1.3), supporting the Rg

and Ry architectural models of Postma (1995), respectively.

Sequence 1: Highstand sequence-set

Overlying the second-order maximum flooding surface is the Hettangian-Sinemurian highstand
sequence-set, composing of the highstand systems tract of Sequence 1. This 75-95 m thick
succession includes three third-order Sequences, 1.3, 1.4 and 1.5 (Fig. 5.26).

Highstand systems tract of Sequence 1.3

At Sierra Argomedo, ammonite bearing offshore siltstones and storm-dominated sandstones of 50 m
thickness compose three progradational parasequences and are interpreted to form the Hettangian-age
highstand systems tract of Sequence 1.3 (Fig. 5.26).

Sequence 1.4

The storm-dominated sandstones of the highstand are overlain by backstepping offshore transition

siltstones (Sierra Argomedo) which indicate renewed transgression and are interpreted to represent the
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shelf-margin and transgressive systems tracts of Type-2 Sequence 1.4 (Fig. 5.26). This 20 m thick
unit of offshore siltstones contains the Hettangian-Sinemurian Stage-boundary. The presence of a
condensed horizon overlain by a 10 m thick unit of fine-grained marine mudstones records an abrupt
landward shift in facies and is interpreted as the maximum flooding surface and overlying early
highstand of Sequence 1.4 (Fig. 5.26).

Sequence 1.5

A 3-13 m thick unit of erosionally-based storm-dominated sandstones and sandy limestones directly
overlying the mudstones indicates an abrupt lowering of mean storm wave-base and is interpreted to
represent the sequence boundary and lowstand systems tract of Sequence 1.5 (Fig. 5.26). Overlying
these sandstones is a 10 m thick unit of heterolithic sandy limestones with an abrupt transition into
10 m of fine-grained mudstones, interpreted to represent the transgressive systems tract and maximum
flooding zone, respectively. The subsequent deposition of progradational storm-dominated sandy

limestones is interpreted to represent a progressive lowering of accommodation space, indicative of the

highstand systems tract (Fig. 5.26).

5.5.2 High resolution anatomy of Sequence 4

The Bathonian-Oxfordian second-order Sequence 4 is bounded at the base by the basal Bathonian
sequence boundary and at the top by the Late Oxfordian sequence boundary, with a Middle Bathonian
shelf-margin sequence-set, Upper Bathonian-Callovian transgressive sequence-set and Lower-Middle

Oxfordian highstand sequence-set (Figs 5.27, 5.28). The second-order Sequence 4 is composed of four
third-order Sequences, 4.1-4 4.

Sequence 4: Shelf-margin sequence-set

Shelf-margin and transgressive systems tract of Sequence 4.1

Erosionally-based aggradational to backstepping lower shoreface storm-dominated sandstones in the
shallow-marine sections (West Cerro Jaspe & Quebrada San Pedro) and thin heterolithic sandstones in
the basinal sections are interpreted to represent the shelf-margin and transgressive systems tracts of
third-order Type-2 Sequence 4.1. These sandy deposits are overlain by offshore marine siltstones of
Late Bathonian age interpreted to represent the maximum flooding surface (Steinmanni Zone) and
subsequent muddy highstand systems tract of third-order Sequence 4.1.

On a second-order time-scale, this maximum flooding surface (Steinmanni Zone) marks the first well-
defined flooding surface associated with a general change from sandy storm-dominated deposits to

muddy offshore deposits. and hence is interpreted to represent the marine flooding surface of second-
order Sequence 4.
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Chapter § Sequence stratigraphy

Sequence 4: Transgressive sequence-set

Highstand systems tract of Sequence 4.1.

Overlying the Steinmanni Zone maximum flooding surface are Upper Bathonian muddy marine
siltstones ranging from 15-50 m in thickness, interpreted to characterise the highstand systems tract of
Sequence 4.1.

Sequence 4.2

Up to 20 m of erosionally-based sandstones and sandy limestones overlying offshore calcareous
mudstones at West Cerro Jaspe and Cerro San Lorenzo are interpreted to record the formation of a
sequence boundary and overlying Upper Bathonian lowstand systems tract of Sequence 4.2. Overlying
Lower Callovian sandy siltstones of 12-25 m in thickness are interpreted to represent an initial marine
flooding surface and overlying transgressive systems tracts. The Bathonian-Callovian Stage boundary
is coincident with this marine flooding surface. The sandy siltstones of the transgressive systems
tract are abruptly overlain by up to 30 m of offshore mudstones which are thought to record the
maximum flooding surface and overlying highstand systems tract of Sequence 4.2.

Lowstand and transgressive systems tract of Sequence 4.3

Erosionally-based heterolithic sandstones and sandy limestones of 50-60 m thickness overlying
offshore calcareous mudstone facies are interpreted to represent an abrupt basinward shift in facies and
record the lowstand systems tract of Sequence 4.3 (Fig. 5.27). To the south at Quebrada Profeta, a 70
m thick unit of storm-derived heterolithic sandstones and sandy limestones is interpreted to record the
sequence boundary as a correlative conformity in the deep basin (Fig. 5.27). This third-order sequence
boundary can be correlated with confidence for 450 km within the basin, but is not associated with
any measurable biostratigraphical hiatus (Fig. 5.27). The progradational lowstand sandstones are
overlain by backstepping offshore heterolithic siltstones indicating the first well defined marine
flooding and have been interpreted to record the marine flooding surface and overlying transgressive
systems tract of Sequence 4.3 (Fig. 5.27). The Callovian transgressive deposits of Sequence 4.3
record up to 200 m of fine-grained marine siltstones in the depocentres, with no apparent basinward
shifts in facies (Prinz er al., 1994). The marine siltstones are overlain by anoxic black shales of Early
Oxfordian age, interpreted to indicate the maximum flooding surface of Sequence 4.3 and second-order

maximum flooding surface of Sequence 4 (Fig. 5.27).

Sequence 4: Highstand sequence-set

Highstand systems tract of Sequence 4.3

The Lower Oxfordian anoxic black shale facies display a gradual transition to more sandy
progradational yellow siltstone facies with rare thin sandstones (Cerritos Bayos, Caracoles & Quebrada
Profeta), interpreted to indicate a progressive shallowing characteristic of the highstand systems tract
(Fig. 5.28).

Sequence 4.4

A distinctive 10 m thick unit of erosionally-based coarse-grained siliciclastic sandstone and

conglomerate facies can be correlated with confidence for 85 km between 21.5°-22.5°S and possibly up
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to 450 km (Quebrada Profeta), interpreted to represent sequence boundary 4.4 (Fig. 5.28). The
conglomerates are overlain by aggradational to backstepping heterolithic sandstones and siltstones
indicating renewed marine flooding during the transgressive systems tract (Fig. 5.28). It is not
possible to confidently identify a maximum flooding surface and a highstand systems tract may have
been erosionally removed by the overlying second-order sequence boundary. Iinterpret the lowstand
conglomerates of Sequence 4.4 to record the initial stages of second-order relative sea-level fall;
however, the maximum rate of relative sea-level fall and hence second-order sequence boundary
formation does not occur until the Late Oxfordian sequence boundary and subsequent lowstand

evaporites of Sequence 5 (Fig. 5.23). Sequence 4.4 could therefore be regarded as a second-order

falling stage systems tract (Hunt & Tucker, 1992).

