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We have forgotten to observe. Instead of observing,
we do things according to patterns.

Andrei Tarkovsky

Te Mata Peak Section (~ 120 m high), Awapapa Limestone (Waipipian, mid-Pliocene),
see Appendix 1 - column 9-A2 (Photo by Arne Pallentin).



ABSTRACT

Among carbonate sedimentologists, it is now appreciated that shallow-marine
carbonates are not restricted to warm-water tropical settings, but can also be produced
on modern cool-water shelves outside tropical latitudes. In the last two decades, many
publications have not only advanced our knowledge about modern non-tropical
carbonates, but have documented ancient skeletal limestones that are fossil analogues of
these modern deposits. While the broad environmental and sedimentary characteristics
of non-tropical deposits are becoming well established, the nature, timing, and relative
importance of the various diagenetic processes affecting their evolution into limestones

are yet to be fully appreciated, a topic addressed in the present study.

In New Zealand, the Plio-Pleistocene (5-1.5 Ma) Te Aute limestones in southern
Hawke’s Bay (eastern North Island) are non-tropical in origin, and formed in shoal
areas about the margins of a forearc basin seaway adjacent to the convergent Pacific-
Australian Plate boundary. Because of the dynamic tectonic setting, which led to
narrowing and shallowing of the host basin over time, the studied carbonates exhibit a
variety of sedimentary facies (i.e., from pure coquina to mixed carbonate-siliciclastic)
and mineralogical signatures (i.e., calcite- to, more rarely, aragonite-dominated), and
have undergone varying degrees of burial before being uplifted to their present position.
As such, the Te Aute deposits provide a unique opportunity to: (1) decipher the suite of
processes that have altered their texture and composition through time; (2) address the
questions of what likely regional and more global parameters, namely tectonics and
eustasy, may have driven diagenetic pathways, and how this occurred; and (3) more
generally advance fundamental knowledge about models of porosity evolution in non-

tropical carbonates.

The present study integrates the combined results of detailed field investigations
with a variety of analytical techniques, including standard, stained, and
cathodoluminescence (CL) microscopic examinations of rock thin-sections, X-ray
diffraction (XRD), and elemental (ICP-OES and microprobe) and stable isotope (6'80
and §"°C) geochemistry.

Sedimentologic analysis has identified 14 difterent facies types that correspond

to a spectrum of depositional settings associated with both continent-attached shelves



and isolated upthrust-cored antiforms within the forearc seaway. Facies are
representative of environments ranging from below storm-wave base, in outer shelf-type
locations, to predominantly shallow-water shoreface-type conditions under the influence

of strong tidal current flows and storm waves.

A new petrographic approach for studying cool-water carbonate diagenesis has
been developed. The method entails recording the high-resolution chronological
occurrence of all diagenetic features within samples, and noting their vertical and lateral
distribution within sedimentary formations. It is demonstrated that the attributes of pre-
compaction diagenetic suites between consecutive sedimentary discontinuities change
vertically in relation to the stacking of depositional facies. This original approach, by
also revealing marine-cemented condensed horizons and key surfaces otherwise
unrecognized in the field, has helped unlock the cryptic sedimentary architecture within
the limestones. Thus, the Te Aute deposits appear to be constructed of metre-scale (1-15
m) sequences that could be integrated into a sequence stratigraphic scheme,
emphasizing that not only the production and deposition, but also the diagenesis of
these carbonate deposits, were forced by glacio-eustatically and tectonically-driven

processes.

In order to better explain the probable progression of diagenetic environments
that moved through Te Aute limestones, concepts that classically underpin the sequence
stratigraphic analysis of sedimentary successions have been used to group cement
zones, revealed under cathodoluminescent (CL) light, into diagenetic discontinuity-
bounded CL sequences. In most Pliocene limestones, the procedure, in combination
with geochemical data, has: (1) identified recurring and correlative motifs of pre- and
post-compaction CL sequence stratigraphies; (2) enabled regional mapping of CL
sequences; (3) highlighted the spatial geometry and timing of emplacement of
cementing aquifers; and (4) led to the construction of paleohydrologic models, invoking
location of recharge areas and fluid-flow directions. Pre-compaction CL sequences
formed locally from marine and more widely from oxidized meteoric (or mixed marine-
meteoric) waters after exposure of limestone caps due to relative drops in sea level.
Post-compaction burial CL sequences precipitated from reduced fluids recharged from
areas of basin margin exposure, while the next CL sequences in the chronological suite

are related to the ingress of oxidized meteoric waters as a result of uplift.
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PROLOGUE

The traditional scientific approach to carbonate sedimentology and carbonate diagenesis
has been founded mainly on the study of processes and products occurring in warm
shallow seas of tropical regions, which subsequently served as a tool for interpreting
most limestones in the rock record (e.g., Bathurst, 1975; Tucker and Wright, 1990;
Moore, 2001). However, there is now wide acceptance that modern shelf carbonates can
also be widespread in cool-water shelf settings at mid- to high latitudes beyond about
30° North and South (e.g., Nelson, 1988; James and Clarke, 1997). Although the
relatively more recent results of temperate carbonate research have provided new
perspectives for correctly assessing the origin and significance of all ancient shelf
limestones, the diagenesis of these cool-water carbonates, involving alteration and
cementation of their constituents, both in surficial and burial environments, remains a

poorly documented field.

Among other attributes, the relatively stable calcite mineralogy (i.e., low- and
intermediate-Mg calcite) of cool-water carbonates, the rather destructive nature
(dissolution, abrasion, bioerosion) of sea-floor diagenesis, and the relatively low
carbonate production rates in cool-water settings, distinguish them from the
preponderance of metastable minerals (i.e., high-Mg calcite and aragonite) in tropical
carbonates that form at high production rates in environments where sea-floor
constructive diagenesis (cementation) can be pervasive. This incomparability of
processes and mineralogical composition is likely to determine contrasting diagenetic
pathways within tropical and non-tropical environments. In this context, therefore, the
applicability of known diagenetic concepts and models for all carbonate sediments,

which are mostly derived from tropical examples, is questionable.

In New Zealand, the Plio-Pleistocene limestones in southern Hawke’s Bay of
eastern North Island, informally referred to here as the Te Aute limestones, are non-
tropical deposits comprising typically barnacle and epifaunal mollusc-dominated
carbonates formed in shoal areas about the margins of a forearc basin seaway,
immediately inboard of the convergent Pacific-Australian Plate boundary located just
off eastern North Island. Because of the dynamic tectonic setting, which resulted in the

progressive narrowing and shallowing of the host basin over time and afforded
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diversified depositional settings, the studied carbonates exhibit a variety of sedimentary
facies (i.e., from pure coquina to mixed carbonate-siliciclastic) and mineralogical

signatures (i.e., calcite- to, more rarely, aragonite-dominated).

Reconnaissance petrographic studies (Hood and Nelson, 1996) showed that the
Te Aute limestones bear a remarkable array of diagenetic features. testimony to their
journey from the sea floor (marine), through pre-burial meteoric (subaerial exposure) to
burial, and post-burial meteoric (uplift) diagenetic environments. Moreover, it has been
suggested that the cyclical interbedding of the limestones with siliciclastic deposits may
be related to astronomically-forced sea-level fluctuations during the Plio-Pleistocene
(Beu, 1995; Haywick, 2000).

Although limestones have been buried to different levels in the basin, portions of
most units have been differentially uplifted because of crustal movements, and are now
well exposed at the surface, thereby providing a unique field laboratory for
understanding and predicting pathways and timing of carbonate diagenesis in non-
tropical carbonates in relation to patterns of relative sea-level changes and regional

tectonics.

This study investigates, on a range of scales (basin, outcrop, microscopic), the
external (climate, tectonic, eustasy) and internal (skeletal composition, geochemistry,
porosity) controls that have acted to build up the non-tropical Te Aute carbonate
successions, and that, through fluid-rock interactions, have diagenetically transformed
the carbonate sediments into limestones. In this context, the principal objectives of the

present study are:

(1) To construct detailed stratigraphic columns through the many limestone units to
determine their stratigraphic, faunal, and sedimentologic characteristics, and to assess
vertical facies changes in the columns and the occurrence of intra- and inter-formational
unconformities as a basis for making regional correlations and defining the internal

architecture of the limestone units.

(2) To document diagenetic features and establish their environmental origin in a

chronological framework, and thus determine the history of skeletal mineral alteration
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and cementation in each limestone unit as a basis for making comparisons between

limestones of different ages.

(3) To use cement stratigraphy to trace the geochemical evolution of the fluids
responsible for the diagenetic changes, and subsequently to relate this paragenesis to
regional paleohydrologic systems and patterns of relative sea-level changes associated

with local tectonic movements and/or global glacio-eustasy.

(4) To integrate the full spectrum of diagenetic features and processes for the Te Aute
limestones into a comprehensive model of diagenetic evolution within a modern

sequence stratigraphic framework.

The thesis is formatted into five chapters bounded by this prologue and a
concluding epilogue. From the outset an intention was to develop each of the chapters
as essentially stand alone extended articles having the potential for future publication.
Hence each chapter has its own abstract, introduction, conclusions, and reference
section, along with the main body of text, figures, and tables. As a consequence of this
approach a certain degree of repetition has been unavoidable, especially with respect to

aspects of geological setting and locality information.

Three matters relating to reader convenience are mentioned here. First, a few
key diagrams in particular chapters are repeated as fold outs contained in the pocket
inside the back cover of the thesis. This enables the interested person to have ready
access to those diagrams, if desired, while reading the text. Second, considering the
wide scope of the study, the number of formations involved, and the nature of the
diagenetic approach, some guidance is offered the reader at the title page of each
chapter regarding the most relevant or key sections, figures, and tables in the chapter.
These enable the philosophical and scientific outcomes of the study to be appreciated
without necessarily reading in detail the more lengthy and sometimes tedious, but
otherwise essential descriptive information in the chapters such as, for example, the
descriptive attributes of facies, diagenetic fabrics, and limestone internal architectures.
Third, the Appendices for this thesis are included as hard copy in the accompanying
volume, but numerical data (i.e., point-counting and geochemical data) are also

reproduced in convenient form on a CD-ROM (CD1) contained in the back pocket.
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Chapter 1 outlines the setting of the Plio-Pleistocene Te Aute limestones in
southern Hawke’s Bay, presents general descriptions of the different lithologic units,
and describes and interprets the sedimentary facies distinguished within them. Six
mixed carbonate-siliciclastic (petrographic) microfacies assemblages are defined.
Results are used to propose two depositional models for the carbonates deposited in the

eastern and western sectors of the former forearc basin, respectively.

Chapter 2 introduces and defines new concepts applicable for describing and
interpreting the diagenetic evolution of cool-water carbonates. These concepts underpin
both the stratigraphic analysis of the sedimentary successions presented in Chapter 4,
and the high-resolution diagenetic stratigraphic approach used to decipher the nature of
paleohydrologic systems that moved through the sediments over time (Chapter 5).
Chapter 2 forms the basis of a manuscript that has already been submitted to the journal
Carbonates and Evaporites for publication consideration, and is currently under peer
review. Prof. C. S. Nelson appears as a co-author on that manuscript. While his editorial
input and contribution to the discussion of scientific ideas and concepts have been

significant, the data acquisition, presentation, and interpretations are those of V. Caron.

Chapter 3 provides detailed descriptions of the diagenetic features recognized
within the many occurrences of Te Aute limestone units. Geochemical data are
combined with more general microfacies properties to interpret diagenetic alteration and
cementation products in terms of diagenetic environments. Patterns of pre-compaction
diagenetic suites and sedimentary facies changes are correlated, and integrated into a

predictive diagenetic model, constrained by sequence stratigraphic considerations.

Chapter 4 explores the facies stacking and diagenesis of the Te Aute carbonate
deposits in relation to sedimentary unconformities, and highlights the complex internal
architecture of the limestone units. Carbonate production and deposition are placed
within a modern sequence stratigraphic context, and the influence and interplay of

glacio-eustatic and tectonic forcing mechanisms are examined.

Chapter 5 shows that sequence stratigraphic concepts can be used to describe
paragenetic relationships between cement generations that collectively build up the
diagenetic history of cool-water carbonates. The “diagenetic sequence stratigraphy”

approach applied to one limestone unit proves to be a powerful procedure by identifying
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a suite of distinctive paleoaquifer systems that moved through the sediments over time.
The diagenetic sequence stratigraphic concepts are defined and serve to model the
diagenetic evolution of the Pliocene limestones related to regional paleohydrologic

systems, tectonism, and sea-level variations.

Finally, an epilogue emphasizes some of the important conclusions drawn from

this study, and outlines the perspectives and recommendations for future investigations.

During the course of this thesis research, the author has presented some
preliminary results of various aspects of the study at a number of national and
international conferences as oral or poster papers. These are referenced below, along
with two manuscripts that have been submitted for publication and are currently in

review, plus a fieldtrip guide report.

Caron, V. & Nelson, C. S. (in press) Developing concepts of high-resolution diagenetic stratigraphy for
cool-water limestones: application to Pliocene Te Aute limestones, New Zealand, and their

sequence stratigraphy. Carbonates and Evaporites.

Caron, V. & Nelson, C. S. (2001a) Cathodoluminescence sequences in the Early Pliocene cool-water
Kairakau Limestone, Hawke's Bay, New Zealand. In: Cathodoluminescence in geosciences: new
insights from CL in combination with other techniques, pp. 18. Technische Universitat

Bergakademie Freiberg, Freiberg, University of Mining and Technology, Germany.

Caron, V. & Nelson, C. S. (2001b) Diagenetic and sedimentologic recognition of high-order (C. 150-20
ka) parasequences in cool-water carbonates: Plio-Pleistocene Te Aute limestones, New Zealand.
In: Advances in Geosciences, GSNZ Miscellaneous Publication Vol. 110A, pp. 22., Geological

Society of New Zealand, Hamilton, New Zealand.

Caron, V. & Nelson, C. S. (2000) Diagenetic patterns in early pre-compaction cements of Pliocene Te
Aute limestones of Southern Hawke's Bay, New Zealand, and their possible sequence
stratigraphic significance. In: GSNZ/NZGS Joint Meeting, Miscellaneous Publication Vol. 108A,
pp- 22. Geological Society of New Zealand, Wellington, New Zealand.

Caron, V., Pallentin, A. & Nelson, C. S. (1999) Diagenetic stratigraphy of temperate carbonates: The
Kairakau and Whakapunake Limestones (Opoitian, Early Pliocene), Hawke's Bay, New
Zealand. In: GSNZ Annual Conference, Vol. 107A, pp. 24. Geological Society of New Zealand,

Palmerston North, New Zealand.
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Chapter 1

STRATIGRAPHIC SEDIMENTOLOGY
OF COOL-WATER PLIO-PLEISTOCENE LIMESTONES
IN SOUTHERN HAWKE’S BAY, NEW ZEALAND

ABSTRACT: Plio-Pleistocene cool-water carbonates in southern Hawke’s Bay

(eastern North Island, New Zealand), informally referred to as the Te Aute limestones,
accumulated on and near the margins of a narrow forearc basin seaway that co-evolved
with the convergent Pacific-Australian plate boundary located just east of North Island.
The seaway became narrower and shallower over Pliocene times to eventually close during
the Pleistocene. The active tectonic and varied paleogeographic depositional settings of
the studied formations, in association with probable glacio-eustatic sea-level fluctuations,
caused rapid lateral and vertical changes in sedimentary facies and thickness during
Pliocene and Early Pleistocene times.