§.5.4 Third-order sequences and relative sea-level change

In the above examples, third-order sequences can be seen to stack in a characteristic pattern controlled
by the longer-duration, second-order sequence. The relative significance of each high-frequency third-
order surface can be identified, with the most significant high-frequency surfaces indicating the longer-
term second-order surfaces (Fig. 5.29). Figure 5.29 shows an example of the transgressive and
highstand sequence-sets from second-order Sequence 1. The relative sea-level curve displays the
progressive changes in accommodation space associated with third-order sequence development during
the longer-term second-order cycle (Fig. 5.29). The changing character of the third-order sequences is
summarised in Fig. 5.30. The detailed analysis of second-order Sequences 1 and 4 within the
Domeyko basin succession has permitted the development of a higher-order relative sea-level curve for

these time-intervals, the Norian to Sinemurian and Bathonian to Late Oxfordian.

5.6 Summary

(1) Sequence stratigraphical analysis of the Domeyko basin succession has permitted the identification
and characterisation of both sequence boundaries and flooding surfaces, defining five second-order
sequences. The correlation of these chronostratigraphical surfaces, constrained within the ammonite
biostratigraphy, has allowed an analysis of both the stratigraphical evolution of the Domeyko basin
succession and subsequently second-order changes in relative sea-level.

(2) The Domeyko basin mixed carbonate and siliciclastic ramp environment is characterised by the
deposition of siliciclastic-dominated successions at times of low accommodation space (lowstand and
late highstand systems tracts) and carbonate-dominated successions during periods of high
accommodation space (transgressive and early highstand systems tracts).

(3) Second-order relative sea-level falls in the earliest Pliensbachian, earliest Aalenian, earliest
Bathonian, Late Oxfordian, earliest Valanginian, and rises in the earliest Hettangian, earliest and Late
Toarcian, Early and Late Bajocian, Late Bathonian, earliest Oxfordian and Late Kimmeridgian have

been identified within the Domeyko basin succession. Within these second-order cycles a higher-

frequency cyclicity has also been identified.
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(4) The second-order composite sequences in the Domeyko basin succession are composed of between
three and five high-frequency sequences. These examples demonstrate two scales of cyclicity, the
interaction of which results in a second-order composite sequence. This does not however produce the
"typical" sequence-sets (sensu Mitchum & Van Wagoner, 1991) associated with composite sequences.
The poor development of high-frequency sequences may result from a combination of low
sedimentation rates and time gaps in the preserved rock-record, coupled with suppression of low-
magnitude relative sea-level falls during the long-term transgressive nature of the Jurassic.

The changes in relative sea-level have been correlated on a basinwide-scale and hence are interpreted to
be driven by a process on a scale greater than the basin itself. The potential driving mechanisms for

these relative sea-level changes are discussed in Chapter 6.
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Chapter 6 Controls on sequence development

6.1 Objectives of chapter

The principal objective of this chapter is to investigate potential driving mechanisms for the relative
sea-level changes interpreted from the Domeyko basin succession (Chapter 5). Comparison of these
relative sea-level fluctuations with those documented from other similar age South American marginal
basins and northern hemisphere basins allows the distinction of regional from global events. The
potential driving mechanisms for global sea-level fluctuations are discussed. Finally, the tectonically-
driven sequence boundaries are characterised and a potential plate tectonic model to account for their

formation is presented.

6.2 Comparison of the sequences with other
northern and southern hemisphere basins

A relative sea-level analysis for the Jurassic Andean basins based on regional palacontological data
(Hallam, 1991) revealed several fluctuations, most notably, long-term relative sea-level falls in the
earliest Bathonian and Late Oxfordian (Fig. 6.1). Hallam (1991) concluded that eustasy was the
driving mechanism of Jurassic relative sea-level change. The relative sea-level analysis for the
Domeyko basin based on sequence stratigraphy in this study (Chapter 5) allows a higher resolution
analysis of changes in accommodation space through time, and hence determination of relative sea-
level change (Figs 5.23 and 6.1).

Comparison of these relative sea-level fluctuations with those documented from other South American
marginal basins (Antarctic Peninsula (Riccardi er al., 1992), the Argentinean/Chilean Rocas Verdes
(Dalziel et al., 1974), Magallanes (Ramos, 1989), Rio Transito (Hillebrandt & Schmidt-Effing, 1981)
and Neuquén Basins (Legarreta, 1991; Legarreta & Uliana, 1991; Uliana & Legarreta, 1993; Vergani
et al., 1995), together with basins in Peru, Ecuador and Colombia (Jaillard et al., 1990)) and northern
hemisphere basins (Jameson Land basin, East Greenland (Surlyk, 1990; 1991; Dam & Suriyk, 1992;
1995); southern Subalpine Basin, S.E. France (Graciansky et al., 1993); Venetian Alps, ltaly
(Zempolich, 1993); Lusitanian Basin, Portugal (Wilson er al., 1989); North Sea and onshore U K.
(Rattey & Hayward, 1993; Underhill & Partington, 1993; Sinclair & Riley, 1995)) allows the
distinction of regional from global events, and hence a preliminary interpretation of the controls on
sequence development (Fig. 6.1). The choice of these basins permits an objective analysis of relative
sea-level change using basins of different tectonic setting, on different continental plates. The
problems associated with Bajocian-Bathonian ammonite provincialism and biostratigraphical
correlation between South America and Europe are inherent if these continental plates are to be
compared.

It is important to note that the exact positions of the R’ and F* inflection points (maximum flooding
surfaces and sequence boundaries respectively) on each curve do not always fall on single time-lines
(Fig. 6.1). This degree of exactness is beyond the 1.5 Ma resolution of the sea-level curves
themselves, and where possible the biostratigraphically dated position of the sequence boundaries and

maximum flooding surfaces have been taken from the original source reference.
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6.2.1 Correlation of key surfaces within the Domeyko basin

(1) Earliest Hettangian maximum flooding surface and overlying highstand
systems tract (Sequence 1)

The earliest Hettangian (Planorbis Zone) records the maximum rate of relative sea-level rise
(maximum flooding surface) in the Late Triassic-lower Early Jurassic of the Domeyko basin. This
flooding event is seen in other Andean basins (Hallam, 1991), while the base of the Jurassic in
Europe is a marked transgressive surface (Haq et al., 1987; Hallam, 1988) (Fig. 6.1). The problems
of accurate dating and correlation within Europe do not permit confident identification of an earliest
Hettangian flooding surface, however an earliest Jurassic rise in global sea-level is interpreted (Fig.
6.1).

The highstand systems tract of Sequence 1 records a long-term decreasing rate of relative sea-level rise
punctuated by a flooding event in the Early Sinemurian (Bucklandi Zone), a late Early Sinemurian
sequence boundary (Turneri Zone) and an early Late Sinemurian flooding event (Obtusum Zone) (Fig.
6.1). Synchronous third-order relative sea-level fluctuations have been documented in other Andean
basins (Hallam, 1991), including Peru (Loughman & Hallam, 1982; Jaillard er al., 1990), Ecuador
and Colombia (Geyer, 1980; Jaillard et al., 1990) and the Neuquén Basin, Argentina (Gulisano &
Gutierrez-Pleimling, 1994), as well as in the Jameson Land basin, Greenland (Dam & Surlyk, 1993;
1995) and feature in the global cycle chart (Haq et al., 1987). They are therefore interpreted to be
driven by global glacio-eustatic sea-level fluctuations (Fig. 6.1). Dam & Surlyk (1993; 1995) noted
the close similarity between lacustrine base-level change in the Rhaetian-Sinemurian Kap Stewart
Formation, Jameson Land, Greenland and the global studies (Haq ef al., 1987; Hallam, 1988),

suggesting a link between eustasy and long-term lake-level fluctuations (Fig. 6.1).

(2) Base Pliensbachian sequence boundary (Sequence 2)

The base Pliensbachian was marked by an abrupt fall in relative sea-level resulting in formation of a
regional unconformity (Chong, 1973; Chong, 1977) and lowstand deposition (Fig. 6.1). A similar
base Pliensbachian relative sea-level fall is seen in the Neuquén Basin, Argentina, defining the base of
the Los Molles Formation turbidites (Gulisano & Gutierrez-Pleimling, 1994) (Fig. 6.1). The
sediments in the Jameson Land basin, East Greenland record a basin-wide unconformity with Early
Pliensbachian-age tidally-influenced marine facies (Neill Klinter Formation) directly overlying
Hettangian lacustrine facies (Kap Stewart Formation). This juxtaposition is interpreted as a poorly
dated sequence boundary containing the Sinemurian Stage (Surlyk, 1990) (Fig. 6.1). More recently,
Dam & Surlyk (1993) have dated the correlative conformity to the north as being of base
Pliensbachian age, indicating a base Pliensbachian fall in relative sea-level. Hag er al. (1987) and
Hallam (1988) have documented a base Pliensbachian global sea-level fall from data collected in
northern hemisphere basins which is supported by the South American examples, thus implying a

global control which I interpret as global glacio-eustasy (Fig. 6.1).
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Figure 6.1 Comparison of Jurassic relative sea-level changes in northern Chile with global (Haq et al. 1987; Hallam 1988) and relative sea-level changes in the Jameson Land basin, Greenland (Surlyk 1990), Andean basins
(Hallam 1991) and Neuquen Basin (Legarreta et. al., 1993). Absolute ages of stage boundaries are taken from Gradstein et. al., (1994). The F' and R’ inflection points mark sequence boundaries (Solid lines) and flooding surfaces
(Dashed lines) respectively with prominent third-order surfaces (Dotted lines) indicated. Correlatability of events is based on whether the event is seen throughout the South American basins (S) or if it can be traced into the
northern hemisphere basins (N). The subsequent interpretation of principle driving mechanism is explained in the text and indicated as either regional tectonic or global.




Chapter 6 Controls on sequence development

(3) Toarcian flooding surfaces (Sequence 2)

The Early Toarcian succession records the onset of relative sea-level rise (initial flooding surface) with
the maximum rate of relative sea-level rise (maximum flooding surface) being interpreted in the Late
Toarcian (Hillebrandt, 1971; 1973; Hallam, 1991) (Fig. 6.1). These two Toarcian flooding events,
which are marked by anoxic facies, are characteristic of the South American marginal basins of Rio
Transito, central Chile (Hillebrandt & Schmidt-Effing, 1981); Neuquén Basin, Argentina (Legarreta &
Uliana, 1991; Riccardi & Gulisano, 1992; Gulisano & Gutierrez-Pleimling, 1994) and the northern
hemisphere basins of Jameson Land, East Greenland (Late Toarcian only; Surlyk, 1990; Dam &
Surlyk, 1995), southern Subalpine, S.E. France (Graciansky er al., 1993), Venetian Alps, Italy
(Zempolich, 1993) and U.K./North Sea (Jenkyns, 1988) (Fig. 6.1). Again, the extent and
synchroneity of the two Toarcian flooding events and associated anoxic facies imply a global eustatic

control on relative sea-level, as recently proposed by Little & Benton (1995) (Fig. 6.1).

(4) Earliest Aalenian sequence boundary (Sequence 3)

The earliest Aalenian is marked throughout the Domeyko basin by a fall in relative sea-level resulting
in the formation of a regional unconformity (Hillebrandt & Schmidt-Effing, 1981) (Fig. 6.1). This
event is also recorded in the Neuquén Basin, Argentina (Legarreta & Uliana, 1991; Riccardi &
Gulisano, 1992; Gulisano & Gutierrez-Pleimling, 1994) and in northern hemisphere basins (Hallam,
1988; Haq er al., 1988) (Fig. 6.1). These data imply that the formation of the sequence boundary is
controlled by a global mechanism, again considered to be a glacio-eustatic fall. In northwestern
Europe the well-developed *“mid-Cimmerian unconformity” is of earliest Aalenian age at its correlative
conformity in the sections at Skye and Raasay, Scotland (Underhill & Partington, 1993). In the area
of the North Sea rift basin this unconformity was amplified by regional thermal uplift in the

Toarcian-Aalenian (Ziegler er al., 1983; Underhill & Partington, 1993).

(5) Bajocian flooding surfaces (Sequence 3)

The Early Bajocian of the Domeyko basin records a flooding event (Gliebeli Zone marine flooding
surface) and continued rise in relative sea-level resulting in regional transgression (Groschke & Wilke,
1986; Fernandez-Lopez er al., 1994; 1995; Groschke & Hillebrandt, 1994) (Fig. 6.1). The maximum
rate of relative sea-level rise occurred in the Late Bajocian (Megasphaeroceras magnum Zone
maximum flooding surface), after which the rate of rise decreased and subsequently relative sea-level
began to fall. An identical trend is documented from the Neuquén Basin, Argentina (Legarreta &
Uliana, 1991; Riccardi & Gulisano, 1992; Gulisano & Gutierrez-Pleimling, 1994) and within the
global studies of Haq er al. (1988) and Hallam (1988), thus implying a global sea-level rise during the
Bajocian. The position of the R’ inflection points on the global sea-level curves do not occur at
exactly the same time in the Bajocian, however both curves record well defined flooding surfaces in
the Early and Late Bajocian superimposed on a rising sea-level (Hallam, 1988; Haq e al., 1988). The
relative sea-level record for the Jameson Land basin, East Greenland is incomplete for the Bajocian

Stage due to a regional unconformity (Surlyk, 1990). However, more recently Surlyk (1991)
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identified marine flooding and transgression of Late Boreal-Bajocian age in East Greenland. The
Andean relative sea-level analysis of Hallam (1991) implies a falling relative sea-level in the Late
Bajocian, while in the Domeyko basin the Late Bajocian (Rotundum Zone) is characterised by
continued flooding and marine transgression (Fernandez-Lopez et al., 1994), implying an error at this

section of Hallam’s curve (Fig. 6.1).

(6) Earliest Bathonian sequence boundary (Sequence 4)

The earliest Bathonian relative sea-level fall is interpreted as a Type-2 sequence boundary, implying
that the fall was of low magnitude notably less than the Andean relative sea-level fall proposed by
Hallam (1991) (Fig. 6.1). Earliest Bathonian relative sea-level fall is seen in the Neuquén Basin,
Argentina (Gulisano & Gutierrez-Pleimling, 1994) and throughout the Jurassic of Chile and Argentina
(Riccardi, 1983) (Fig. 6.1).

Correlation between the Tethyan and Boreal ammonite Realms is not possible in the Late Bajocian-
Bathonian due to a lack of north-south faunal transfer, resulting in high provincialism. Therefore, the
Boreal-Bathonian of the Jameson Land basin, East Greenland (Surlyk, 1990; 1991) and global studies
of Haqg et al. (1988) and Hallam (1988) do not permit accurate correlation with South America. In the
North Sea, the basinward shift in facies associated with the Great Estuarine Group is dated as earliest
Boreal-Bathonian, occurring between the Parkinsoni and Progracilis Zones (Underhill & Partington,
1993), this could be tentatively interpolated as being time-equivalent to the sequence boundary in the
South American basins. The earliest Bathonian event is assigned a continental-scale tectonic control
throughout western South America with tentative correlation to the Nosth Sea Basin (Fig. 6.1). No

earliest Boreal-Bathonian relative sea-level fall is recorded on the global cycle chart (Haq et al., 1987).