By contrast with previous studies of Plio-Pleistocene limestones in southern
Hawke’s Bay, this work, underpinned by detailed sedimentologic and stratigraphic
descriptions, has enabled the recognition of recurring sedimentary facies within these
formations, and the identification of shell concentrations and key surfaces separating the
various facies or groups of facies in the stratigraphic columns, and defining a sequential
architecture. The facies groups range from Bioclastic (B) to Siliciclastic (S) end-members
via a Mixed (M) carbonate-siliciclastic group. These include a total of 14 different facies
types that correspond to a large spectrum of depositional environments ranging from
below storm-wave base, in outer shelf-type settings, to predominantly shallow-water
shoreface-type conditions under the influence of tidal and wave currents.

Skeletal assemblages are diverse, but overall are dominated by epifaunal calcitic
bivalves, bryozoans, and especially barnacles. The younger Pliocene and Early Pleistocene
limestones that accumulated in the central part of the narrowed forearc basin are
compositionally distinctive from their older easternmost and westernmost counterparts in
having a lower terrigenous content, and more variable skeletal types, usually involving
mixes of barnacles, bryozoans, epifaunal calcitic bivalves, benthic foraminifers, and
especially endofaunal aragonitic bivalves. Such differences in skeletal associations, which

translate in contrasting starting mineralogical compositions between pre- and syn-



Nukumaruan carbonates, are shown in the following chapters to influence the nature of
diagenetic pathways.

The depositional system of the Pliocene carbonates in the eastern sector of the
forearc basin can be characterized as neighbouring carbonate factories developed upon and
about actively growing thrust-cored antiforms cut by a complicated network of channels
that constrained tidal flows, and through which skeletons and skeletal fragments were
transferred downslope via dunes, sand waves, or in avalanche flows. By way of contrast,
the depositional setting for the western limestone occurrences is thought to correspond to
continent attached-type carbonate platforms. Here, the shelf succession comprises
alternating mixed terrigenous-skeletal (especially epifaunal bivalves and barnacles)
limestones and siliciclastic sandstones and siltstones, overlain by conglomerates deposited
in prograding fan-delta systems. Moderate to high contents of Mesozoic basement-derived
siliciclastics indicate that carbonates probably formed and accumulated on a shelf regularly
provided with terrigenous sediments, and influenced by strong tidal currents, which locally

promoted barnacle growth.

1. Introduction

This chapter mainly concerns the results of fieldwork, supplemented by some summary
laboratory data. It presents general descriptions of the many occurrences of Plio-
Pleistocene limestones in southern Hawke’s Bay, and the sedimentary facies distinguished
within them. The construction of detailed stratigraphic columns through the deposits is
considered a vital prerequisite for understanding the diagenetic evolution and sequence
stratigraphy of the limestones, otherwise the prime focus of this study.

Outcrops were examined throughout southern Hawke’s Bay (Figure 1) from the
coastal Maraetotara Plateau and Kairakau Beach area westwards through the Kaokaoroa
Range and Raukawa Range to Maraekakaho Valley (north) and Waipawa (south). In the
far west of the study area, sections were logged from the southern end of the
Maungaharuru Range southwards along the eastern side of the Kaweka Range and
Ruahine Range to the western flanks of the Wakarara Range in the Ohara Depression
(Figure 1).

This work builds upon the descriptions of the general stratigraphy and
sedimentology made by Sporli and Pettinga (1980),.Harmsen (1985), Kelsey et al. (1993),
and Beu (1995) for the Pliocene limestones, and by Kelsey et al. (1993) and Beu
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(1995) for younger limestones, such as the Mason Ridge Formation (Figure 2). These
authors provide ample references to previous work. New Zealand stage designations for
the limestones are based on Beu’s (1995) monograph and the mapping report of Kelsey ez
al. (1993), and are included in Figure 2.

The name “Te Aute” is used in this study for all the conspicuous limestone
lithofacies within an otherwise predominantly siliciclastic basin-fill of Plio-Pleistocene
strata. This differs from Kingma (1971) and Harmsen (1985) who employed the name Te
Aute in the sense of a formal lithostratigraphic formation or group, and also from Beu
(1995) who, while accepting more informal usage of the name, nevertheless restricted it to
only barnacle-rich limestone of predominantly Pliocene age. Barnacle-rich lithofacies range
in age from Opoitian to early Nukumaruan (Kairakau Limestone up to the lower limestone
sheet of Mason Ridge Formation in the east of the basin, and Titiokura Formation up to
the Sentry Box Limestone in the west; Figures 1, 2). Lateral changes of facies are common
and rapid in these limestones. They exhibit a wide spectrum of internal sedimentary
structures ranging from planar bedding to many different scales of cross-bedding whose
most spectacular examples, though relatively uncommon, involve giant tabular sets up to
40 m thick (Kamp et al., 1988).

In contrast, the younger Nukumaruan limestones are enriched in aragonitic bivalve
skeletons and have locally rather higher terrigenous contents, and typically are thinner and
more continuous laterally than their barnacle-rich Pliocene counterparts (Haywick, 1990;

Beu, 1995).

2. Geological and tectonic setting of the Plio-Pleistocene successions

Eastern North Island Plio-Pleistocene sedimentary rocks represent the upper portion of a 5
km-thick Neogene forearc basin-fill sequence. The forearc basin is one of six tectono-
geomorphic elements that formed in response to the evolution of the convergent Pacific-
Australian plate boundary since the close of the Oligocene (Field er al., 1997). The
collisional system is bounded to the east by the Hikurangi Trough where the oceanic crust
of the Pacific Plate is obliquely subducted beneath the continental lithosphere of North
Island (Figure 3A). Abutting against the Hikurangi Trough is the subduction accretionary
complex that consists of thrust fault-controlled anticlinal ridges and slope-parallel basins
(Figure 3B). The forearc basin represents the major topographic and structural depression

of the accretionary complex, and is bounded to the west by a structural ridge of Mesozoic
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basement (Torlesse terrane) rocks (Ruahine Range) separating the subduction complex
from the Taupo Volcanic Zone and the backarc region (Figure 3A). In Early Pliocene time
the structural ridge formed a central North Island highland surrounded by shelf-like shoal
areas (Beu, 1995).

Although a minor component of the basin-infill Neogene stratigraphy, non-tropical
limestones can locally be thick and quite extensive, exemplified best by the Te Aute Plio-
Pleistocene limestones. Thus, Plio-Pleistocene limestones constitute a greater proportion
of the stratigraphic record along the western and eastern margins of the forearc basin,
grading basinward into siltstones and sandstones.

Kamp et al. (1988) and Kamp and Nelson (1987, 1988) suggested that the
formation and evolution of the carbonate successions were closely related to the tectonic
evolution of the forearc basin. As a result of subduction processes, differential uplift of the
eastern margin (coastal high) of the forearc basin induced progressive narrowing and
shallowing, which by mid-Pliocene times had constricted the basin into a NE-SW-trending
seaway, the Ruataniwha Strait of Beu (1995). The outcrop pattern of the Early and mid-
Pliocene occurrences, especially the more eastern ones adjacent to the inboard margin of
the subduction complex, demonstrates that deposition migrated towards the centre of the
basin over time, the younger sheets being present close to the forearc basin axis and at
lower elevations compared to older Pliocene sheets located on the outer margins of the
basin (Figure 1). By Late Pliocene, the coastal high had become emergent and as
differential uplift persisted after the Pliocene, the Early Pleistocene limestones formed
towards the axis of the basin (Field et al., 1997).

The forearc seaway was situated near 40°S paleolatitude and was influenced by
strong tidal flows involving mainly cool- to warm-temperate ocean currents (Kamp and
Nelson, 1988; Beu, 1995). Many of the Plio-Pleistocene limestones are distinctive because
of their high barnacle content (Te Aute lithofacies of Beu, 1995). These skeletal
carbonates are subtidal deposits formed upon and about actively growing structural
antiforms (submarine ridges) within the forearc to the east and at inner to middle shelf

depths of the seaway throughout the Pliocene and Early Pleistocene (Kamp et al., 1988).

3. Methods

The limestones of southern Hawke’s Bay described in this chapter are generally

moderately well to poorly exposed in cliffs along the eastern flanks of north-south



orientated parallel ranges, in quarries, and in road cuttings. The strata are typically
relatively unconsolidated, but can be well cemented when related to a higher aragonitic
content or to a longer burial history. 47 sections were measured and described, and
limestones were sampled at these and 7 other localities (Figure 1A). All grid references
given in this thesis relate to the 1:50 000 NZMS260 Topomap Series, and involve mainly
sheets U21, V20, V21, and V22 (Appendix 10.4).

Over 750 samples were collected in the field, including rock samples, tephras, and
macrofaunal samples (Appendix 2). Bivalves of the family Pectinidae were collected from
the limestones and interbedded siliciclastic units as the scallops have been used as a
practical field means of identifying the ages of the strata since the mid-sixties in New
Zealand (Figure 4; Beu et al., 1980; Beu, 1995).

Over 600 limestone samples were impregnated with epoxy resin to prevent the loss
of any pore lining cement, and polished thin-sections were prepared and examined using
both conventional and cathodoluminescent (CL) petrography. A few petrographic data are
noted in this chapter, but are mainly the topic of subsequent chapters. The point-counting
method developed by Chayes (1956) was first applied to determine the percentages by
volume that the grains, interparticle matrix, intrinsic and extrinsic spar cements, and
primary/secondary porosity make up in the samples (Appendices 3, 4; also on CD1). The
point-counts were then also used to calculate the percentages of various grain types,
including barnacles, bryozoans, bivalves, quartz, other siliciclasts, etc. The number of
points needed to attain a certain reliability was controlled with the aid of charts
(Galehouse, 1971) for a confidence interval of 95%. Thus, for each analysis, a minimum of
two 200-point counts was performed on separate portions of 420 thin-sections to reduce
errors linked to rock heterogeneity (Appendix 4; also on CD1). Standard deviation varies
between 1% and 5%, depending on particle frequency. Data collected were used to
determine skeletal assemblages following the classification scheme of Hayton et al. (1995).

A further step in the microfacies analysis was the clustering of point-counting data
from 351 thin-sections (squared euclidean distances, complete linkage). This differed from
the Hayton er al. (1995) analysis in that siliciclastic components were also taken into
account (see Section 6).

X-ray diffraction (Appendix 8; also on CD1), microprobe (Appendix 6; also on
CDl), and ICP-OES (Appendix 9; also on CD1) analyses were undertaken to recognize

dominant minerals and for CaO, MgO, SrO, NaO, MnO, and FeO contents in both micro-



and bulk samples from all major limestone formations in southern Hawke’s Bay

(Appendices 8, 9; also on CD1).

3.1. Sedimentary nomenclature

Although siliciclastic contents are highly variable within the Plio-Pleistocene limestones in
southern Hawke’s Bay, their carbonate grain content is generally well above 50%, ranging
on average between 60-80%. Consequently, the nomenclatural scheme developed by
Dunham (1962) for carbonate rocks is used to describe the carbonate-rich lithologies in

the study area. The classification scheme is illustrated in Appendix 10.4.

3.2. Geological age: Early Pliocene (Opoitian) to Early Pleistocene (late
Nukumaruan)

In the eastern and central sectors of southern Hawke’s Bay, the studied limestone
formations range in age from late Opoitian (Kairakau Limestone) to Nukumaruan
(Matapiro Limestone) on the basis of macropaleontology (Figures 2, 4). Kairakau
Limestone has yielded one specimen of Phialopecten marwicki at Mt Kahuranaki section
(V22/423515) and one specimen of Towaipecten ongleyi at Te Mata Peak section
(V22/452597), taxa also reported by Beu (1995) in the Te Mata Peak area, and indicative
of a late Opoitian age. Waitio and Moteo Mudstones, respectively underlying and
overlying Matapiro Limestone, both contain specimens of the diagnostic Nukumaruan
species Pelicaria convexa form fossa (Beu, 1995).

In the western portion of southern Hawke’s Bay, the age of the limestone units has
also been determined on the basis of macropaleontology. Bland (2001) reports specimens
of both large Phialopecten marwicki and Mesopeplum crawfordi within the Titiokura
Formation, suggesting a Waipipian age. However, he pointed out the absence of
Mesopeplum crawfordi in the lower part of the formation and the presence of (?)Opoitian
“gastropod fossils”, and suggested that the Opoitian-Waipipian boundary may lie
somewhere within the Titiokura Formation. Kereru Limestone, the uppermost limestone
occurrence in the stratigraphy of studied formations, was assigned a late Nukumaruan age
by Beu (1995) on the basis of several diagnostic molluscan taxa (including Amalda
mucronata form erica, Olson; Aeneator comptus, Finlay; Glaphyrina plicata, Powell;

Cominella excoriata, Finlay).
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5.33|Ma
Southwestern Hawke’s Bay
GROUP FORMATION MEMBER EPOCH/NZ STAGE FOSSIL
POPORANGI/ Kereru Limestone Nukumaruan
(Beu, 1995) (Erdman and Kelsey, 1992) PLEIST
Sentry Box Limestone
(Erdman and Kelsey, 1992) m (Zygochlamys deliculata)
NAPIER Whanawhana Limestone Z Phialopecten triphooki
(Beu, 1995) (Beu, 1995) 8 a|
, U Mangapanian|(Phialopecten thomsoni)
MAUNGAHARURU Te Waka Awhina
(Bland, 2001) (Beu, 1995) (Bland, 2001) o
Oakmere =
(Bland, 2001) A
Titiokura Q" Walpipian (Phialopecten marwicki
(Beu, 1995) Mesopeplum crawfordi)

Figure 4- Summary of the stratigraphy of studied limestones in southern Hawke’s
Bay. The column “Fossil” refers to diagnostic specimens either collected during the
present study, or reported by previous authors (those fossil names in brackets).
Absolute ages for New Zealand stages from Beu (1995) and MclIntyre (2002).
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Figure 4 summarises the stratigraphic nomenclature employed in the present study. Beu
(1995) proposed the name Hawke’s Bay Group to contain Pliocene strata in southern
Hawke’s Bay, and to replace Te Aute Group of Harmsen (1985). The Group is overlain
by Nukumaruan rocks of Napier Group (Figure 4). The Petane Group comprises
formations partly equivalent to the upper units of the Napier Group, and formations
significantly younger (late Nukumaruan). Most of these formations were defined by
Haywick et al. (1991), and later completed and modified by Beu (1995). The Poporangi
Group includes a succession of limestone and interbedded siliciclastic units occurring in
the Ohara Depression (Figure 1), and ranging in age from Mangapanian to late
Nukumaruan (Beu, 1995).

The lithostratigraphic schemes for the Plio-Pleistocene successions in eastern
North Island have become increasingly complex over the years, with the constant addition
of new formation names and members. This is primarily due to the lack of detailed
mapping over large areas, in addition to the discontinuous nature of the limestone units.
These are key problems that current studies at the University of Waikato are beginning to

address (Bland, in prep.; Pallentin, in prep.).

4. Lithostratigraphy

Stratigraphic columns for all the localities identified in Figure 1 are presented in Appendix
1, which includes definition of all the symbols used on the columns. Only the key sections
for each limestone formation are included within this chapter. Detailed discussion of the
various sedimentary facies building the stratigraphy is delayed until Section 5, which
includes a summary reference list in Table 1 defining the facies codes noted on the
stratigraphic columns. For reader convenience, fold-out copies of Figures 1 and 2 are

inserted in the pocket inside the back cover of the thesis.

4.1. Kairakau Limestone (Opoitian)

The name Kairakau Limestone is derived from Kairakau Beach (V22/457327). It was
given to limestone units in this area and used informally by Beu et al. (1980). The
Kairakau Limestone was also mapped by Sporli and Pettinga (1980) as the Maraetotara
limestone in the Maraetotara Plateau area and north of Mount Kahuranaki, where it was

subsequently formally defined as Kairakau Limestone by Harmsen (1985; Figures 5A,

11



Figure S — Late Opoitian and early Waipipian strata in southeastern Hawke’s Bay

(A) Kairakau and Awapapa Limestones, north of Mt Kahuranaki on the western
edge of Maraetotara Plateau, looking northeastwards (V22/420510). View
showing bluffs of steeply dipping Kairakau Limestone on the eastern side of
the Elsthorpe Anticline (see Figure 1). The central valley is occupied by the
Mokopeka Sandstone, while Awapapa Limestone (15 m exposed) crops
out along the upper eastern scarp edge of the valley.

(B) Northern cliff face of Kairakau Limestone at its type locality (see Appendix
1 — column 7; V22/423515), north of Mt Kahuranaki, where the
Mangangarara Stream takes its rise. The cliff exposes about 40 m of
Kairakau Limestone divided into four units based on the occurrence of
sharp and erosional contacts. The lower unit underlies a sharp-based shell
bed packed with oyster valves. Unit 2 overlies the shell bed and is bounded
above by a sharp contact (surface a, white arrows), upon which overlying
beds (unit 3) appear to onlap (arrowed). Tabular bed sets of unit 4 rest on
an erosional surface (b, black arrow) truncating the underlying unit 3.

(C) Eastern scarp face of Te Mata Peak (looking southwards from
V22/452599) exposing Kairakau Limestone at the foot of the cliff, the
intermediate Tuki Bell limestone (informal) in the steep grassy slopes
(underlain by the soft Mokopeka Sandstone), and the type section of
Awapapa Limestone (see Figure 8). The total thickness is about 200 m.
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Figure 6- Section of the Kairakau Limestone exposed at Kairakau Beach (Key to patterns is given

in Appendix 1 - p. Al

).
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5B). The limestone occurs on both sides of the Elsthorpe Valley, at the western edge of
the Maraetotara Plateau, and within sea cliffs from south of Kairakau Beach northwards to
Waimarama (Figure 1).

Kairakau Limestone is mainly characterized by mixed facies, transitional between
barnacle-rich grainstone and terrigenous packstone, often bioturbated. Its thickness varies
between 6 and 60 m.

Thirteen sections of Kairakau Limestone were examined and described (only ten
are included in the thesis). 150 rock specimens were taken in the field, as well as 9

macrofaunal samples (Appendix 2).

Kairakau Beach section (Figure 6)

Location: Kairakau Limestone crops out along sea cliffs north of Kairakau Beach located
at the end of Kairakau Road, about 10 km east of Elsthorpe. The section (column 1/2) is
well exposed at V22/457333 (Figure 6). The basal unconformity is exposed in slumped
blocks and in place within the cliff that borders the shoreline. One can access a good
outcrop exposing the basal unconformity, located at V22/460339, from a car park along

Te Apiti Road about 2km from its junction with Kairakau Road.

Lithology: Several sections are combined to provide an almost continuous profile of the
Kairakau Limestone from its bottom disconformity with the underlying undifferentiated
Miocene mudstone/siltstone (Figure 6).

The Kairakau Beach section (or close to it) was examined by Harmsen (1985) at
her Mangakuri section, but she did not recognize its lower boundary.

Carbonate sediments of the Kairakau Limestone sit sharply across a ravinement
surface on blue-grey Miocene mudstone. The base of the section consists of a 5 m-thick,
well cemented, massive pebbly rudstone displaying occasional thin mud layers, and
containing numerous mudstone clasts from the underlying mudstone formation, and
abundant bored pebbles in places (see Figure 23D).

This bed is sharply overlain by moderately sorted, well cemented, medium-grained
grainstone (6 m) that grades up into parallel laminated to low-angle cross-stratified,
coarsening-upwards, interbedded skeletal-rich packstone and grainstone (7 m). Oyster and
barnacle fragment content increases upwards and becomes dominant towards the top of

this interval, while mud pebbles, numerous towards the base, become scarce up
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Figure 7- Reference section of the Tuki Bell limestone (informal) at Pukekura.
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section. The upper boundary of this unit is poorly exposed, but appears to be sharp in
places. From this surface, a lower massive, moderately cemented bed, containing whole
specimens of thick-shelled oysters and common mud pebbles, grades upwards over 1 m
into a low-angle planar bedded fine-grained siliciclastic unit (3.5 m) with interbedded mud
lenses. This unit is bounded above by a sharp to erosional surface (see Figure 24I). Below
the surface, vertical ichnofossils penetrate downwards, filled with coarser skeletal material
from the overlying beds.

The next unit contains in its lower part, about 2.5 m above the previous contact, a
1.5 m-thick shell bed packed with calcitized articulated bivalves. Above the latter, the last
interval (21 m) is characterized by planar bedded, alternating skeletal-rich packstones and
grainstones with interbedded mud layers. It contains occasional oyster shell-rich lenses.
The interval coarsens upwards and becomes a barnacle-rich grainstone in its upper part.

The upper boundary is not exposed.

Thickness: 45 to 50 m.

4.2. Tuki Bell limestone (informal)

The informal name Tuki Bell limestone designates a thin discontinuous limestone sheet
present between the Kairakau and Awapapa Limestones, within the undifferentiated
Mokopeka Sandstone (Figure 5C). Harmsen (1984) refers to this limestone unit without
naming it as “thin (up to 3 m) beds of well cemented, poorly sorted skeletal-rich
grainstone” occurring within the Mokopeka Sandstone at Te Mata Peak. Recent
examination of this outcrop indicates that it consists of a 4 m-thick coarse barnacle-rich
grainstone containing Phialopecten marwicki and Towaipecten ongleyi towards its base.
Its stratigraphic position and fossil content suggest a latest Opoitian age. Although
discontinuous, grading laterally into calcareous sandstone, the limestone is present further
south at Pukekura where a key section is proposed here (Figure 7). 9 rock samples were

collected, plus 2 macrofossils and 1 tephra sample.

Pukekura section (Figure 7)

Location: Pukekura section (column 15) is located in the hillside a few hundred metres
west of Middle Road alongside Tukituki River, across the paddock on Pukekura Station at
V22/292475, and comprises exposures of both Kairakau and Awapapa Limestones below

and above Tuki Bell limestone, respectively.
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Lithology: The name Tuki Bell derives from the shape of the Tukituki River meander a
few hundred metres east of the outcrop. The lower contact is sharp to erosional. The
apparently massive limestone contains minor long-length wavy swells towards the base,
and tangential to trough cross-stratifications above (Figure 7). It is moderately sorted, and
moderately to well cemented. Bryozoan and barnacle fragments dominate the composition
of the Tuki Bell limestone. It contains, about 3 m above the basal contact, a 0.20 m thick
bryozoan-rich shell bed. This is in turn sharply overlain by alternating tabular bed sets of
skeletal grainstone and packstone. A 2 m-thick tephra layer rests on the upper sharp

surface, and is capped by calcareous sandstone with common in situ (?) oyster valves.

Thickness: the main limestone body is about 5 m.

4.3. Awapapa Limestone (Waipipian)

First introduced by Sporli and Pettinga (1980) for the upper limestone in the ridge north of
Mount Kahuranaki (Figure 5A), the name Awapapa Member was extended to formation
status as the Awapapa Limestone by Harmsen (1984, 1985) who defined the type section
as the prominent limestone exposed in the eastern face of the Te Mata Peak (Figure 5C).
The formation defined by Harmsen (1985) included both Awapapa Limestone sensu
stricto as defined at its type section, and Rotookiwa Limestone established subsequently as
a new formation by Kelsey er al. (1993).

The Awapapa Limestone is lithologically highly variable, ranging from interbedded
terrigenous packstone and calcareous sandstone to pure bryozoan- and barnacle-rich
grainstone. Despite this compositional heterogeneity, Awapapa Limestone has classically
been referred to as a typical Te Aute lithofacies limestone (Harmsen, 1985; Kamp et al.,
1988; Beu, 1990b; Beu, 1995).

The Awapapa Limestone forms the prominent ridges of the eastern flank of the
Elsthorpe Valley from Te Mata Peak southwards to the vicinity of Mount Erin, as well as
cropping out discontinuously along the steep slopes of the Kaokaoroa Range (Figure 1A).
Its thickness varies between 22 and 120 m.

Seven sections of Awapapa Limestone were examined and described (only six are
included in the thesis). 118 rock samples were taken in the field and 32 macrofaunal

samples (Appendix 2).
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Te Mata Peak section (Figure 8)
Location: Best access is from the bottom of the cliff, climbing up along the northern face
of the blocks in the steep grassed slopes. The key section (column 9) is located beneath

the radio mast at V22/451602 (see Figure 10A).

Lithology: The Awapapa Limestone forms the eastern scarp face of the Te Mata Peak that
Harmsen (1985) designated as the type section for this formation (Figures 5C, 8, 10A). Its
lithology is vertically highly variable and consists broadly in the first 50 m of alternating
calcareous sandstone and packstone (storm emplaced or turbidite-like deposits) overlain in
turn by several packages of either alternating grainstone and packstone, or skeletal-rich
grainstone with interbeds of either interbedded terrigenous packstone and calcareous
sandstone, or interbedded grainstone and terrigenous packstone.

The following 60 m or so are dominated by the occurrence of four thick shell beds
or shell concentrates packed with oyster and pectinid valves, with interbeds of alternating
grainstone and terrigenous packstone. It is sharply overlain by a few metres of yellow
sandstone cropping out just beneath the radio mast (see Figure 10A), probably equivalent
to the Pukekura Calcarenite.

The base of the formation (11 m) consists of discontinuous, coarsening- and
thickening-upwards grainy skeletal sheets inferred to have been emplaced either by storm-
generated currents or debris flows (see later). Sheet tops are usually simple bedding planes
whose underlying moderately to well consolidated nature may be related to firm grounds.
Well-preserved delicate branching bryozoans in both fine-grained sandstones and coarser-
grained sheets show evidence of reworking under low-energy conditions. The upper part
of this interval contains coarse-grained, horizontally bedded, well sorted, poorly to
moderately cemented sheets (up to 0.4 m thick).

The next 23 m-thick interval is bounded below by a sharp, strongly burrowed,
surface. It consists of interbedded fine- to medium-grained packstone and medium- to
coarse-grained grainstone sheets, with internal planar low-angle cross-stratifications, and
trough and tangential cross-beddings, respectively. The interval is bounded above by an
erosional surface, in turn overlain by a massive, poorly to moderately sorted, moderately
to well cemented, bioclastic bed (2.5 m) containing scattered bored sandy and muddy
pebbles (especially towards the base). This bed grades up section into planar-bedded

mixed facies (23 m), with internal trough and tangential cross-stratifications, common well
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rounded mud pebbles up to 6 cm across, shell concentrations (<0.5 m thick) packed with
oyster valves, and occasional pectinid valve lineations. These lower 50 m of strata at the
Te Mata Peak section are bounded above by a ravinement surface.

Above are four prominent fining-upwards intervals, each ranging in thickness from
8-20 m, which comprise towards their base 2-5 m-thick shell beds. Shell beds contain
abundant oysters and pectinids, often bored and encrusted by bryozoans and serpulids,
common mud clasts and mud pebbles, and scattered clumps of oysters. Random
orientation of shells, common convex upwards-orientated shells together with slightly
abraded and unabraded valves, and common whole shells suggest moderate post-mortem
transportation. However, the abundance of randomly oriented shells in the middle part of
the unit may reflect a mixed assemblage of in siru and variably transported populations.

Shell beds can be traced laterally for hundreds of metres.

Thickness: 110 to 120 m.

4.4. Rotookiwa Limestone (Waipipian)
Rotookiwa Limestone was included in the Awapapa Limestone until Kelsey et al. (1993)
established it as a new formation on the stratigraphic criteria that it overlies the Pukekura
Calcarenite, while the Awapapa Limestone underlies the Pukekura Calcarenite (Figure 2).
Because the Rotookiwa Limestone is typically a pale yellow, coarse-grained, soft
to poorly cemented barnacle-rich grainstone, good exposures are rare. There are a few
good, but remote, sections exposed along the western flanks of the Kaokaoroa Range, and
reasonable accessible outcrops occur along Highway 2 between Waikareao Road and Te
Onepu Road, as mapped by Kelsey ef al. (1993).
The following new information is provided by the present work on the Rotookiwa
Limestone:

- Although incomplete, one specimen of Phialopecten marwicki has been
collected from the type locality of Rotookiwa Limestone (V22/251451). Until
now, only one other Phialopecten specimen was known from the main
distribution area of Rotookiwa Limestone (Beu, 1995).

- The upper boundary of the unit has been identified. It consists of a 2 m-thick

shell bed packed with oysters, pectinids, and brachiopods, conformably
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- overlain in turn by a fine-grained shelly calcareous sandstone (Horse Shoe
section, see below).

- The lower boundary of the formation might be the terrigenous packstone unit
sharply overlying the Pukekura Calcarenite at Tainui (V22/285469; Appendix 1
—column 15).

- The Lonely Man section (Appendix 1 — column 20) differs from the almost
constant lithofacies of Rotookiwa Limestone in the Kaokaoroa Range and at
its type locality. It disconformably overlies calcareous sandstone/terrigenous
packstone beds and sharply underlies a yellow-green fossiliferous calcareous
sandstone that Kelsey er al. (1993) established as a new formation (Waikareao
Calcarenite; Figure 2). Contrary to Kelsey et al. (1993), the upper contact of
Rotookiwa Limestone with the overlying Waikareao Calcarenite appears to be
exposed in Waitapuke Quarry at V22/224487.

The thickness of Rotookiwa Limestone measured sections varies between 20 and

42 m, but up to 50 m is exposed at the Horse Shoe locality (see later).

Five sections of the Rotookiwa Limestone were examined and described (only four

are presented here). 58 rock samples, as well as 7 macrofaunal samples, were taken in the

field (Appendix 2).

Horse Shoe section (Figure 9)
Location: From Mutiny Road, drive towards the residential area at V22/355590, and
beyond the hill, across Wairunga block, follow the pathway at the foot of the western side

of the hill along Poukawa Stream. The key section (column 17) is located at V22/345586.

Lithology: A moderately well exposed section occurs in the walls of a dry stream meander,
here named Horse Shoe (Figure 9). Harmsen (1984, 1985) referred to the outcrop as the
Poukawa Stream section and attributed the limestone to the Awapapa Formation. Kelsey
et al. (1993) failed to recognize the upper boundary of the unit that consists of a 2-3 m-
thick shell bed cropping out along Poukawa Stream and at the top of the western wall of
the stream meander. The tabular nature of the shell bed, from the top of the hill down to

the stream over a short distance, defines a steep homoclinal dip (up to 25°).
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Figure 9- Section of the Rotookiwa Limestone at Horse Shoe.

24



At this locality, Rotookiwa Limestone is a poorly cemented, coarse-grained
barnacle-rich grainstone, with interbedded, thin, discontinuous crystalline-like limestone
sheets.

The lower part of the section (11 m) consists of massive to trough cross-bedded,
moderately sorted, soft to poorly cemented, barnacle-rich grainstone that contains
horizontally bedded terrigenous/skeletal packstone sheets (up to 0.2 m thick). This unit
passes gradationally upwards into a 2 m-thick medium-grained, soft, massive interval
sharply overlain by coarsening-upwards barnacle-rich grainstone (25 m). Occasional
stylolites are present within thin, interbedded, discontinuous crystalline-like limestone
sheets that are very hard due to preferential cementation. The upper part of this thick
interval displays internal trough and tangential cross-bed sets (up to 1 m thick). A sharp
surface places these beds in contact with a 2.5 m-thick shell bed packed with oysters,
pectinids, and brachiopods in a well cemented muddy matrix. This in turn grades up into
soft, green, shelly calcareous sandstone (numerous oysters and brachiopods, and

occasional turritellid gastropods), of which only a few metres are exposed.