(7) Late Bathonian marine and earliest Oxfordian maximum flooding surfaces

The Late Bathonian marine flooding surface (Steinmanni Zone) in the Domeyko basin records an
abrupt landward shift in facies and can be correlated with a Late Bathonian flooding event in the
Neuquén Basin, Argentina (Gulisano & Gutierrez-Pleimling, 1994) and possibly a Late Boreal-
Bathonian flooding event seen in the Jameson Land basin, East Greenland (Surlyk, 1990; 1991) and in
both northern hemisphere studies (Haq er al., 1987; Hallam, 1988), thus implying a global control.
The Callovian records an increasing rate of relative sea-level rise and transgression in the Domeyko
basin (Fig. 6.1). Long-term rising sea-level in the Callovian was typical for the Neuquén Basin,
Argentina (Gulisano & Gutierrez-Pleimling, 1994), Jameson Land basin, East Greenland (Surlyk,
1990; Surlyk, 1991) and the northern hemisphere basins, which tends to suggest a global rise in sea-
level (Haq er al., 1988; Rattey & Hayward, 1993) (Fig. 6.1). The Callovian deepening in the
Domeyko basin is punctuated by a third-order fall in the Middle Callovian (Riccardi, 1983; Riccardi et
al..1989) (Fig. 6.1). The Neuquén Basin, Argentina (Gulisano & Gutierrez-Pleimling, 1994) records
a minor regressive event in the Middle Callovian, marked by gypsum horizons (Tabanos Formation)

in the Rio Atuel and Chacay Melehue sections (Riccardi, 1983; Riccardi et al.. 1989). A Middle
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Callovian relative sea-level fall is seen on both global studies and therefore a global control is
interpreted (Haq et al., 1987; Hallam, 1988).

The earliest Oxfordian records the maximum rate of relative sea-level rise (maximum flooding surface)
in the Late Jurassic of the Domeyko basin. This flooding event is seen in other Andean basins
(Hallam, 1991) including the Neuquén Basin, Argentina (Legarreta et al., 1993), the Jameson Land
Basin, Greenland (Surlyk, 1990) and other northern hemisphere basins (Haq er al., 1987; Hallam,
1988), therefore suggesting a global rise in sea-level (Fig. 6.1). In the North Sea Basin this flooding
event was tectonically-enhanced by a major phase of rifting (Rattey & Hayward, 1993).

(8) Late Oxfordian sequence boundary (Sequence 5)

The maximum rate of relative sea-level fall in the Late Jurassic of the Domeyko basin occurs within
the Bimammatum Zone (latest Oxfordian) resulting in formation of an unconformity and low sea-level
stand during the remaining latest Oxfordian-Late Kimmeridgian (Bimammatum-Acanthicum Zones,
Gygi & Hillebrandt, 1991). Latest Oxfordian relative sea-level fall and evaporite deposition is clearly
seen in the Neuquén Basin, Argentina (Gulisano & Gutierrez-Pleimling, 1994) and throughout Chile
and Argentina (Riccardi, 1983) (Fig. 6.1). In marked contrast, the northern hemisphere basins of
Europe and Greenland typically record rising sea-levels during the Oxfordian-Kimmeridgian and
deposition of the Kimmeridge Clay source rock, thus implying a long-term global sea-level rise (Haq
et al., 1987; Hallam, 1988).

The large spatial distribution of lowstand evaporites traceable for over 2000 km along the marginal
basins of Chile and Argentina (Riccardi, 1983), with a marked Late Oxfordian unconformity in
southern Peru (Jaillard et al., 1990) and poorly dated Oxfordian-Kimmeridgian evaporites at Galeana,
Mexico (Gotte, 1988) are interpreted to represent a continental-scale tectonic event affecting all the
marginal basins of western Gondwana, which completely overprints the global eustatic rise. It has
been suggested that a progressive shallowing during the Callovian-Oxfordian as a result of uplift in
the Coastal Cordillera (volcanic arc) culminated in the Late Oxfordian-Late Kimmeridgian lowstand of
relative sea-level (Riccardi, 1992). However, such a shallowing is not seen in the Domeyko basin,
with widespread Callovian deepening and anoxic conditions in the Early Oxfordian. An alternative

driving mechanism is discussed below.

(9) Late Kimmeridgian-Early Cretaceous flooding

In the Domeyko basin the Late Kimmeridgian is characterised by rising relative sea-level and renewed
marine transgression, leading to a maximum rate of relative sea-level rise (maximum flooding surface)
in the Late Kimmeridgian-Early Tithonian (Fig. 6.1). A time-equivalent flooding event is seen in the
Neuquén Basin, Argentina (Riccardi, 1983; Gulisano & Gutierrez-Pleimling, 1994) and throughout
southern and central Chile (Hallam, 1991), however this event is of a larger magnitude than that seen
in the Domeyko basin (Fig. 6.1). An abrupt Late Kimmeridgian relative sea-level fall is seen in the

Jameson Land basin, East Greenland (Surlyk, 1990; 1991) with sea-level still-stand and fall recorded
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in the studies of Haq et al. (1987) and Hallam (1988), respectively. A regional tectonic control is

proposed owing to the opposite trend to the global eustatic signal (Fig. 6.1).

(10) Early Cretaceous sequence boundary

The Early Cretaceous sequence boundary resulted in closure of the marine connection to the Domeyko
basin and continental clastic deposition. An Early Valanginian sequence boundary is seen in the
Neuquén Basin, Argentina (Gulisano & Gutierrez-Pleimling, 1994), Peru and Ecuador (Jaillard ez al.,
1990; Jaillard, 1994) and throughout Chile and Argentina (Riccardi, 1983). In the Neuquén Basin
structural inversion (Vergani et al., 1995) is dated as Early Valanginian and has been correlated
throughout much of western South America (Macellari, 1988). An earliest Valanginian sequence
boundary is noted in the Lusitanian Basin, Portugal (Wilson er al., 1989) and northern hemisphere
basins (Haq et al., 1987) where it has been interpreted as a breakup megasequence boundary (Hubbard,
1988; Sinclair, 1988; Couzens, 1992; Sinclair & Riley, 1995). This Early Valanginian sequence
boundary is interpreted to record a fall in global sea-level which was tectonically-enhanced by regional

uplift in the Andean marginal basins.

6.2.2 Global and regional tectonic controls on sedimentation

Global eustatic sea-level fluctuations appear to have been the primary control on sequence
development in the Domeyko basin during the Early-Middle Jurassic. The Middle to Late Jurassic
records the interplay between eustasy and initiation of the supercontinental fragmentation of Pangea at
this time. The potential driving mechanisms for global sea-leve! fluctuations are discussed below for

first- to fifth-order cycles followed by presentation of a model to account for the non-globally

correlative sequence boundaries.

First-order cycles (Continental encroachment cycles).

First-order rising global sea-level during the Jurassic is widely interpreted to be related to the accretion
and subsequent splitting apart of supercontinents (Vail e al., 1977b; Worsley e al., 1984). When
continents are amalgamated together (as in the Permian Pangea), the volume of spreading ocean ridges
is minimised and ocean basin volume is maximised due to thermal subsidence (Plint et. al., 1994).
This results in a global lowering of eustatic sea-level. These conditions are reversed at times of
supercontinent break-up, when new spreading ridges form and displace water onto continental margins
(as in the Jurassic). The youngest continental encroachment cycle is represented by the smoothed
long-term sea-level curve on the Haq ez al. (1987) chart (Fig. 5.3).

Second-order cycles (Major transgressive-regressive facies cycles).

Second-order cycles have been interpreted to reflect changes in the volume of ocean ridges, related to
changes in spreading rate (Hallam, 1963; Pitman, 1978) and due to glacio-eustatic cycles (Vail etral.,

1977b). The second-order cycles are shown as variations on the long-term sea-level curve of Haq ef al.
(1987) (Fig. 5.3).
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Third-order cycles (Sequences).