Thickness: 40 to 50 m.

4.5. Te Onepu Limestone (Mangapanian)
The Te Onepu Limestone was formally defined by Harmsen (1984, 1985). It was also the
classical “Te Aute limestone” of early authors, and attracted the interest of geologists for
it is characterized by very large-scale cross-bedded, coarse-grained barnacle-rich
grainstone. Thus, several authors have described the unusual giant cross-bedding evident
in the limestone in the faces of the Hatuma Lime Quarry (U23/043076; Harmsen 1984,
1985; Kamp et al., 1988). It is also well known along the Raukawa Range (Figure 10B)
because of its abundant Crassostrea ingens oyster shells, where the type section was
designated in a small quarry along Te Onepu Road (V22/198493). This section (Figure
12A; Appendix 1 — column 23) was also formerly used as the type section for the “Te
Aute limestone” (Kingma, 1971).

Several specimens of Phialopecten thomsoni were collected from different
outcrops of Te Onepu Limestone, and one specimen of Towaipecten katieae from the
section at Robottom Grave (Appendix 1 — column 26; Figure 10C), which are diagnostic

taxa for the Mangapanian (Beu, 1995).



Figure 10— Waipipian and Mangapanian strata in southeastern Hawke’s Bay

(A) Northern cliff face of Awapapa Limestone at V22/451602, showing the
stratigraphic section presented in Figure 8 at Te Mata Peak. At this locality,
Awapapa Limestone consists of two mega-units separated by an erosional
surface (white dashed line). The lower mega-unit comprises interbedded
packstones and grainstones organized in tabular bed sets (up to 1.5 m
thick), while the upper mega-unit comprises several thick shell beds
(arrowed) overlain by fining-upwards sediments. From bottom to top (at

radio mast) the section is about 120 m thick.

(B) Almost continuous outcrop of Te Onepu Limestone in the eastern scarp of
the Raukawa Range, looking northwards from the Robottom Grave section
at V22/148422 (see below). Two distinct limestone sheets crop out in this
area, separated by calcareous sandstone and terrigenous packstone beds.
While the lower sheet is Mangapanian in age on the basis of the presence of
Phialopecten thomsoni and Towaipecten katieae, the upper sheet consisting
of two shell beds (see Kiwi Bush section in Appendix 1 — column 25) has
yielded one specimen of Phialopecten triphooki, indicating an early

Nukumaruan age.

(C) Northern scarp face of Te Onepu Limestone at Robottom Grave section at
V22/148422 (see Appendix 1 — column 26). One specimen of both
Phialopecten thomsoni and Towaipecten katieae were collected from this
locality, indicating a Mangapanian age. The section is about 40 m thick
(person gives scale; black arrow). The section is overall a coarsening-
upwards succession of interbedded bryozoan packstone and grainstone
towards the base grading into coarse barnacle grainstone up-section
capped, across an erosional surface (dashed line), by a shell bed packed
with Crassostrea ingens (white arrow). Note that the dipping to the right
(east) of apparent foresets progressively changes up-section, suggesting
syndepositional tectonic deformation on the margins of the forearc basin

where the limestone formed (uplift).
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The Te Onepu Limestone forms the escarpment that bounds the Raukawa Range
to the east (Figures 10B, 10C). At its type locality the Te Onepu Limestone lies sharply
on the local Argyll Sandstone Member and in turn on the Raukawa Mudstone (Figure 2).
Otherwise it directly lies on the Raukawa Mudstone and conformably underlies the
Makaretu Mudstone (Figure 2). The thickness of measured sections varies between 27 and
60 m.

A total of 7 sections were examined and described. 106 samples were taken in the

field, as well as 15 macrofaunal samples (Appendix 2).

Bee Swarm section (Figure 11)
Location: About 500 m southwest of Te Onepu Quarry, following the eastern crest of the

Raukawa Range. The section (column 24) is located at V22/193484.

Lithology: Although poorly exposed and strongly weathered, this section of Te Onepu
Limestone (Figure 11) helps complete the stratigraphic column provided by previous
authors (e.g., Te Onepu Quarry section of Harmsen, 1984). A well indurated shell bed
packed with oysters crops out about 15 m above the well-known Crassostrea ingens shell
bed, from which it is separated by a fine-grained, poorly cemented terrigenous/skeletal
packstone. Mixed carbonate-siliciclastic sands above this upper shell bed have yielded one
specimen of Phialopecten triphooki (at Kiwi Bush section further south (Figure 9B);
Appendix 1 — column 25), indicating that the Mangapanian-Nukumaruan boundary lies
immediately on top of the capping shell bed. The complete stratigraphic column at the Bee
Swarm section is described below (Figure 11).

About 1.5 m of well sorted, moderately cemented terrigenous packstone
constitutes the base of the section, and probably represents the upper part of Argyll
Sandstone (Figure 2). It is bounded above by a sharp surface (possibly erosional) overlain
by a thin shell concentration with common mud clasts, which contains Phialopecten
thomsoni. The shell layer forms the base of a coarsening-upwards interval (23 m), from
skeletal packstone/grainstone to barnacle-rich grainstone. Selectively cemented horizons
occur along large-scale cross-foresets (seen also at Te Onepu Quarry; Figure 12A),
otherwise these are moderately sorted and poorly to moderately cemented. Occasional thin
glauconitic and mud pebble-rich beds occur.

The upper boundary is a low relief erosional contact that places the underlying

interval in contact with a 2 m-thick massive bed packed with mud pebbles and giant in
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Tabular bed sets of coarse, well sorted, poorly cemented barnacle-rich
grainstone.

Massive, coarse-grained, poorly sorted, very well cemented shell bed packed
with whole specimens of oysters and pectinids (Phialopecten thomsoni),
mud and sand pebbles up to 2 cm across.

Coarsening-upwards, tangential to planar cross-bedded, medium- to coarse-
grained, moderately sorted, moderately cemented barnacle-rich grainstone.

Fining-upward, medium-grained, well sorted, moderately cemented
barnacle-rich packstone/grainstone. Common mud pebbles.

Medium-scale sigmoidal, HCS-like, cross-stratifications.

1 m thick shell bed, containing in situ large specimens of Crassostrea ingens,
mud granules and pebbles, occasional clumps of oysters. Moderately
cemented.

Occasional thin glauconitic, mud pebble-rich beds.

Large-scale planar and medium-scale tangential cross-stratifications.
Occasional selectively cemented horizons, otherwise moderately to well
sorted, poorly to moderately cemented. Coarse-grained barnacle-rich
grainstone.

Large-scale cross-foreset and tabular bed sets up to 2 m thick.
Coarsening upward interval, from skeletal packstonc/grainstone
to barnacle-rich grainstone. Modecrately cemented.

Thin shell lineation with common mud clasts, which contains
Phialopecten thomsoni.



situ specimens of Crassostrea ingens. A fining-upwards trend exists above the shell bed,
with minor HCS structures in a terrigenous/skeletal packstone (6 m). Common biomolds
are present, and the deposits are moderately sorted and poorly to moderately cemented.
Above a 2-3 m-thick covered interval, bioclastic sediments coarsen upwards once again
into tangential to planar cross-bedded, moderately sorted, poorly to moderately
cemented grainstone (5 m). This unit is sharply overlain by a very well cemented, 1.5 m-
thick, shell bed packed with abundant oyster valves and scattered pectinids. It grades up

section into horizontal-bedded grainstone, whose upper boundary is not exposed.

Thickness: 43 to 45 m.

4.6. Mason Ridge Formation (Nukumaruan)
Although hypothetically comprising Scinde Island Limestone, and for this reason
included within the Napier Group (Beu, 1995; Figure 4), the name Mason Ridge
Formation of Kelsey et al. (1993) is adopted here for several reasons:
- Its geographical distribution is important and well delimited.
- The limestone bodies (at least three) that form the Mason Ridge Formation are both
vertically and laterally well developed and can easily be followed south of Ngaruroro
River where the sections included in the present thesis were examined.
- Although several authors have correlated the lowest limestone sheet of Mason Ridge
Formation to the Scinde Island Limestone on biostratigraphic and lithofacies arguments
(Kingma, 1971; Kelsey et al., 1993; Beu, 1995), correlation for the upper sheets with
more geographically restricted limestones remains doubtful. Thus, a comprehensive study
of the complete package is preferred that may help define in the future the stratigraphic
position of isolated formations (e.g., Matapiro Limestone; see Chapter 4, Section 7.5.5).
Kelsey et al. (1993) proposed that the lowest limestone is early Nukumaruan
based on the presence of Phialopecten triphooki, which might also suggest that this
limestone is a lateral equivalent of Scinde Island and Pakipaki Limestones (Figure 2).
Kelsey et al. (1993) proposed that the middle and upper beds of Mason Ridge Formation
are middle to late Nukumaruan. However, one specimen of Phialopecten triphooki was

collected from the shell bed capping the upper limestone at the Mangatai section
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Figure 12— Mangapanian and Nukumaruan strata in southeastern Hawke’s Bay

(A) Quarry within Te Onepu Limestone at its type locality (V22/198491). Sketch is
superimposed on photograph to highlight some significant sedimentary
characteristics of Te Onepu Limestone, including thin condensed shell lineation
(black arrow), well cemented horizons (hardgrounds, white arrow) in otherwise
poorly cemented coarse barnacle grainstone, and planar to tangential cross-
foresets. A shell bed packed with giant Crassostrea ingens rests on an erosional
surface on top of the section (see also Te Onepu Quarry section in Appendix 1 —
column 23).

(B) Upper part of Mason Ridge Formation at Pakihirua section (V22/204564; Figure 13;
column 30) showing basal horizontal planar bedded skeletal limestone overlain,
across a sharp surface (dashed line), by a 4 m-thick shell bed.

(C) Sharp erosional surface (dashed line) within the Nukumaruan Matapiro Limestone on
Ohiti Road (V21/300733; Figure 15; column 35), interpreted as a wave-cut surface
of erosion formed after underlying beds had been tectonically tilted. Note that
above the surface, bed sets are planar and almost horizontal, whereas below the
surface bed sets are dipping towards right (20° N). Note also that the axis of
water-escape structures (arrowed) makes a 20° angle from the vertical.
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(V22/163494; Appendix 1 — column 31), demonstrating that (1) Phialopecten survived
beyond the earliest Nukumaruan time; and (2) Mason Ridge Formation is more likely to
be early to middle Nukumaruan in age.

Beu (1995) suggested that the lowest limestone sheet of Mason Ridge Formation
should be correlated to the Whanawhana Limestone (Section 4.11) by stratigraphic
superposition and on the macrofaunal criterion that it also contains Phialopecten
triphooki. However, once again the age of these limestone units is not constrained
enough to allow high-resolution correlation, considering both the poor reliability of
Phialopecten triphooki to assign a definite early Nukumaruan age (see above), and the
discontinuous nature of the limestones deposited during this time interval (including
Pakipaki and Scinde Island).

With this in mind, and because a prime interest here is to better understand the
sequence stratigraphy of the Pliocene limestones, the present study has focused on the
Mason Ridge Formation as providing a continuous stratigraphic record from the early to
probably middle Nukumaruan, and does not discuss the limestones (Pakipaki and Scinde
Island) inferred by others to be their lateral correlatives.

Although, as for older formations, fieldwork emphasized rapid lithological
variations over short distances within each limestone sheet of the Mason Ridge
Formation, these sheets are easily traceable along incised river valleys due to little
variation in their lateral thickness and their low gradient, almost monoclinal, structure.
The Mason Ridge Formation is cyclothemic in disposition, comprising thin
mudstone/sandstone — limestone/shell bed (Figure 12B) formational couplets, remarkably
similar to units within the upper part of the Petane Group within the Tangoio block in
central Hawke’s Bay (Figure 1; Haywick et al., 1992; Haywick, 2000). Five sections of
Mason Ridge Formation are included in this thesis. 91 rock samples were taken in the

field, as well as 4 macrofaunal samples (Appendix 2).

Pakihirua section (Figure 13)

Location: The limestones crop out in the cliffs that dominate the Patangata Valley from
V22/204564 to 188548, east of Raukawa-Te Onepu Road between its junctions with
Whakapirau Road (north) and Paheke Road (south).
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Shell bed packed with oysters, and gastropods in a bioclastic sandy
matrix towards the base, grading up-section into a silty sandy matrix.

Low-angle planar laminated fine-grained, well sorted, poorly cemented,
calcarcous sandstone.

Alternating coarse-grained, moderately sorted, poorly cemented,
skeletal-rich grainstone and thin shell lineations up to 30 cm thick,
containing biomoulds, oysters, and other bivalves in a fine- to medium-
grained sandy matrix. Horizontal tabular-bedded.

Coarsening-upwards moderately sorted, poorly cemented, calcareous
sandstone, containing moderately to well cemented bioclastic lenses.

Shelly grey silty sandstone grades up over 2 m into siltsonc containing
scattered shells.

Fining-upwards yellow, well sorted, poorly cemented, calcareous
argillaccous sandstone.

Shell bed packed with oysters, gastropods and pectinids in a siliciclastic
matrix.

Alternating fine-grained, poorly cemented, mixed carbonate-siliciclastic
packstone and medium-grained, moderately cemented skeletal grainstone.
Contains occasional large vertical burrows (Ophiomorpha?).

. Shell lincation, orange mud and sand pebbles.

Sharp-based silty sandstone grading into sandstone containing common
whole specimens of barnacles, oysters, and pectinids.

Shell bed packed with oysters in a siliciclastic matrix.

Tabular bed sets of interbedded packstone and skeletal grainstone.

Coarsening- and thickening-upwards interbedded planar laminated
packstone and coarse tangential cross-bedded fossiliferous grainstone.
Moderately sorted, moderately cemented. Capped by a shell lincation
packed with oyster valves in a sandy/silty matrix.

Greyish siltstone containing common biomolds and gastropods.

Thin oyster shell lineation at the base in a terrigenous/skeletal matrix.
Yellow, coarse-grained, well sorted, poorly cemented skeletal grainstone,
contains whole specimens of Glycymeris?. Is capped by a thin shell

lineation packed with thin-shelled oysters, pectinids and other bivalves.

Silty sandstone containing common oysters, mussels and brachiopods.

Grey/green siltstone containing common thin shell lineations.

Shell bed packed with gastropods, brachiopods, oysters, pectinids,
barnacles, mussels and bryozoans in a silty/sandy matrix.



Lithology: Three close sections along the western flank of the Pakihirua Stream and
Patangata Stream valleys were measured, which in combination provide a continuous 75
m-thick profile (column 30; Figure 13). Sections were described at a decimetre-scale
resolution where possible and sampled for petrography, carbonate content analysis, and
biostratigraphy. These outcrops had never been described until now, though samples
were taken for biostratigraphic study in correlative beds further south (V22/192526 and
V22/174509; Beu, 1995).

The Pakihirua section involves three limestone sheets with interbedded
mudstone/siltstone and sandstone that are well exposed and rather less weathered than
their northern and southern equivalents (see Torran section and Mangatai sections;
Appendix 1 — columns 29, 31). The vertical stratal pattern of each mudstone-
sandstone/limestone formational couplet is remarkably similar, and more or less mirror
one another (Figure 13).