Third-order cycles have durations of 1-10 Ma, but are typically around 3 Ma in duration. They are
ubiquitous in the Phanerozoic record (Haq er al., 1988; Miall, 1990) but their control is problematic
and controversial (Plint e al., 1992). Vail et al. (1977b) and Haq et al. (1988) implied that third-order
sequences are controlled by the waxing and waning of continental ice masses but this model has been
recently reassessed due to the rate of growth and decay of ice sheets which is thought to take place
over much shorter periods of time (0.1-1 Ma) (Plint et al., 1992).

Several other potential driving mechanisms have been proposed including explanations relating to
spreading and subduction (Harrison, 1990), changes in the horizontal stress field within plates
(Cloetingh, 1988), stress-induced changes in lithospheric density (Cathles & Hallam, 1991), geoidal
eustasy (Momer, 1981), and variations in polar wander (Sabadini et al., 1990). However, the
processes of tectono-eustasy, tectonic movement of the basin floor, or any of the potential
mechanisms listed previously cannot convincingly explain the high-frequency (0.5-5 Ma) changes in
relative sea-level of the magnitude (50-100 m) suggested by the Jurassic rock-record. Third-order
sequence cycles are shown as the short-term sea-level curve on the Haq er al. (1987) chart (Fig. 5.3).
Fourth- and fifth-order cycles (Sequences and parasequences).

Fourth- (0.2-0.5 Ma) and fifth-order (0.01-0.2 Ma) cycles are most easily explained by changes in
climate driven by cyclic perturbations known as Milankovich Cycles (Milankovich, 1941). There are
three principle orbital rhythms related to (1) changes in eccentricity of the Earth’s orbit around the sun
(400,000 and 100,000 years), (2) changes in the tilt of the Earth’s axis with respect to the plane in
which it orbits the sun (41,000 years), and (3) a wobble (precession) due to the tilt axis sweeping out
a cone (21,000 years) (Milankovich, 1941). Milankovich (1941) also suggested the link between
orbital changes and ice-sheet volumes, which are now known to result in slow ice-sheet growth and
rapid decay (Imbrie & Imbrie, 1980; Ruddiman & Mclntyre, 1981; Berger, 1988). Shackleton &
Opdyke (1973) demonstrated how changes in global ice-volumes affect sea-water composition during
the Pleistocene, and in particular oxygen-isotope values. These oxygen isotope variations can be very
closely matched with calculated insolation changes resulting from Milankovich cyclicity (Hays et al.,
1976). The standard record of oxygen isotope stages has now been extended back to 2.5 Ma before
present (Imbrie er al., 1984; Raymo er al., 1989; Ruddiman et al., 1989, Shackleton e al., 1990).
Examples of ancient sedimentary cyclicity attributed to orbital-forcing have now been described from
the Precambrian and every period in the Phanerozoic (Einsele, 1982; Arthur et al., 1984; Fischer er
al., 1985; 1990; Fischer, 1986; Berger, 1989). These examples cover a wide range of facies including
evaporitic (Anderson, 1982; 1984), lacustrine (Olsen, 1986), clastic shoreline (Clifton, 1981), deltaic
(Van Tassell, 1987), platform carbonate (Schwarzacher & Haas, 1986), shelf carbonate (Schwarzacher,
1989), siliciclastic shelf (Van Echelpoel & Weedon, 1990), hemipelagic (Weedon, 1985), pelagic
(Herbert & Fischer, 1986), and turbiditic (Foucault er al., 1987) facies. Therefore, Pleistocene orbital-
climate models characterising the regularity and periods of the sedimentary cyclicity and studies of the
likely environmental changes involved present a strong case for there being many examples of orbital-

climate control of sedimentary cyclicity in a wide range of facies since the Proterozoic.
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Fourth- and fifth-order Milankovich cycles exert an orbital-control on giobal climate which are
interpreted to result in changes in the global ice-volumes, termed glacio-eustasy. The suggestion by
Mitchum & Van Wagoner (1991) and Plint (1991) that third-order sequences are in fact built of fourth-
order sequences permits the interpretation that glacio-eustasy can provide a potential driving
mechanism to explain third-order sequence development. A glacio-eustatic control with Milankovich
periodicities may be the only currently-available driving mechanism to support the sea-level changes
recorded in the Jurassic rock-record. However, a Jurassic glacio-eustatic control is difficult to prove
due to a lack of direct evidence for continental glaciation (ie. tillite or boulder-clay), with an apparent
gap in the Earth’s glacial record from the Triassic to the early Tertiary. Spicer (1987) and Frakes &
Francis (1988) provided good evidence of seasonal pack-ice formation at sea-level during the
Cretaceous. The oxygen-isotope record for the past 40 Ma indicates the presence of a significant ice
budget, while the record between 50 to 65 Ma (early Tertiary) appears intermittently ice-free (Prentice
& Matthews, 1988). Recent climate modelling work predicts significant Antarctic ice accumulation
during the Mesozoic, and hence the potential for Jurassic glacio-eustatic cyclicity (Oglesby, 1989; B.
W. Sellwood pers. comm., 1996). Although it is not currently possible to prove glacio-eustatic
cyclicity in the Jurassic there is increasing evidence to suggest the presence of continental ice

accumulation during the Mesozoic.

6.3 Fragmentation of Pangea and its sequence
stratigraphical record in the Andean back-arc
basins

Introduction

Recent sequence stratigraphical studies in the western back-arc basins of Gondwana have examined the
effects of regional tectonic events versus global eustatic cyclicity on the resultant stratigraphy
(Legarreta & Uliana, 1996). This section characterises a series of tectonically-driven sequence
boundary unconformities in well-dated successions and presents a model to account for their
formation. It draws on published data from the Cretaceous continental succession at the top of the
Domeyko succession which although not described in detail within this thesis does allow testing of
the synchroneity of regional tectonic signals during the final fill and initial inversion of the basin.
Within the Jurassic succession of the Domeyko basin as discussed above (Fig. 6.1), the majority of
relative sea-level changes were found to correspond temporally with published global eustatic events
(Hagq er al., 1988), but two long-term relative sea-level falls (sequence boundaries) in the earliest
Bathonian and Late Oxfordian (Fig. 6.1) do not accord with eustatic sea-level changes defined in the
northern hemisphere. In the Late Oxfordian of the Domeyko basin, a sequence boundary occurs at a
time when global eustatic sea-level continued to rise (Haq er al., 1988; Rattey & Hayward, 1993),
implying a tectonic control.

Some 1800 km to the south, the well-dated successions of the Neuquén back-arc Basin of Argentina
(34°-41°8) also record the same two tectonically-driven sequence boundaries indicating that the tectonic

driving mechanism was not due to local fauit movement, but of sub-continental scale (Fig. 6.2). In
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Chapter 6 Controls on sequence development

addition, the Cretaceous successions in the two basins record three further synchronous tectonic events
in the Early Valanginian, Aptian and Cenomanian (Macellari, 1988). In the Neuquén Basin three of
these five unconformities are associated with major phases of structural inversion (Vergani et al.,
1995), providing more direct evidence of a tectonic control and principal driving mechanism (Tankard
et al., 1995). In the Domeyko basin the Early Aptian and Early Cenomanian tectonic events define
the beginning and end of arc volcanism within the basin (Fig. 6.2) as an incremental stage in the
overall eastward migration of the Andean volcanic arc during the Mesozoic and Cenozoic (Coira er al.,
1982; Reutter ez al., 1988).