About 30 m beneath the lower limestone sheet, Makaretu Mudstone (about 50 m
exposed) contains a 1 m-thick shell bed packed with oysters, large gastropods, small
pectinids, bryozoans (large robust branching), and other bivalves. Makaretu Mudstone
grades, in the uppermost part of the formation, into fossiliferous silty sandstone. The
upper contact is marked by a sharp surface and a thin shell lineation consisting of oysters
and other bivalves in a medium-grained bioclastic matrix. Above is 2.5 m of low-angle
planar bedded, skeletal grainstone containing articulated thick-shelled bivalves. The
upper contact between this bioclastic limestone sheet and the overlying sandstone is
sharp, and is marked by a 0.2 m-thick shell bed consisting of thin-shelled oysters,
pectinids, and other unidentified bivalves. The fine-grained calcareous sandstone grades
up over 2 m into coarsening-upwards alternating fossiliferous grainstone and packstone
(8 m) in horizontal tabular bed sets, 0.3 m thick (see Figure 24B). This, in turn, is sharply
overlain by a 4 m-thick shell bed, packed with oyster valves, that forms the base of the
next couplet (see Figure 13 for details).

Figure 12B shows the upper part of the third formational couplet, which is

sharply overlain by a 4-5 m-thick oyster shell bed.

Thickness: 50 to 55 m.

35



Section: Al
Locality: Flag Range

N4 c,‘*%

T Bivision | | Grid reference: V21/184845 \ COMMENTS
s <&
F
NEWZEALAND | (T |asacies IFACIES|  LITHOLOGY &
m . -
Z Conglomeratic bed consisting of oysters and Torlesse
o Bi1d pebbles up to 10 cm across, encrusted by multilaminar
Z = bryozoans, and drowned within a muddy carbonate matrix.
% n ry y
9]
AEIE =
=RR-ARe
O E 8 Blc Planar to trough cross-bedded, coarsening-upwards, shelly
9 ) Z. and pebbly mixed carbonate-siliciclastic facies.
| M| S
Ml B
Z. % Micropebbly skeletal packstone/grainstone displaying
3 B1 internal bi-directional cross-stratifications.
= c
Conglomeratic massive bed containing abundant Torlesse
pebbles up to 5 cm across, clumps of oysters, unidentified
bivalves and robust branching bryozoans.
Metres

Figure 14- Reference section of the Flag Range Limestone on northwestern crest of the Flag Range.
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4.7. Flag Range Limestone (Nukumaruan)

The Nukumaruan Flag Range Limestone was first investigated by Kingma (1971) who
mapped it as part of the informal Sherenden greywacke gravels. Beu (1995) formally
defined Flag Range Limestone as a new formation, and designated the type locality as 5
m-high bluffs along the northwestern edge of the crest of the Flag Range (Figures 1, 2).
He suggested that Flag Range Limestone is a lateral equivalent of Tangoio Limestone,
cropping out further east and north in Matapiro Syncline, which in turn has been
proposed as a correlative to the lower limestone bed of Mason Ridge Formation (Beu,
1995). Flag Range Limestone contrasts with many previously described limestone
formations by its high content of Mesozoic basement (Torlesse) granules and pebbles in
a moderately to well cemented mixed carbonate-siliciclastic matrix. One stratigraphic
column of Flag Range Limestone has been logged (Figure 14) from which 6 rock

samples were collected.

Flag Range section (Figure 14)

Location: Flag Range Limestone crops out almost continuously on Flag Range Road
about 2 km from its junction with the Napier-Taihape Road, in bluffs on the western
crest of the Flag Range. The section (column 45) described below is located at

V21/184845.

Lithology: The lower boundary of Flag Range Limestone is not exposed. The base of the
measured section is a 2 m-thick conglomeratic massive bed that contains abundant
Torlesse pebbles up to 5 cm across, clumps of oysters, and unidentified bivalves and
robust branching bryozoans. It is overlain by 1 m of micropebbly skeletal
packstone/grainstone displaying internal bi-directional cross-stratifications and thin mud
layers. This interval is truncated above by an erosional wavy surface, upon which rest
planar to trough cross-bedded, coarsening-upwards, shelly and pebbly mixed carbonate-
siliciclastic facies (2.5 m). This is in turn overlain, across a thin muddy layer and a sharp
surface successively, by a shelly conglomerate (2.5 m). The conglomeratic bed consists
of oysters and Torlesse pebbles up to 10 cm across, encrusted by multilaminar bryozoans
(celleporids), and drowned within a muddy carbonate matrix (trapped micrite). The

upper boundary is not exposed.

Thickness: 8 to 9 m.
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Very well cemented sharp-based shell beds packed with
abundant calcitized shells, and recognizable Tawera and
Glycymeris shells, separated by a strongly bioturbated
horizon (Skolithos-type burrows).

Bi-directional cross-stratifications (herring-bones).

Low-angle, planar cross-bedded, well sorted, moderately
to well cemented coarse skeletal grainstone, rich in
(now) calcitized aragonitic bivalves.

Sharp, almost horizontal, erosional surface

High -angle planar to trough cross-bedded, well

sorted, moderately cemented coarse skeletal grainstone,
comprising large-scale sediment deformation structures
(dewatering).

Fine-grained soft mixed carbonate-siliciclastic
sediments.

Figure 15- Reference section of the Matapiro Limestone on Ohiti Road.
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4.8. Matapiro Limestone (Nukumaruan)

Previously correlated to the upper Scinde Island pebbly limestone at Napier (Kingma,
1971), the Nukumaruan Matapiro Limestone was formally described and named by Beu
(1995) who considered it to be distinct from any limestone bed at Scinde Island.
Matapiro Limestone is well exposed throughout the area of south central Matapiro
Syncline, cropping out in the flanks of the Matapiro hills (Figure 1). It consists of three
prominent well cemented shell beds containing common calcitic and aragonitic bivalves
(Tawera, Purpurocardia, Glycymeris, etc), interbedded with planar laminated silts and
siliciclastic sand intervals. The lower shell bed rests sharply on well sorted, soft to
moderately cemented, cross-bedded skeletal-rich grainstone. Beu (1995) illustrated a
sharp but uneven unconformable contact between Matapiro Limestone and the
underlying Waitio Mudstone. 27 rock samples were collected from two stratigraphic

sections.

Ohiti Road section (Figure 15)
Location: From SH 50 turn east (right) onto Napier-Taihape Road and soon south (left)
into Ohiti Road, along which Matapiro Limestone is well exposed (V21/300733).

Lithology: This previously undescribed section (column 35) along Ohiti Road is a
remarkably continuous outcrop of Matapiro Limestone and interbedded silt/siliciclastic
sands (Figure 15).

The lowermost part of the exposure consists of fine-grained, soft, mixed
carbonate-siliciclastic sediments overlain by 8 m of planar to trough cross-bedded,
moderately cemented skeletal grainstone, which includes large-scale sediment
deformation structures (dewatering). Both water-escape structures and cross-bed sets
are truncated atop the foregoing interval by a sharp, almost horizontal, erosional surface
(Figure 12C). In contrast, below the sharp surface, the axis of dewatering structures
make a 20 to 25° angle with the vertical, suggesting that the lower interval was
syndepositionally tectonically tilted, and that the truncation is a wave-planed surface or
wave-cut surface of erosion.

This scenario is supported by the horizontal disposition of planar-bedded skeletal
grainstone resting on the surface (Figure 12C). Horizontal bed sets (2 m) pass upwards
into fine- to medium-grained poorly cemented skeletal grainstone (1.5 m) that exhibits

bi-directional  cross-stratifications  (herring-bones; see  Figures 16A, 23G).
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Figure 16~ Nukumaruan strata in southeastern Hawke’s Bay, and Waipipian and
Mangapanian strata in southwestern Hawke’s Bay

(A) Lower part of Matapiro Limestone section along Ohiti Road (V21/300733; Figure

(B)

15) showing bi-directional cross-stratified skeletal beds (pointed by geologist; see
Figure 23G) overlain by two distinct sharp-based shell beds separated by a strongly
bioturbated fine-grained horizon (between the pair of upper dashed lines).

Looking eastwards from the eastern slopes of the Maniaroa Range (Figure 1)
showing shallow-dipping Waipipian to Mangapanian strata exposed in the southern
flanks of the Waiiti Stream Valley at The Gorges section (V20/188007; Figure 18;
column 40/41). Note the cyclothemic disposition of protruding limestone units and
silt-sand interbeds. The lowermost limestone sheet is assumed to be a lateral
equivalent of Titiokura Formation (Waipipian), though presently there are no data to
constrain its age. The upper limestone succession (double arrow) consisting of
several coarsening-upwards units belongs to the Te Waka Formation, Mangapanian
in age as indicated by the common occurrence of Phialopecten thomsoni.

(C) Possible lateral equivalent of Titiokura Formation at the southern end of the

Glenross Range (U21/032867; see Omahaki section in Appendix 1 — column 42).
The bluff is about 20 m high. Note large-scale trough cross-beds (arrowed).
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Bioturbation is present in the form of individual Skolithos-type burrows, especially
towards the top of this interval below a sharp-based shell bed (4 m). The latter comprises
two fossiliferous members bounded below by a sharp surface, and separated by a thin,
strongly burrowed, mixed carbonate-terrigenous layer (Figure 16A).

The upper fossiliferous member passes upward into a 12 m-thick interval
characterized by silts, reworked tephras, siliciclastic sands interbedded with strongly
burrowed cm-scale mud layers, and small size Torlesse pebble-lined troughs. Carbonate
sand grains are generally subordinate to absent, and cementation is poor, although
carbonate cemented concretionary mud nodules do occur. Sedimentary structures
include flaser and lenticular beddings, low-angle planar cross-stratifications, and parallel
laminations, which collectively suggest a flat depositional setting such as found on
foreshore portions of beaches and tidal flats. The unit coarsens upwards and skeletal
fragments become more evident again up section. A 5 m-thick, well cemented, sharp-
based shell bed caps the preceding unit and is in turn overlain by 25 m of silt/siliciclastic
facies similar to that described from lower in the section. The top of the section is
marked by a well cemented shell bed (1.5 m) resting on a sharp contact with underlying
beds.

Thickness: 55 to 60 m.

4.9. Titiokura Formation (Waipipian)
Beu et al. (1980) used the informal name Titiokura limestone to describe a Waipipian
limestone unit exposed near the summit of the Napier-Taupo Road (Highway 5), which
later was formally defined and given formation status by the same author (Beu, 1995).
Bland (2001) extended the definition of Titiokura Formation to include a conglomeratic
coquina bed and sandstone overlying the Titiokura Limestone of previous authors.
Titiokura Formation rests unconformably on the Mokonui Formation and underlies the
Mangapanian Te Waka Formation (Figure 2) across an erosional to laterally conformable
contact (Bland, 2001). Titiokura Formation is well exposed along the crest of the Te
Waka Range south of the Napier-Taupo Road.

One stratigraphic column is presented below (Figure 17). 8 samples were

collected, mostly from the base and the middle part of the section.
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Sharp-based pebbly fossiliferous bed.

Alternating skeletal-rich grainstone and mixed
carbonate-siliciclastic packstone in tabular bed sets
up to 30 cm thick. Skeletal beds are generally better
cemented than their siliclastic counterparts. Internal
sedimentary structures include low-angle planar,
tangential, and sigmoidal cross-stratifications.

1 m-thick massive conglomeratic bed consisting of
mud and sand pebbles and granules (up to 2 cm
across), and shell fragments.



Te Pohue section (Figure 17)

Location: The outcrop (column 38) occurs on Oakmere Station at V20/275115, and can
be seen from the Napier-Taupo Road a few kilometres before entering Te Pohue in the
grassy slopes beneath the prominent scarp faces of Te Waka Formation (see Section

4.10).

Lithology: The lower boundary is sharp to erosional, and is characterized by a 1.5 m-
thick massive conglomeratic bed consisting of mud and sand pebbles and granules (up to
2 cm across), and shell fragments. This lower bed is sharply overlain by coarsening-
upwards alternating skeletal-rich grainstone and mixed carbonate-siliciclastic packstone
in tabular bed sets up to 30 cm thick. Skeletal beds are generally better cemented than
their siliciclastic counterparts, although there is a strong modern meteoric overprint
which tends to blur primary differential cementation. Internal sedimentary structures
include low-angle planar, tangential, and sigmoidal cross-stratifications. The apparent
flagginess of tabular cross-beds and horizontal beds originates in pressure-dissolution
seams, which also enhance bedding in places. Shell fragments and barnacle plates
dominate the composition of the limestone in its lower part, while in its middle and upper
portions bryozoan fragments become more frequent. The upper boundary of the
limestone unit of Titiokura Formation is marked by a sharp-based pebbly fossiliferous

bed, in turn overlain by sandstone.

Thickness: 25 to 28 m.

4.10. Te Waka Formation (Mangapanian)

Beu et al. (1980) referred the Mangapanian limestone beds interlayered with silt-
sandstone intervals cropping out along the eastern slopes of the axial Ruahine-Kaweka
Ranges to the informal Te Waka limestone (Figures 1A, 2). Beu (1995) formally defined
and gave formation status to Te Waka Limestone. He designated the northernmost
outcrop of the formation, exposed on the north face of the Te Waka Trig, as the type
section (V20/257131). Bland (2001) defined two new members (Awhina and Oakmere)
in his new Te Waka Formation based on his recognition of two distinct, although
laterally interdigitating, components that also crop out in the Te Waka Trig area. The
Awhina Member consists of a lower sandstone overlying the Titiokura Formation, and an

upper limestone composed of two separate beds. The Oakmere Member is the prominent
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coquina limestone (50 m) cropping out on Oakmere and Te Waka Stations, and along Te
Waka Road (V20/271106 to 248083). Bland (2001) assigned a latest Waipipian to
earliest Mangapanian age to the Te Waka Formation, based on the co-occurrence of
Phialopecten marwicki and Mesopeplum crawfordi, together with the presence of
specimens of Phialopecten marwicki/thomsoni hybrids.

This study concentrated on outcrops south of the Te Waka Range, along the
western crest of the Maniaroa Range and in river valleys incising its eastern slopes, and
further south on the southern edges of the Glenross Range (Figures 1, 2). Five
stratigraphic columns were logged, including one in the Te Waka Trig area (Appendix 1

— column 38), and 60 rock samples were collected.

The Gorges section (Figure 18)
Location: The name The Gorges derives from The Gorges Station on Puketitiri Road. Te
Waka limestone beds form the bluffs bordering the northern and eastern flanks of the

Waiiti Stream, and are better exposed (column 40/41) up stream at V20/188007.

Lithology: The section presented here includes limestone beds cropping out in the flanks
of the Waiiti Stream valley, and is completed by the succession exposed in the slopes,
and on top of Mount Romulus (V20/168027), north of Mount Hassal Station. The
complete stratigraphic section at The Gorges is almost cyclothemic in disposition
(Figures 16B, 18), and the seven main units comprising it can be grouped into siltstone-
sandstone/limestone-conglomerate formational couplets.

The lower limestone (possibly a Titiokura equivalent; see below), whose basal
contact with underlying beds is not exposed, consists of (at least) three coarsening-
upwards, sharp-based units separated by thin (20-30 cm), fine-grained mixed carbonate-
siliciclastic layers bioturbated by Skolithos-type burrows. The lower (5 m) and middle (5
m) units comprise alternating barnacle-rich grainstone and terrigenous packstone
organized in horizontal tabular bed sets, 20-30 cm thick. Internal sedimentary structures
include low-angle planar and tangential cross-stratifications. Both units are pervasively
bioturbated. The upper unit (10 m) consists of four stacked bioclastic bodies, each 2-3 m
thick.