Outwith specific episodes of contraction, the Andean margin was dominantly extensional (Flint ez al.,
1993). A recent study has shown a temporal coincidence between back-arc basin extension and
extension in intracontinental rift networks within Gondwana, particularly the earliest stage in the
evolution of the southernmost Atlantic (Legarreta & Uliana, 1991). This accords with a recent re-
emphasis on the significance of thermal mechanisms within Gondwana in driving extensional rifting
and the subsequent fragmentation of Pangea (Storey, 1995). Previously the emphasis has been
exclusively on varniations in sea-floor spreading rates in the Pacific area to contro] western Andean
margin evolution (Jordan et al., 1983; Pardo-Casas & Molnar, 1987). In this section we further
explore the fragmentation episodes within Pangea by assessing their effects on the South American
active margin as recorded in the evolution of the western back-arc basins.

The positions of the five synchronous tectonically-driven sequence boundaries in the Domeyko and
Neuquén Basins are displayed in Fig. 6.2. The characteristics of each boundary and its temporal

correlation with well constrained fragmentation events with Pangaea are dealt with in

chronostratigraphical order below.

Middle Jurassic subduction coupling and Laurasia/Gondwana
separation (170 Ma)

In the Domeyko basin, the Type-2 sequence boundary unconformity defining the base of Sequence 4 is
interpreted to record a tectonically-driven regional fall in relative sea-level, as previously discussed.
The time-equivalent siliciclastic succession of the Neuguén basin shows a more dramatic change from
offshore marine siltstone to erosively-based tidal and fluvial sandstone facies (Gulisano & Gutierrez-
Pleimling, 1994), interpreted as incised valley fills (Zavala, 1993) indicating subaerial exposure of the
shelf and Type-1 sequence boundary formation.

This earliest Bathonian sequence boundary developed at a crucial time during Pangean evolution.
After a period of supercontinent stability, Tethyan spreading propagated westward into the Central
Atlantic and Caribbean regions. North America initially separated from Africa between 175-170 Ma
(Klitgord er al., 1988) and in the Caribbean between 175-165 Ma (Pindell & Dewey, 1982; Anderson
& Schmidt, 1983). Jaillard et al. (1990) related this spreading episode to southward propagation of
extensional stresses into basins of Colombia and Peru that are synchronous with the Domeyko and
Neuquén Basins. Additional information pertaining to this separation between Gondwana and Laurasia

comes from ammonite provinciality and biogeography (Westermann, 1993). Between Pliensbachian-
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Chapter 6 Controls on sequence development

Late Bajocian (~180-175 Ma) there was limited faunal transfer from Tethys to the East Pacific prior to
oceanic spreading along a seaway between Laurasia and Gondwana. This is coincident with pre-break-
up subsidence caused by stretching and mechanical rifting. At about 173 Ma faunal transfer ceased and
the endemic East Pacific sub-realm was established along the eastern Pacific margin, isolated by
segmentation of the newly spreading oceanic area by transform faults and a fall in relative sea-level
(Westermann, 1993).

Figure 6.3 illustrates the degree of oceanic spreading between Gondwana and Laurasia at 170 Ma.
Pangean fragmentation would have initiated a major plate re-organisation impacting on the circum-
Gondwana subduction zone. [ interpret increased subduction coupling and uplift of back-arc basins to

have resulted in relative sea-level fall and sequence boundary formation.

Late Jurassic salinity crisis and West/East Gondwana separation (157
Ma)

In the Domeyko basin, the Type-1 sequence boundary (Sequence 5) defining the base of the Upper
Oxfordian-Upper Kimmeridgian evaporites is interpreted to record a tectonically-driven regional fall in
relative sea-level, as previously discussed. The Neuquén Basin records similar aged Upper Oxfordian-
Upper Kimmeridgian evaporite facies directly overlying marine carbonates interpreted to have resulted
from restricted marine connection associated with barring of the basin (Legarreta & Uliana, 1991).
The large spatial distribution of lowstand evaporites traceable for over 2000 km along the back-arc
basins of Chile and Argentina, with a marked Late Oxfordian unconformity in southern Peru (Jaillard
et al.. 1990) are interpreted to record a continental-scale tectonic event affecting all the back-arc basins
of western Gondwana. In the Neuquén basin there is abundant evidence for structural inversion in the
Late Oxfordian (Vergani ez al., 1995). Uplift of the basin floor and volcanic arc caused the barring and
relative sea-level fall within the basins (Legarreta & Uliana, 1996), despite a pronounced Late Jurassic
global eustatic sea-level rise (Haq er al., 1988).

The first episode of oceanic spreading within Gondwana took place with its bisection along the
Somali, Mozambique and Weddell Sea Basins. Upper Jurassic sea-floor has been recognised along the
length of this ocean strait (Bergh, 1977; Simpson er al., 1979). Oceanic onset is well constrained
particularly midway along the strait in the Mozambique Basin, where the Jurassic Magnetic Quiet
Zone has been detected adjacent to the continental margin (Simpson et al., 1979) and the onset
unconformity on the Mozambique shelf is dated at 157 Ma (Salman & Abdula, 1995). Pre-spreading
lithospheric extension was associated with the emplacement of the Drakensberg (Africa) and the Queen
Maud Land (Antarctica) flood basalts (Fig. 6.4) during the late Middle Jurassic (Tankard et al., 1982
White & McKenzie, 1989).

The effect of Gondwana bisection on the Southern Andes was to introduce northward transgression
from the newly formed ocean in the south. Previously all marine transgressions entered the basins
from the north, through Peru (Jaillard er ai., 1990) and northern Chile.

I suggest that it was this intra-Gondwana spreading event that caused regional contraction, resulting in

barring of the Andean back-arc basins and triggering regional evaporite precipitation. The scale of the
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Chapter 6 Controls on sequence development

evaporite deposits is similar to that of the Messinian evaporites of the Mediterranean and such an
ocean-spill model has provided an analogue (Legarreta & Uliana, 1996). This continental-scale

relative sea-level fall was effected during rising global eustatic sea-level.

Domeyko basin marine termination and fragmentation of east Gondwana
(135 Ma)

The Early Cretaceous of the Domeyko basin is characterised by an abrupt transition from marine shelf
facies to continental red-beds interpreted as a Type-1 sequence boundary (Bogdanic, 1990). Dating of
the boundary is restricted to Early Cretaceous, based on bivalve fauna. In the Neuquén Basin the
temporally equivalent sequence boundary comprises erosively-based fluvial sandstones and
conglomerates in west-central Neuquén Province and platform limestones in south-west Mendoza
Province unconformably overlying offshore marine siltstones (Gulisano & Gutierrez-Pleimling,
1994). Movement on inverted basin faults is dated as Early Valanginian (Vergani er al., 1995). This
uplift event has been correlated throughout much of western South America (Macellari, 1988).

The major opening of the Indian Ocean between India and Australasia/Antarctica initiated as early as
135 Ma (Larson, 1977; Fullerton er al., 1989; Veevers et al., 1991) and extended westward into the
southernmost Atlantic before 133 Ma (Martin, 1984; 1987). I suggest that a consequence of this
westward movement of South America was contraction at the subduction zone, with the marginal
basins experiencing structural inversion, erosion and a switch from marine to continental depositional
systems in the northerly Domeyko basin. In contrast oceanic lithosphere initiated at this time in the
southernmost Rocas Verdes marginal basin of Chile (Dalziel et al., 1974) reinforced the transgressive
polarity established during the previous oceanic opening event which had formed the Weddell Sea.
The northward extent of subsequent marine transgressions decreased incrementally during the Early

Cretaceous (Fig. 6.2).