Medium-scale trough and sigmoidal cross-stratifications occur within moderately
cemented, coarse, barnacle-rich grainstones. Mud layers interbedded with small-scale

sigmoidal cross-laminated skeletal beds are common up section. The top of the limestone
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consists of planar-bedded, soft, fine-grained bioclastic sandstone sharply overlain by a
thin (20 cm) shell concentration packed with oysters and pectinids.

This limestone grades up over 2 m of sandstone into 20 m of siltstone. The
contact between the siltstone interval and the middle limestone (limestone 2 in Figure 18)
is gradational. The vertical succession of facies within the middle limestone above the
silty sandstone includes: (1) alternating, discontinuous, medium-grained skeletal lenses
(probably tempestites) and interlayered, planar laminated, terrigenous packstone (2 m).
Skeletal lenses become more continuous upwards and grade into (2) horizontal tabular
bed sets of alternating grainstone and packstone (1.5 m); (3) these rapidly coarsen
upwards and include up section coarse shell and barnacle fragments, and Torlesse
granules (1.5 m). The middle limestone rapidly passes upwards, across a sharp surface,
into poorly exposed soft silty sandstone (10 m).

The upper limestone (limestone 3 in Figure 18) corresponds to the limestone
sheet that forms the scarp edge of the Maniaroa Range, and contains Phialopecten
thomsoni. The limestone comprises three distinct components. The lower portion
consists of pebbly and barnacle-rich grainstone, containing common, well rounded
Torlesse pebbles and granules up to 1 cm across. The interval is organized in thickening-
upwards tabular bed sets that exhibit internal low-angle planar and tangential cross-
stratifications. A protruding, well cemented, massive, 0.5 m-thick shell bed with
scattered Torlesse pebbles sits sharply on top of this lower limestone component. It
contains rare Phialopecten thomsoni valves that are difficult to remove from the coarse
skeletal matrix.

The upper contact between the shell bed and the next overlying limestone
component is sharp. It is overlain by a sequence of coarsening-upwards facies from
planar laminated terrigenous packstone to coarse pebbly barnacle grainstone, nodular in
appearance. The uppermost component of the upper limestone at The Gorges mirrors the
underlying one in its stratal architecture, even though its upper boundary is not exposed.

The overlying siltstone to sandstone interval (20-25 m) is sporadically exposed in
the grassy slopes of Mount Romulus. A conspicuous ravinement surface places this soft
succession in direct contact with a fossiliferous conglomerate (5 m) containing mud and

Torlesse pebbles (up to 20 cm across), oysters, and various unidentified bivalves.
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The upper contact is sharp and is marked by a shell concentration including scattered
large oyster shells. This surface is overlain by fluvial gravel beds consisting of non-
fossiliferous, non-carbonate, planar-laminated pebbly sandstones with thin muddy

horizons that contain lignite debris.

Local correlation: Beu (1995) describes Te Waka Formation south and north of the

Maniaroa Range area as two limestone members separated by 30 m of sandy mudstone.
The description of his lower member cropping out on the edge of the Maniaroa Range
conforms to the upper limestone unit at The Gorges (limestone 3; Figures 18, 19).
Moore and Hatton (1985) reported a few km south of The Gorges section, two separate
thin limestone bodies, which Beu (1995) inferred to represent his lower Te Waka
Formation member, locally subdivided. These two thinner limestones obviously are
correlative to our middle and upper limestone units (Figure 19). Beu (1995) records the
upper Te Waka Formation member in road cuttings on the Puketitiri Road, otherwise not
recognized at The Gorges section, but which could be, by superposition, a lateral
equivalent of the fossiliferous conglomerate at Mount Romulus (Figure 19).

Neither Moore and Hatton (1985) nor Beu (1995) mention the 20 m-thick
coquina limestone recognized at the base of The Gorges succession (Figures 18, 19).
Although, there are no age data for this limestone, superposition indicates that it could
be a lateral equivalent of Titiokura Formation present about 10 km further north in the
Te Waka Trig area, and possibly present further south near the Napier-Taihape Road, as
suggested by Beu (1995), and reported here (Omahaki section; Appendix 1 — column 42;
U21/032867; see Figure 16C).

Thickness: 95 to 100 m, including Hassal Conglomerate and underlying

mudstone/sandstone interval. Otherwise 70 m.

4.11. Whanawhana Limestone (Nukumaruan)

Beu (1995) first described and formally named the Nukumaruan age Whanawhana
Limestone, cropping out at the southern end of the Glenross Range where it conformably
overlies the Mangapanian Te Waka Formation. Beu (1995) reports Phialopecten
triphooki and Zygochlamys deliculata within the formation, demonstrating an early
Nukumaruan age. He designated a reference section for the Whanawhana Limestone on

the western edge of the «crest of the southern Glenross Range,
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Figure 19- Summary comparison of the stratigraphy for the Te Waka Formation
described by Moore and Hatton (1985) and Beu (1995) in the southern part of the
Maniaroa Range (Figure 1), with the limestone successions identified in this study for
The Gorges section (Figure 18). The correlation panel suggests, if correct, that the
lower limestone unit at The Gorges section could be equivalent to the Titiokura
Formation. See text for discussion.
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Figure 20- Reference section of the Whanawhana Limestone north of the Awapai Station gate on
Whanawhana Road.
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which is retained as a key section for this study (Figure 20), from which 5 samples were

collected.

Awapai Gate section (Figure 20)
Location: A good exposure (column 44) is at U21/041802, about 200 m south of the

Awapai Station gate on Whanawhana Road.

Lithology: Whanawhana Limestone comprises three separate components, which are
from bottom to top: (1) Lower boundary not exposed, then 4 m of coarsening-upwards,
moderately cemented barnacle grainstone. Sedimentary structures include thickening-
upwards horizontal tabular bed sets with internal low-angle planar cross-stratifications
towards the base and cross-laminated medium-scale trough and sigmoidal structures
towards the top of the component. The contact between the lower and middle
Whanawhana limestone components is sharp and is marked by a thin shell concentration;
(2) coarsening-upwards massive bedded, fine- to medium-grained, poorly cemented
terrigenous/skeletal packstone (2 m), containing common biomolds; and (3) a 2 m-thick,
well cemented, shell bed packed with oysters and pectinids (Phialopecten triphooki) in a

micritic matrix. The upper boundary is sharp.

Thickness: 8 m.

4.12. Sentry Box Limestone (Nukumaruan)

The Sentry Box Limestone was formally named and defined by Erdman and Kelsey
(1992) and Kelsey et al. (1993) as a “pebbly barnacle grainstone to a fossiliferous
mudstone-clast rudite with interbeds of massive mudstone and locally dominant granule
to pebble conglomerate”, containing common Zygochlamys deliculata. Sentry Box
Limestone crops out in the central and southern Ohara Depression (Figures 1, 2). It
conformably overlies complex siliciclastic beds of the Kaumatua Formation and grades
upwards into the Ohara Mudstone. Beu (1995) pointed up the very unusual fossil
content of both the Sentry Box Limestone and the overlying siliciclastic unit, containing
deep- and cold-water fossils, and bathyal gastropod fauna, respectively. He argued that
the Sentry Box Limestone was deposited during a glacial period, and that this contrasts

with almost all other Nukumaruan limestones in eastern North Island thought to
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have formed during interglacial periods (Beu, 1995).
The section visited is in a small quarry, about 200 m from the Jumped Up Stream
(U21/934666) where Kelsey er al. (1993) designated the type section for Sentry Box

Limestone. 5 samples were collected.

Jumped Up Stream section (column 47; Figure 21)
Location: A few hundred metres south of Mangleton Station, on the right side of

Mangleton Road, beyond the bridge over Jumped Up Stream at U21/934665.

Lithology: The base of the measured section (Figure 21) contains numerous well
rounded mud clasts in a carbonate mud matrix. The lower pebbly facies grades up over 2
m into massive bedded, fine-grained skeletal packstone (6-7 m). This interval coarsens
towards its top into poorly sorted, moderately cemented, barnacle-rich grainstone,
containing common mud and Torlesse granules. The upper boundary is not exposed at

this locality.

Thickness: The measured section is 11 m thick.

4.13. Kereru Limestone (Nukumaruan)

Erdman and Kelsey (1992) formally defined the Kereru Limestone and restricted the
name to the late Nukumaruan limestone cropping out along the eastern edge of the
Wakarara Range, and as small platforms along the western edge of the same range
(Figures 1, 2) where it forms the top of the Neogene stratigraphy in the Ohara
Depression. At the locality visited in the course of this study, the Kereru Limestone
sharply overlies calcareous sandstone probably forming the top of the Ohara Mudstone.

8 samples were taken from one stratigraphic section (Figure 22).
Glendale Farm section (Figure 22)

Location: Across Mangleton Road from Glendale Farm, along a farm pathway on a hill

ascent at U21/967687 (column 46).

Lithology: Kereru Limestone consists of two distinct carbonate units separated by a 5-6

m-thick silt-sandstone interval comprising a succession of several coarsening-upward
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sequences, from bioturbated siltstone to sandstone capped by poorly cemented shelly
sandy beds (15-20 cm thick).

The lower carbonate bed is a 3-4 m-thick, massive, sharp-based, moderately
cemented, shell bed packed with oysters and brachiopods drowned in a muddy matrix.
Its upper boundary is sharp. The contact between the siltstone/sandstone interval and the
overlying limestone unit is erosional. This limestone is 5-6 m thick, and consists of (1) a
basal moderately cemented, tangential to trough cross-bedded, packstone (2 m)
containing common mud clasts and mud pebbles from the underlying interval; and (2) an
upper, coarsening-upwards, well cemented, barnacle packstone/grainstone (4 m exposed)

organized in horizontal tabular bed sets (20-30 cm). The upper boundary is not exposed.
Thickness: The measured section is almost 20 m thick.

5. Sedimentary facies

During the course of fieldwork and section descriptions, an attempt was made to
categorize the various deposits encountered into a finite number of sedimentary facies. In
the end, 14 depositional facies have been erected for the Plio-Pleistocene bioclastic and
siliciclastic rocks in southern Hawke’s Bay, and these have been assigned facies codes
for ease of reference on the stratigraphic columns (Appendices 1, 3) and elsewhere. It
should be kept in mind that transitions between the various facies do occur. Three major
facies assemblages have been established: Bioclastic, Mixed carbonate-siliciclastic, and
Siliciclastic as follows:

- Bioclastic facies (B1-3) that include fossiliferous rudstone with a
terrigenous/skeletal matrix (B1a); fossiliferous rudstone with a silty/muddy matrix (B1b);
pebbly rudstone (Blc); conglomerates rich in Torlesse pebbles and fossiliferous in places
(B1ld); barnacle-rich grainstone (B2a); skeletal-rich grainstone (B2b); skeletal-rich
packstone (B3a); and skeletal-rich packstone and wackestone (B3b).

- Mixed carbonate-siliciclastic facies (M1-3), transitional between bioclastic
facies and siliciclastic facies, include alternating grainstone and packstone (M1);
interbedded grainstone and terrigenous packstone (M2); and interbedded terrigenous
packstone and calcareous sandstone (M3).

- Siliciclastic facies (S1-3) include calcareous sandstone (S1); siltstone (S2);

and mudstone (S3).
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Table 1 summarizes the key attributes of the different sedimentary facies, including
their constituents, physical structures, and ichnology. It also notes an interpreted
depositional setting for each facies, elaborated upon in the following sections. An extra

copy of Table 1 is contained in the thesis back cover pocket.

5.1. Bioclastic rudstone facies (Bla, B1b, Blc, B1d)

Molluscs, bryozoans, benthic foraminifers, and locally echinoderms dominate bioclastic
rudstone facies. Other common components are bored pebbles, barnacles, glauconitic
grains, and rounded intraformational mudstone and sandstone clasts. Accessory
components include brachiopods and planktic foraminifers. Skeletal clasts are variably
abraded, and generally skeletons are disarticulated and fragmented. Thickness of

bioclastic rudstone facies ranges from 0.2 m up to 5.0 m.

Facies B1la - Fossiliferous rudstone: These mostly comprise uncommon in situ shell beds

(up to 4 m thick) and frequent traction-emplaced or concentrated shell beds (up to S m
thick) (Figure 23A). Their upper boundary is generally sharp or gradational, while their
basal contact ranges from sharp to erosional with conspicuous medium-scale relief (up to
20 cm). Bla fossiliferous rudstones are massively bedded, but locally exhibit internal
troughs up to 50 cm thick and 2 m across. Skeletons are dominated by ostreids and
pectinids or scallops, but robust branching and encrusting cheilostome bryozoans are also
common, within a mixed clast-mud supported matrix.

Scallops and thick-shelled oysters exhibit a wide spectrum of abrasion, bioerosion,
and encrustation features. Scallops and oysters of in situ shell beds mostly are whole, but
may be disarticulated, slightly abraded, encrusted by bryozoans and Balanus species
(Notobalanus vestitus, Austromegabalanus (Notomegabalanus) miodecorus, Fosterella
tubulatus — Harmsen, 1984; Kamp et al., 1988; Beu, 1995), and commonly bored. In
traction-emplaced shell beds, shells are moderately to well abraded, often disarticulated,
extensively bored by endolithic algal and fungal borers (larger bores are also present due

to ?crabs), and encrusted on the inside of valves.

Interpretation

Robust branching and encrusting cheilostome bryozoans are adapted to colonize stable
shelly substrates in generally turbulent inner shelf settings (Nelson et al., 1988a).

Barnacles, as filter feeders, are inhabitants of sandy-gravelly sea floors where
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Table 1- Summary of facies attributes and their interpretation for the Pliocene sedimentary deposits in southern Hawke’s Bay.

Facies and constituents Physical structures and geometries Ichnology

Interpretation

Bioclastic Facies

Bla

Blb

Blc

Bld

B2a

B2b

B3a

Fossiliferous rudstone: terrigenous/skeletal matrix (<40% quartz); Massive bedding, local trough cross- Bioturbation
bivalves (especially oysters, pectinids, brachiopods, bryozoans bedding; medium to thick bedded

(encrusting and robust branching), barnacles, rare echinoids, rare (<0.5 m up to 4 m); continuous or

gastropods; mud pebbles and occasional bored pebbles lensoid

Fossiliferous rudstone: silty/muddy matrix (<15% quartz); Massive bedding, planar cross-bedding; Bioturbation
bivalves (especially oysters), brachiopods, turritellid gastropods, sharp contact with underlying beds;

bryozoans (rigid and delicate branching) thick bedded (up to 3 m), continuous

Pebbly rudstone (fossiliferous): terrigenous/skeletal matrix (<50% quartz) Massive bedding, flaggy bedding; erosional

bivalves (especially oysters), pectinids, rare bryozoans (encrusting and contact with underlying beds; thick bedded
robust branching); locally Torlesse pebbles, bored pebbles up to 15 cm (up to 3 m), continuous or lensoid
in size, locally abundant mud and sand clasts

Conglomerate: terrigenous/skeletal matrix, Torlesse boulders and pebbles Massive bedding; thick bedded (up to 2 m),  Bioturbation
(average size 2 cm but up to 20 cm), fossiliferous in places tangential and trough cross-bedding in the
finer-grained beds

Barnacle-rich grainstone: (<20% quartz); coarse-grained debris; mostly  Planar cross-stratification, trough cross- Thallasinoides
barnacles, oysters, bryozoans and echinoids; locally whole specimens bedding, sharp to erosional contact with Skolithos
of pectinids and other bivalves; mud clasts in places underlying beds; medium to thick-bedded

local mega and so-called giant foresets;

continuous, up to 3 m thick sheet-like units
Bioclastic grainstone: (<25% quartz); medium to coarse-grained; Planar and tangential cross-stratification, Thallasinoides
barnacles, oysters, various bivalves, bryozoans (encrusting and rigid trough cross-bedding; often sharp base; Skolithos

branching), brachiopods; sand and mud clasts medium-bedded (<1 m); continuous, though

laterally discontinuous sheets in places

Bioclastic packstone: (<40% quartz); fine to medium-grained; Trough and sigmoidal cross-bedding; ripple  Bioturbation
barnacles, oysters, pectinids, brachiopods (common in places), structures locally, planar and tangential Ophiomorpha
bryozoans (rigid and delicate branching), rare echinoids; mud clasts cross-laminations; local coarse skeletal Planolites

Shallow water, high energy,
intertidal to subtidal

in situ oyster shell bank and
traction emplaced shell beds

Shallow water, low energy,
sheltered subtidal environment
oyster shell bank

Shallow water, high-energy,
intertidal, possibly channel-
fill deposits

Fan-delta channel-fill deposits
fan delta front

Shallow, high energy setting,
tidal currents swept sea floor,
sand waves

Shallow, high energy setting,
tidal or storm-driven currents
swept sea floor; sand waves

Moderate energy setting,
below fair-weather and above
storm wave base (equivalent to
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B3b Bioclastic packstone and wackestone: (<20% quartz); medium to

coarse-grained; barnacles, oysters, pectinids, brachiopods, encrusting
bryozoans, serpulids, echinoids, red algae, common benthic foraminifers;

micritization

Mixed Facies

Ml

M2

M3

Alternating grainstone and packstone: (<30% quartz); fine to coarse-

grained; especially barnacles and oysters, brachiopods, bryozoans

(robust and delicate branching), rare echinoids, rare serpulids, pectinids;

mud clasts

Interbedded grainstone and terrigenous packstone: (<40% quartz); fine

to medium-grained; whole barnacles, oysters, brachiopods (abundant
in places), bryozoans (delicate and rigid branching, local foliaceous),
oysters, echinoids, pectinids, brachiopods; mud clasts

Interbedded terrigenous packstone and calcareous sandstone: (<50%
quartz); lutite-sized debris; barnacles, bryozoans (delicate branching,
foliaceous and fenestrate), oysters, echinoids, pectinids, brachiopods;
mud clasts

Siliciclastic Facies

S1

S2

S3

Calcareous sandstone: (<50% quartz); lutite-sized debris; bryozoans,
Opysters, other bivalves including pectinids

Siltstone: skeletal hash; rare bryozoans, oysters, pectinids, local
Turritellid gastropods

Mudstone: yellow-grey to blue-grey; uncommon macrofauna (gastropods

pectinids)

lenses and common interlayered mudstone
sheet-like units (<0.5 m)

Planar and tangential cross-stratification,
local small-scale trough and sigmoidal
structures; common tabular bedding

Trough cross-bedding, sigmoidal and
convolute cross-laminations, minor HCS;
skeletal lag lenses; sharp-based grainstone;
mud layers; laterally discontinuous sheets;
thin to medium-bedded (up to 0.25 m)

Planar and sigmoidal cross-laminations,
HCS; laterally discontinuous, lensoid, sharp-
based grainstone; tempestites, thin skeletal
lag concentrates, interbedded mudstone
lenses; horizontally-bedded sheet units

Planar laminations, minor sigmoidal and
convolute cross-laminations, ripple structures
thin horizontally-bedded discontinuous sheets
(5-15 cm); interbedded mudstone lenses

Ripple and convolute structures, horizontal
laminations, interbedded mudstone layers,
massive to relict horizontally-bedded

Associated with thin mudstone lenses;
medium-bedded (up to 1 m)

Lensoid to massive

Bioturbation
Skolithos

Ophiomorpha

Planolites
rare Scolicia

Dense bioturbation
Ophiomorpha
Planolites
Scolicia

Dense bioturbation
Planolites
Chondrites

Dense bioturbation
Chondrites
Ophiomorpha

Planolites
Chondrites

Chondrites

mid-shelf deposits)

Moderate energy, shallow
water environment, close to
fair-weather wave base;
embayment

Contrasting conditions;
between fair-weather and
storm wave base sand dunes

Between fair-weather and
storm wave base sand dunes

Moderate to low energy,
close to lower storm wave
base

Moderate to low energy;
well-oxygenated; above
storm wave base

Quiet waters, more distal
setting (equivalent outer shelf)

Quiet waters (equivalent outer
shelf)




persistently moderate- to high-energy tidal currents keep the bottom relatively free of
terrigenous sediments (Beu et al., 1980; Kamp et al., 1988). Notobalanus vestitus and
Austromegabalanus (Notomegabalanus) miodecorus are found mostly in the shallow
subtidal zone attached to hard substrates (Beu, 1995). Furthermore, extensively bored
shells, scarcity of mud-dominated lithologies, local presence of trough cross-bedding,
fragmented and abraded constituent grains, and glauconite grains (up to 9% of
constituents) suggest low to moderate sedimentation and active sediment movement on a
shallow shelf. In situ shell beds, with common clumps of oysters, are interpreted to be
oyster banks formed under conditions of high-energy swell, probably tide-dominated
currents, similar to those found today in Foveaux Strait off the south coast of the South
Island (Fleming, 1952; Harmsen, 1984).

Traction-emplaced shell beds are interpreted to have accumulated in intertidal to
shallow subtidal settings where tidal currents or storm waves reworked shell debris and
possibly concentrated them in migrating channels (Wilson, 1967; Harmsen, 1984; Kamp

et al., 1988).

Facies B1b - Fossiliferous rudstone with a mud-dominated matrix: These shell beds are

uncommon in the studied successions (Figures 23B, 23C). In the few known examples,
B1b facies shell beds exhibit a sharp contact with underlying beds and grade vertically
into siltstones or mudstones (S2-3 facies). Thin-shelled oysters are the dominant
component, and are usually fragmented and randomly oriented. They are drowned in a
pale yellow-grey muddy matrix. Fossiliferous rudstones with a muddy matrix are
internally planar-bedded, fining-upward deposits, the oyster shells getting thinner and

smaller towards the top.

Interpretation

B1b facies is interpreted to have formed adjacent to oyster shell banks progressively
buried by muddy sediments in possible association with either a rapid deepening of the

depositional setting or an increase in silt-sized material input, or both.

Facies Blc - Pebbly rudstone: Conspicuous components of pebbly rudstones are locally

bored pebbles up to 15 cm in size (Figure 23D), reworked, abraded, disarticulated, and
fragmented oyster shells and scallops, and mudstone and sandstone clasts. These are

enclosed in a terrigenous/skeletal grain-dominated matrix with local mud layers along
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which pressure-dissolution features have preferentially developed to give a flaggy
bedding in places. Pebbly rudstones are massive to planar cross-bedded and form
continuous to lensoidal sheets up to 3 m thick. Their basal boundary is sharp to erosional
with medium-scale relief up to 30 cm amplitude. Robust branching bryozoans and
barnacles encrusting molluscan shells are present.

Bored pebbles occur in lag concentrations of clast-supported fossiliferous
rudstones and conglomerates up to 1 m, but commonly less t.han 0.5 m, thick. The
borings are developed preferentially in sandstone and mudstone clasts, in the lowermost
part of any pebbly rudstone bed, though in places they occur throughout the latter. The
clasts are abraded, well rounded, and bored on all surfaces by tear drop-shaped borings
that are generally infilled with host rock-derived skeletal packstones or grainstones
(Figure 23D). The borings are circular in cross-section, up to 30 mm deep and oriented
perpendicular to the pebble surface, resembling pholad bores. They may be related to

marine bivalve borings belonging to the ichnogenus Gastrocoenolites (Bromley, 1994).

Interpretation

Pebbly rudstones have characteristics intermediate between low- and high-energy
deposits, including interbedded coarse-grained rudstones/packstones and thin
discontinuous mud layers.

Pebbles have been bored in a high-energy marine setting, indicated by borings on
all pebble surfaces, suggesting alternation of resting phases (allowing borers to settle)
and reworking phases (when sediment supply to the area was low or null). Similar bored
pebble lags have been reported in storm-generated gravel sheets, middle-upper shoreface
bored-pebble pavements, and tidal current-dominated conglomerates that formed in
shallow-marine shoreline areas (Radwanski, 1970).

The bored pebbles, together with reworked shells and a skeletal association
comprising shallow-water high-energy organisms, suggest intertidal environmental
settings. Shell debris, reworked mud clasts and bored pebbles were possibly concentrated
in current-swept tidal channels where contrasting conditions prevailed. The abundance of
abraded grains, encrustation, and multigeneration boring of pebbles also suggest frequent
and active clast movement. Besides, the occurrence of authigenic glauconite and detrital

glauconite (up to 11%) together with the common  precipitation
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Figure 23 — Sedimentological characteristics of the Bioclastic facies

(A) Fossiliferous rudstone of facies Bla, packed with oysters and pectinids. Note the
internal planar bedding. Arrow indicates hammer, which is about 30 cm long.
Awapapa Limestone at Te Mata Peak section (see Figure 8; about 80 m from the
base).

(B) Fossiliferous rudstone of facies Blb, packed with thin-shelled oysters. Arrow
indicates hammer. Mason Ridge Formation at Torran section (see Appendix 1 —
column 29).

(C) Close-up of facies B1b in (B). Densely packed crushed oyster shells drowned within
a silty matrix. Marker pen is about 10 cm long.

(D) Conspicuous components of facies Blc are bored pebbles. Note that soft clasts (sand
or mud now eroded away) are well rounded and bored on all surfaces by tear drop-
shaped borings (pholads) that are infilled with host rock-derived material. Base of
Kairakau Limestone (0-3 m) at Kairakau Beach section (see Figure 6).

(E) Coarse-grained bioclastic grainstone of facies B2b overlies sharply burrowed mixed
facies M2. Arrow lies at the contact and indicates trough cross-beds eroding
through facies M2. Awapapa Limestone at Te Mata Peak section (see Figure 8;
about 30 m from the base). Scale bar is 20 cm long.

(F) Barnacle and bryozoan-rich coarse-grained packstone of facies B3a. Note above
camera cap (about 6 cm across) the closely packed colonies of branching
bryozoans. Te Onepu Limestone at Robottom Grave section (see Appendix 1 —
column 26 and Figure 9C).

(G) Bi-directional cross-stratifications within facies B2b. Matapiro Limestone at Ohiti
section (see Figure 15).

(H) Coarse-grained pure coquina limestone of facies Bla. Barnacle plates are by far the
dominant constituents. Note the internal deformation structure due to dewatering.
Tahaenui Limestone (Waipipian) at Mahia Peninsula on the northern side of
Hawke Bay.
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of marine acicular cements, give evidence for periods of arrested sedimentation.

Facies B1d - Bioclastic conglomerate: Conglomerate beds range from 1-6 m thick, and

are dominated by pebbles up to 6 cm size but locally as large as 20 cm, all floating in a
mixed skeletal/terrigenous sandy to microconglomeratic matrix. Some beds contain
frequent bryozoan encrusters, oysters, other bivalves, and barnacles, locally concentrated
into shell lags up to 20 cm thick. Sand-sized bioclasts are moderately to strongly
abraded. With decreasing grain size of both pebbles and skeletal components, the
abundance of bioclasts that make up the matrix increases, and planar to trough cross-

stratifications become conspicuous.

Interpretation

Conglomerate beds mostly occur within Mangapanian and post-Mangapanian
successions in the western and central parts of the study area, and clearly record the
uplifting of the Torlesse basement that now forms the Ruahine Range bounding the
forearc basin to the west. Thus, Torlesse basement-derived pebbles are the major
lithoclastic component of the conglomerates, though mud pebbles up to 15 cm in size
may be common in places. The local abundance of sand-sized bioclastic material,
together with the occurrence of moderately fragmented specimens of oysters in skeletal
lags and unilaminar bryozoans encrusting Torlesse pebbles, indicate that the deposits
have been formed in a marine setting. The coarser conglomerate beds are interpreted as
fan-delta deposits developed close to the western flanks of the basin, whereas finer-
grained beds would represent a more distal setting in front of the fan-delta system. The
high content of sand-sized bioclasts in the latter, in association with planar and trough
cross-bedding, point towards a depositional environment frequently swept by currents,

probably above fair-weather wave base and possibly under the influence of tidal currents.

5.2. Bioclastic grainstone facies: clast-supported facies B2a and B2b

Medium- to coarse-grained bioclastic-rich grainstones (Figures 23E, 23F, 23H) represent
about 50% of the facies recognized within the studied carbonate deposits, and are
commonly found overlying sediments of the shelly/pebbly facies of B1 described above.
B2a and B2b have different skeletal compositions. B2a is a barnacle-rich grainstone,

whereas B2b is dominated by bivalve clasts (barnamol and bimol
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assemblages, respectively; Hayton et al., 1995). Thickness of bioclastic grainstone facies
ranges from 1-10 m.

Grainstones are medium- to thick-bedded (average 0.3-0.5 m, but up to 1 m);
commonly exhibit internal planar (Figures 24F, 24G) to trough cross-stratifications
(Figure 23E) made up of foreset laminae with tangential lower contacts and truncated
upper contacts, and have a gradational to erosional contact with underlying beds (Figure
23E). Bi-directional cross-stratifications are locally present within facies B2b (Figure
23G). Major components are various molluscan fragments, barnacle plates, encrusting
and rigid branching bryozoans, and benthic foraminifers (for example, common biserial
agglutinates), all moderately to well abraded and poorly sorted. Such lithofacies typically
show little internal facies variation, but cross-beds are coarser-grained near the base than
higher beds (fining-upwards), contain common well rounded mud clasts, scattered whole
specimens of oyster and pectinid valves encrusted by bamnacles, and occasional bored
pebbles. Bioturbation, involving Skolithos and Thallasinoides, tends to be more common

towards the top of the facies and is associated with mud drapes.

Interpretation

Internal stratification, and repeated transport and abrasion of grains, of facies B2 are
features shared with modern marine dune deposits and sand waves on the mid- to inner-
shelf off southern Australia, New Zealand, and in the North Sea, at depths between 30
and 130 m (McCave, 1971; Collins, 1988; Nelson et al., 1988b; Boreen et al., 1993).
Coarse-grained sediment, abraded shell debris, planar and trough cross-stratification,
which internally show mud drapes and reactivation surfaces, mud clasts that suggest
reworking of mud lenses or mud drapes, bored pebbles, and sparse planktic foraminifers,
are all characteristics of migrating sand bodies deposited under the influence of tidal
currents or semicontinuous storm-driven currents on the inner part of a paleoshelf,
probably at less than 50 m water depths (Nelson et al., 1988b; James et al., 1992;
Percival, 1992, Boreen and James, 1995).

Bimol assemblage is often associated with relatively turbid waters due to fine
terrigenous material in suspension, while barnacles, being suspension-feeding organisms,
are sensitive to the amount of terrigenous sediment supply. Thus, prerequisites for
barnacle-dominated biofacies development are a low terrigenous, but high nutrient

supply (Beu et al, 1980). High-energy environmental conditions



promoting terrigenous material by-passing, such as tidal current-swept sea floors, are

believed to provide such prerequisites for facies B2a.