Neuquén Basin marine termination and opening of the South Atlantic
(114 Ma)

In northern Chile Lower Cretaceous continental rocks are unconformably overlain by Aptian-Albian
arc lavas, marking an increment in the eastward migration of the volcanic arc (Fig. 6.2). In the
Neuquén Basin a Lower Aptian Type-1 sequence boundary (114 Ma) marked by erosively-based fluvio-
deltaic sandstones abruptly overlying offshore marine siltstones marks an end to open marine
conditions.

The opening of the southernmost Atlantic ocean now extended northwards as far as a continental
transform (the Martin Garcia lineament) extending eastwards from South America (Unternehr et al.,
1988; Tankard et al., 1995). Oceanic opening symmetrically affected both South America and
southern Africa (Dingle, 1994, Fig. 6) and extension in Africa would have been accommodated by a
continental transform zone along the southern margin of the Congo craton that includes the Waterberg
Thrust and is associated with sub-volcanic centres (Milner et al., 1995). The operation of these

continental transforms resolves the mismatch between South America and Africa recorded in the plate
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reconstruction at 118.7 Ma by Scotese ez al. (1988), and thus the major part of the South Atlantic did
not open until after this date (Dingle, 1994). The opening has been estimated by Dingle (1994) at
114 Ma just following the emplacement of the Etendeka and Parafia flood basalts (White &
McKenzie, 1989; Milner ez al., 1995). The fragmentation of West Gondwana and westward
movement of the South American plate have been linked to unconformity development in the Central

Andes (Flint er al., 1993; Jaillard, 1994).

The Peruvian tectonic event and major basin inversion (100 Ma)

The Mid-Cretaceous of the Domeyko basin is recorded by an angular unconformity and transition from
arc volcanics to Upper Cretaceous alluvial conglomerates (Bogdanic, 1990). The onset of folding and
uplift is dated as 100 Ma (Andriessen & Reutter, 1994), with the main inversion phase continuing
into the Santonian (Megard, 1987).

In the Neuquén Basin, erosively-based fluvial sandstones directly overlying restricted marginal marine
limestones and evaporites (Type-1 sequence boundary), mark the switch to fully continental
conditions. It is recognised both in outcrop and on seismic, by moderate reflection truncation
(Vergani et al., 1995). The sequence boundary is dated as Early Cenomanian (Mid-Cretaceous) and has
been recognised elsewhere in western South America (Macellari, 1988).

The Peruvian tectonic event is one of the most significant episodes to affect deposition in the Andean
back-arc basins, marking a long-term change from extensional to contractional tectonic style. At 100
Ma Australia separated from Antarctica (Fig. 6.3). This continental separation took place a long
distance away from the South American margin but is associated with enhanced oceanic spreading
within Gondwana (Scotese ez al., 1988). Indeed, measured oceanic spreading rates in the intra-
Gondwanan oceans did increase significantly at this time following the final opening of the South

Atlantic (Larson, 1991) and I believe this would have impacted on the circum-supercontinental

subduction zone.

6.4 Pangean plate re-organisations and their
thermal signature

I have explained the temporal links between tectonically-driven sequence boundaries of the western
South American active plate margin and supercontinental fragmentation episodes. Plate motions are a
direct response to thermal driving mechanisms whereby heat is brought from the planetary interior 10
the underside of the lithosphere to be cooled close to the Earth’s surface. The Gondwana-wide
fragmentation episodes and associated plate reorganisations that I have proposed as a major control on
continent-ocean coupling imply a thermal driving mechanism, widespread beneath the supercontinent.
White & McKenzie (1989) and Storey (1995) have suggested the importance of mantle plumes in the
fragmentation process. However, the effects of mantle plumes tend to be localised and may be a
symptom of more widespread thermal activity on a supercontinental scale (Anderson, 1994).
particularly prevalent beneath Gondwana (Veevers, 1995). Such widespread thermal activity would

affect the underside of continental lithosphere as well as driving continental break-up.
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Kimberlites result when wholesale melting of deep continental lithospheric mantle takes place and the
kimberlite emplacement frequency thus provides a potential thermal record (Stanistreet & Smith pers.
comm., 1996). Lying at the centre of Gondwana, southern Africa exhibits the most complete and
well documented kimberlite record (Smith et al., 1994; Stanistreet & Smith pers. comm., 1996)
during the fragmentation history that I have considered. Figure 6.4 compares the kimberlite frequency
record to the fragmentation episodes I have identified. It is significant that each of the episodes that }
document is preceded by a kimberlite frequency maximum, interpreted to result from a pulse of
lithospheric mantle melting (Stanistreet & Smith pers. comm., 1996). The lack of more evolved
Group 2 kimberlites in the Late Cretaceous has been explained as resulting from the isolation of
Africa from other Gondwanan continental elements (Stanistreet & Smith pers. comm., 1996).
Subsequently a lack of lithospheric extension in the African continental lithosphere can explain an
abrupt cessation of decompressional melting to provide Group 2 kimberlites.

Gurnis (1993) encountered an inconsistency in his modelling, whereby Late Permian and Early
Cretaceous heating beneath Pangea predicted an associated subsidence at the subducting margins that
was not evident. However, by the process envisaged here heating results in supercontinental
expansion involving extension, fragmentation and collision with the oceanic plate, thus explaining

the lack of marginal subsidence.

6.5 Importance of supercontinental
fragmentation episodes

Previously the origin of contractional tectonic events affecting the South American margin have been
difficult to explain (Jaillard, 1994; Vergani et al., 1995). Almost exclusively changes in subduction
activity associated with oceanic spreading and ocean plate splitting in the Pacific area have been
proposed as their principal cause (Vaughan, 1995). This is despite the fact that there are no particular
signatures in terms of the variation in spreading rates (Larson, 1991) that stand out to explain each of
the compressional episodes that I document. I believe that thermally induced Gondwanan
fragmentation episodes provide a more immediately viable explanation, in that they provide a
mechanism for plate re-organisations driving changes along the circum-supercontinental subduction
zone. Increased subduction coupling is considered to result in uplift recorded in the marginal basins as
tectonically-driven sequence boundaries. Specific basin responses include: (a) Type-1 and -2 sequence
boundaries in fully marine successions; (b) basin barring and regionally extensive evaporite formation
by spill replenishment; (c) incremental and overall changeover from marine to continental deposition

systems; and (d) stepwise eastward migration of the volcanic arc.
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7.1 Conclusions

The following conclusions have been drawn from the work presented in this thesis.

(1) The Upper Triassic to Lower Cretaceous Domeyko basin-fill comprises a highly diverse
sedimentary succession including continental clastic, mixed carbonate and siliciclastic marine and
evaporite deposits. The majority of the mixed carbonate and siliciclastic marine basin-fill is
interpreted to have been deposited in a ramp-type setting. Stratal architecture appears to be
predominantly controlled by siliciclastic sediment input, basin-margin morphology and rate of relative
sea-level change. The distal offshore facies of the mixed carbonate and siliciclastic ramp are dominated
by carbonate mudstones, while further up-dip siliciclastic sediment input resulted in sandy shoreface
facies. Reef-building coral facies are both temporally and spatially restricted in the Domeyko basin as
a result of cool water conditions and a lack of suitable substrate. The marine deposits record an
almost complete ammonite biochronology indicating open marine connection, with only a minor

input of volcanic material from the Jurassic volcanic arc to the west.

(2) Sequence stratigraphical analysis of the Domeyko basin succession has permitted the identification
and characterisation of both sequence boundaries and flooding surfaces, defining five second-order
sequences. The correlation of these chronostratigraphical surfaces, constrained within the ammonite
biostratigraphy, has allowed an analysis of both the stratigraphical evolution of the Domeyko basin

succession and subsequently second-order changes in relative sea-level.

(3) The Domeyko basin mixed carbonate and siliciclastic ramp environment is characterised by the
deposition of siliciclastic-dominated successions at times of low accommodation space (lowstand and
late highstand systems tracts) and carbonate-dominated successions during periods of high

accommodation space (transgressive and early highstand systems tracts).

(4) Second-order relative sea-level falls in the earliest Pliensbachian, earliest Aalenian, earliest
Bathonian, Late Oxfordian, earliest Valanginian, and rises in the earliest Hettangian, earliest and Late
Toarcian, Early and Late Bajocian, Late Bathonian, earliest Oxfordian and Late Kimmeridgian have
been identified within the Domeyko basin succession. Within these second-order cycles a higher-

frequency cyclicity has also been identified.

(5) The second-order composite sequences in the Domeyko basin succession are composed of between
3 and 5 high-frequency sequences. These examples demonstrate two scales of cyclicity, the interaction
of which results in a second-order composite sequence. This does not however produce the "typical”
sequence-sets (sensu Mitchum & Van Wagoner, 1991) associated with composite sequences. The

poor development of high-frequency sequences may result from a combination of low sedimentation
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rates and time gaps in the preserved rock-record, coupled with suppression of low-magnitude relative

sea-level falls during the long-term transgressive nature of the Jurassic.

(6) Examples of high-frequency relative sea-level fall in the Late Rhaetian (two stages). late Early
Sinemurian, Middle Callovian, and rises in the Late Rhaetian (two stages), Early Sinemurian, early
Late Sinemurian and Middle-Late Callovian have been identified within the Domeyko basin

succession.

(7) Comparison of the relative sea-level fluctuations interpreted from the Domeyko basin succession
with those documented from other similar aged South American marginal basins and northern
hemisphere basins allows the distinction of regional from global events, and a methodology for
potentially differentiating between eustatic and tectonic driving mechanisms. The choice of these
basins permits an objective analysis of relative sea-level change using basins of different tectonic
setting, on different continental plates. The problems associated with Bajocian-Bathonian ammonite
provincialism and biostratigraphical correlation between South America and Europe are inherent if

these continental plates are to be compared, however a general comparison can still be made.

(8) Relative sea-level fall in the late Early Sinemurian, earliest Pliensbachian, earliest Aalenian, Early
Callovian, earliest Valanginian, and rises in the earliest Hettangian, earliest and Late Toarcian, Early
and Late Bajocian, Late Bathonian and earliest Oxfordian of the Domeyko basin appear time-equivalent
to similar events in other southern and northern hemisphere basins and thus are interpreted to be

products of eustatically driven, global sea-level cycles.

(9) Relative sea-level falls in the earliest Bathonian, Late Oxfordian, earliest Valanginian and rises in
the Late Kimmeridgian are interpreted to be tectonically-driven, continental-scale changes in
accommodation space. Although the earliest Valanginian relative sea-level fall has been documented
in northern hemisphere basins, the sequence boundary is interpreted to be tectonically-enhanced

through regional uplift in Chile and Argentina.

(10) The Domeyko basin succession thus appears to be dominantly controlled by global sea-level
fluctuations during the Early-Middle Jurassic and by continental-scale (but not global) fluctuations
during the Middle Jurassic to mid-Cretaceous. The global sea-level fluctuations are interpreted to have
been driven by glacio-custasy, while the continental-scale tectonic events are interpreted to have been

driven by the break-up of Pangea and subsequent fragmentation of Gondwana.

{(11) The following five long-term relative sea-level falls in the Domeyko and Neuquén basins have no
time correlative expressions in northern hemisphere basins and display a close temporal association
with five major Gondwanan fragmentation phases. (A) the earliest Bathonian (170 Ma) fall was

driven by the separation of Laurasia and Gondwana; (B) the Late Oxfordian (157 Ma) salinity crisis
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was driven by the separation of west from east Gondwana; (C) the termination of the marine
Domeyko basin was driven by the fragmentation of east Gondwana; (D) the termination of the marine
Neuquén Basin (114 Ma) was driven by the opening of the South Atlantic; and (E) the major basin
inversion associated with the Peruvian tectonic event (100 Ma) was driven by the final fragmentation

phase within east Gondwana.

(12) Previously the origin of episodic contractional tectonic events affecting the normally extensional
Andean margin have been attributed to changes in subduction zone dynamics associated with oceanic
spreading and ocean plate splitting in the Pacific area. This is despite the fact that there are no
particular signatures in terms of the variation in spreading rates that stand out to explain each of the
contractional episodes documented herein. I believe that thermally induced Gondwanan fragmentation
episodes provide a more immediately viable explanation, in that they provide a mechanism for plate
re-organisations driving changes along the circum-supercontinental subduction zone. Increased
subduction coupling owing to westward movement of the continental plate is considered to result in
uplift, recorded in the marginal basins as tectonically-driven sequence boundaries. Specific basin
responses include: (a) Type-1 and -2 sequence boundaries in fully marine successions; (b) basin barring
and regionally extensive evaporite formation by spill replenishment; (c) incremental and overall
changeover from marine to continental deposition systems; and (d) stepwise eastward migration of the
volcanic arc. Thus, careful sequence stratigraphical analysis of active margin sedimentary basins

provides a high resolution record, presently under-utilised in detecting, identifying and analysing

global tectonic events in time.

7.2 Future Research

Although this thesis provides a potential stratigraphical framework to further understand the
sedimentary evolution of the Domeyko basin succession there is considerable potential for future
work. The stratigraphical framework presented in this thesis is intended to provide an analysis of the
complete Jurassic succession in this little known basin, and hence concentrates on long-term changes
in sedimentary basin-fill characteristics.

Therefore, by describing and characterising each of the high-frequency sequences the correlation could
be further enhanced, with the possible identification of a higher, fourth-order cyclicity. The
correlation of high-frequency sequences will be made easier as increasing biostratigraphical subdivision
of the Southern Andes ammonite zonation becomes available, coupled with an increased ability to
identify subtle depositional hiati.

A significant contribution to the understanding of the Jurassic Domeyko basin succession would be
gained from the acquisition and analysis of subsurface data (ie. seismic and well-log data). Such a
dataset is currently lacking and will probably remain absent unless a potential for hydrocarbon

exploration and exploitation is discovered.
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Appendix 1-Norian (Late Triassic)-Pliensbachian (Early Jurassic) correlation panel between 24° and

26°S.

Appendix 2-Sinemurian (Early Jurassic)-Aalenian (Middle Jurassic) correlation panel between 22° and

23°8.
Appendix 3-Bajocian-Bathonian (Middle Jurassic) correlation panel between 21.5° and 25°S.
Appendix 4-Oxfordian-Kimmeridgian (Late Jurassic) correlation panel between 21.5° and 25°S.

Appendix 5-Norian-Rhaetian (Late Triassic) correlation panel for the area between 24° and 26°S. The

correlation displays third-order Sequences 1.1 to 1.3 which compose the transgressive sequence-set.

Appendix 6-Hettangian-Sinemurian (Early Jurassic) correlation panel for the area between 24° and
26°S. The correlation displays third-order Sequences 1.3 to 1.5 which compose the highstand

sequence-set.

Appendix 7-Callovian (Middle Jurassic) correlation panel for the area between 24° and 26°S. The
correlation displays third-order sequences, in particular the third-order downshift in the Early Callovian

(Sequence 4.3).

Appendix 8-Oxfordian (Late Jurassic) correlation panel for the area between 24° and 26°S. The

correlation displays third-order sequences, in particular the third-order downshift in the Late Oxfordian

(Sequence 4.4).
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