5.3. Bioclastic packstone facies: mud-supported facies B3a and B3b

Facies B3a - Bioclastic-rich packstone: Facies B3a is characterized by high contents of
siliciclastic material (<40%), even though skeletal material may be the major constituent
locally (Figure 23F). It can be distinguished from facies B3b by its relatively lower
content of bioclastic material (barnacles, bryozoans, echinoids, pectinids, oysters,
brachiopods, foraminifers), its relatively higher content of lime mud, and a mixed
assemblage of small benthic and planktic foraminifers. Fine- to medium-grained skeletal
grains are moderately to well abraded, and commonly microbored, the bore holes being
filled either by authigenic glauconite or by the host lime mud. Delicate branching
bryozoans are common. Sedimentary structures comprise local trough cross-bedding,

and planar and tangential cross-stratifications.

Interpretation

High mud and siliciclastic contents, a mixed planktic and benthic foraminiferal
assemblage, delicate branching bryozoans, and the precipitation of authigenic glauconite,
together with trough and planar cross-bedding structures, indicate quiet waters
conditions only interrupted by storm-driven currents. Facies B3a sediments are therefore

interpreted to represent mid to outer shelf deposits emplaced close to storm wave base.

Facies B3b - Bioclastic packstone and wackestone: Aside from comprising similar

skeletal types to that of facies B3a, facies B3b is characterized by an unusually large
content of benthic foraminifers (average 10%, but up to 30%), including unidentified
troichoidal agglutinates and planispiral hyaline (Elphidium, Notorotalia), and other fauna
and diagenetic fabrics that may indicate warm-temperate climatic conditions, such as red
algae, and the infestation of skeletal grain margins by endolithic borers, the vacated holes
of endoliths being filled by microcrystalline calcite. Although minor, red algae are a
persistent component of the skeletal fraction.

The siliciclastic content is low compared to facies B3a (<15-20% quartz and
other siliciclasts). Grains are generally moderately sorted and variably abraded. The

content of lime mud is variable, from relatively low resulting in facies close to

63



grainstones in texture, to relatively high giving packstone and locally wackestone
textures. Tabular bedding with internal tangential cross-stratifications is the dominant
sedimentary structure, grading laterally into small-scale trough and sigmoidal
stratifications with mud layers. Facies B3b is restricted in time to the early Nukumaruan

Mason Ridge Formation.

Interpretation

Variable abrasion of grains, tangential to local trough cross-stratifications, and lateral
variation in calcilutite mud content suggest contrasting low to moderate energy
conditions. Pervasive infestation of skeletal grain margins and subsequent precipitation of
microcrystalline calcite indicate that periodical exposures to turbulent conditions were
separated by periods of rest at the sea floor, then favouring micritization processes
(Kobluk and Risk, 1977). Although endolithic borers have wide depth tolerance (James
and Choquette, 1990), the occurrence of some shallow-water indicators, such as
phototroph calcareous algae commonly found encrusting shells and occasionally
firmgrounds, and the abundance of benthic foraminifers suggest water depths within the
photic zone, probably just below fair-weather wave base (Lukasik et al., 2000). Facies
B3b may therefore correspond to relatively protected, shallow mud-dominated settings
such as marine embayments, which Beu (1995) infers to correspond to the depositional
setting of some limestone occurrences during early Nukumaruan times in southern

Hawke’s Bay.

5.4. Mixed carbonate-siliciclastic facies: interbedded grainstones and packstones
(M1), interbedded grainstones and terrigenous packstones (M2), and interbedded
packstones and calcareous sandstones (M3)

Coarse-grained facies Bla to B2b pass up either gradationally or across a sharp contact
into interbeds of often strongly burrowed, coarse-grained, poorly sorted, skeletal
grainstones, commonly with erosive bases, and finer-grained moderately to well sorted
\packstones (Figures 24 A, 24B). Thickness of mixed facies ranges from 3-8 m.

Burrows are mainly Thallasinoides, Scolicia, locally Ophiomorpha and
Planolites, and rare coarse skeletal material-infilled fish-feeding structures. Burrows are
conspicuous in the packstone beds where they are filled in their top third with coarse
skeletal fragments from the overlying grainstones (Figure 24C), while their bottom part

is filled with silt-size debris and mud. Mixed facies contain whole and fragmented
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barnacles (locally dominant), bryozoans (mixed association of robust, erect rigid
cheilostomes, and delicate branching cyclostomes), a diverse benthic and planktic
foraminiferal assemblage, oysters, and brachiopods. Accessory components are
echinoids, pectinids, serpulids, and mud clasts. Planar-tangential, sigmoidal, and ripple
cross-laminations are common in packstones, while grainstones normally exhibit trough
cross-beds (Figure 24A), and minor HCS, though they may show planar cross-
laminations. Grainy beds occur as continuous to discontinuous sheets and lenses. Sheet
tops usually are simple bedding planes. Spectacular sedimentary structures, amongst
them water expulsion vents, convolution features, and slumping, are locally present
(Figure 24D). Medium- to large-scale tabular cross-beds with subparallel bounding
surfaces dominate in some limestone occurrences. Planar foresets, with tangential bases,
have dips that seldom exceed 15°. Sets are less than 0.5 m thick and often show bi-polar
cross-orientation with reactivation surfaces and mud drapes.

Often facies M1 and M2 grade laterally and upward into facies M3, characterized
by fine-grained, well sorted mixed siliciclastic-skeletal hash material with common
delicate branching and foliaceous bryozoans. Facies M3 often exhibits internal planar and
tangential cross-laminations (Figure 24I), and convolute cross-laminae. Coarse,

discontinuous lensoid skeletal lags are also a common feature in places.

Interpretation

Mixed lithofacies have characteristics intermediate between shallow-water inner shelf to
deeper-water mid to outer shelf deposits, including coarse and fine grain sizes, and mixed
planktic and benthic foraminiferal assemblages. The abundance of burrowing indicates
well-oxygenated conditions. The sheet-like geometry of bedding, alternating grainstones
and packstones, locally preserved hummocky cross-stratifications (Figure 24E), and
ripple cross-laminations suggest alternating energy conditions that combine successive
fair-weather and storm processes.

Local tabular bi-polar cross-beds of facies M1 (alternating grainstones and
packstones), and the sheet-like geometry and decreasing flow conditions in these beds
that favoured burrowing, are interpreted as migrating skeletal sand dunes produced by
storms on the inner to mid shelf, with probable tidal current influence (Harmsen, 1984;
Kamp et al., 1988; Boreen and James, 1995).

Relict storm-deposited skeletal lag grainstone-terrigenous packstone couplets

with common erosive bases, and simple bedding tops, of facies M2 (alternating
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grainstones and terrigenous packstones) are viewed as transitional between inner-, mid-
and outer-shelf facies, probably beneath the fair-weather wave base and above the storm
wave base (Boreen et al., 1993; Boreen and James, 1995).

This interpretation is consistent with the observed secondary sediment
deformation structures, among them slumps and convoluted foresets, and the bryozoan
assemblage with mixed erect rigid, robust, and delicate branching zoarial forms that also
indicate mid- to outer-shelf environmental conditions (Nelson er al., 1988; James et al.,
1992; Bone and James, 1993). When it overlies facies M1 and M2, facies M3 is believed
to represent deeper-water settings under fair-weather wave base, close to storm wave

base.

5.5. Siliciclastic facies: S1, S2, and S3 facies

Mixed facies pass gradationally, and vertically, into terrigenous packstone/wackestone,
calcareous sandstone, and siltstone deposits. Lutite-sized debris in the siliciclastic-muddy
deposits comprises fragments of molluscs, bryozoans, barnacles, and rare benthic but
common planktic foraminifers. Locally, mudstone intraclasts also occur. Scattered, well-
preserved pectinids encrusted by barnacles, and whole colonies of delicate branching
bryozoans, are present. The deposits mostly are burrowed and bioturbated by Planolites,
Chondrites, and Ophiomorpha (Figure 24E), and Thalassinoides burrows occur in
places beneath unconformities (Figure 24H). Burrows are generally mud-infilled, but
commonly under unconformities burrows are filled with coarse skeletal material of the
overlying unit (Figure 24H).

Within siliciclastic and muddy facies, interbeds. of skeletal hash form discontinuous
graded packstone and grainstone thin sheets interpreted as distal tempestites derived
from mid- to outer-shelf. Most beds are massive due to bioturbation, but when present,

the main sedimentary structures are ripple and planar horizontal laminations.

Interpretation

Deposition in a low-energy well-oxygenated setting, only disturbed by storm-emplaced
skeletal lags (Figure 24E), is indicated by the texture, sedimentary structures, and

ichnofossils. Well preserved delicate bryozoan colonies also suggest deposition in
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Figure 24 — Sedimentological characteristics of the Mixed facies

(A) Alternating grainstone and packstone of facies M1. Coarse-grained sediments exhibit
tangential and sigmoidal cross-stratifications in sets 0.5 to 1.0 m thick, interpreted as
prograding sand waves. Awapapa Limestone at Pukekura section (Appendix 1 —
column 15).

(B) Interbedded grainstone and terrigenous packstone arranged in horizontal bed sets,
0.3 m thick (facies M2). Dashed line indicates sharp contact interpreted as a
ravinement surface underlying a massive 2 to 3 m-thick shell bed at the Pakihirua
section of Mason Ridge Formation (see Figure 13).

(C) Alternating coarse-grained skeletal-rich trough cross-beds and finer-grained
terrigenous packstones forming facies M2. Burrows (arrowed) within terrigenous
facies are filled with coarse material from overlying sharp-based grainstone. Scale =
14 cm. Awapapa Limestone at Te Mata Peak section (about 85 m from the base; see
Figure 8).

(D) Dewatering structures in mixed carbonate-siliclastic sediments (facies M2). Hammer
is about 30 cm long. Kairakau Limestone at Koanui section (Appendix 1 — column
S).

(E) Storm-driven wave currents are responsible for medium-scale hummocky cross-
stratifications (black arrow) in otherwise quiet environments where planar-laminated
calcareous sands accumulated (facies M3). Note Ophiomorpha burrows (white
arrows) within fine-grained deposits. Te Waka Formation at The Gorges section
(see Figure 18; about 62 m from the base).

(F) Horizontal and low-angle planar cross-stratifications in fine to medium-grained
calcarenites (facies M3). Rotookiwa Limestone at Lonely Man section (Appendix 1
— column 20).

(G) Superposed tabular bed sets with internal planar cross-stratifications (facies Ml1).
Kairakau Limestone at Kairakau Beach section (see Figure 6; about 18 m from the
base).

(H) Ravinement surface (arrowed) places coarse-grained sediments of facies B2b in
direct and erosive contact with siltstone of facies S2. Note that below and from the
ravinement surface, ichnofossils (?Thalassinoides) penetrate downwards into
siltstone. They are filled with carbonate sand from the overlying unit (dashed lines).
Unconformity within Kairakau Limestone at Te Mata Peak section (Appendix 1 —
column 9). Camera cap is about 6 cm across.

(I) Low-angle tangential cross-stratifications in facies M3 below unconformity (dashed

line) within Kairakau Limestone at Kairakau Beach section (see Figure 6; about 20
m from the base). Scale at the leftside is 20 cm.
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relatively quiet waters. Mud intraclasts probably were produced during storm events by
reworking of suspension-deposited muds. Although Planolites and Chondrites have wide
depth tolerances (Seilacher, 1967), they are indicative of marine, quiet water, and muddy
substrates. Similar deposits are common on the outer shelf to upper slope of the modern
southern Australian margin in environments deeper than 90 m (Boreen et al., 1993), as
well as in a deep setting on the New Zealand modern carbonate platform (Nelson et al.,
1988b). Nevertheless, sedimentary structures and the stacking pattern of the studied
deposits, which shows S-type facies overlying mid- to outer-shelf facies (M1, M2, and
M3) suggest that the former formed on the deeper ramp, close to storm wave base
(Harmsen, 1984).

A depositional model, showing the relationships between environmental
conditions about submarine antiforms, which are envisaged to be the most likely
depositional setting for the Pliocene limestones in the eastern portion of southern
Hawke’s Bay, and the facies described above, is discussed in Section 7.1 and illustrated

in Figure 29.

6. Skeletal and microfacies assemblages

6.1. Skeletal assemblages

Using the Hayton et al. (1995) classification scheme, Plio-Pleistocene limestones in
southern Hawke’s Bay fall into three major compositional skeletal associations:
barnamol, dominated by barnacles and bivalve mollusc; bimol or bivalve-dominated
carbonate sediments (infaunal and/or epifaunal molluscs); and bryomol or bryozoan-
dominated carbonate sediments with various amounts of bivalve molluscs (Figure 25).
Besides compositional differences related to the evolution of the forearc basin over time
(progressive shallowing and narrowing; see Section 2), Pliocene limestones are in general
characterized by a high content of barnacle plates and bivalve shell fragments, compared
to cool-water carbonates in general, which are typically rich in bryozoan, echinoderm,
and foraminiferal remains (Nelson, 1978b; Nelson et al., 1988b; Boreen and James,
1995). Beu et al. (1980), Kamp et al. (1988), and Beu (1995) suggested that strong tidal
flows over antiform ridges in the Pliocene seaway, and current by-passing of terrigenous
sediment near the shores, maintained high nutrient levels that allowed barnacles and
epifaunal bivalves to flourish. Furthermore, the dominance of barnacle over bryozoan
growth was probably a result of the following combination of promoting factors: (1) the

quick turnover of barnacles due to rapid replacement each year of a high
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proportion of the barnacle population in high-energy tidal settings (Beu, 1995); (2) the
lack of submarine rock outcrops to be colonized by bryozoans, but a coarse-grained
seabed instead; and (3) favourable environmental conditions for epifaunal bivalves, which

in turn provided a hard substrate for barnacle attachment.

6.2. Microfacies assemblages
The classification scheme of Hayton er al. (1995) was devised to determine easily the
skeletal assemblage of any given temperate skeletal carbonate sample independently of its
terrigenous content. As a consequence, samples referred to a barnamol association, for
example, can have highly variable siliciclastic material contents related either to changes
in external sediment inputs, or to transport and redeposition of skeletal clasts in
terrigenous-dominated settings. Thus, Hayton et al. (1995) pointed out that skeletal
assemblages should only be used with caution to evaluate paleoenvironmental conditions.
In order to assess the possibility to differentiate microfacies and eventually to help
discriminate depositional facies of the non-tropical Plio-Pleistocene carbonates, point-
counting data, including terrigenous components, from 351 thin-sections were subjected
to a complete linkage cluster analysis (Appendix 4.2). The following particles have been
used in the cluster analysis: barnacles, bryozoans, bivalves, and siliciclastics (quartz,
feldspar, other lithoclasts) as major components. Benthic and planktic foraminifers,
brachiopods, echinoderms, red algae, and gastropods are typically minor components
(total <15%), and have been grouped in a single class (“pot-pourri”’) so as not to distort
the results.

The analysis distinguishes six clusters distributed between terrigenous-poor (15-
20%) and terrigenous-rich (40-60%) end-members. The Hayton et al. (1995)
classification terminology was followed for the relatively terrigenous-poor assemblages.
The clusters have been given full names as well as contracted names that refer to their

dominant components (Figure 26). The six microfacies assemblages, along with their

mean skeletal composition are: (1) detrital (55-60% siliciclastics); (2) barbital

bamacles (23%), bivalve molluscs (22%), and detrital elements (37%); (3) bryotal
bryozoans (33%) and detrital elements (32%); (4) bimol = bivalve molluscs (35%);
mixed skeletal = “pot-pourri” (27%), bivalves (25%), bryozoan (14%); and (6) barnamol
= barnacles (39%) and bivalve molluscs (26%). It is these microfacies categories that are

included on all the stratigraphic columns for the Plio-Pleistocene strata.
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Figure 25- Petrographic histograms showing the abundance of the various skeletal
assemblages accounting for the skeletal composition of the Plio-Pleistocene
limestones in southern Hawke’s Bay (based on point-counts for 382 thin-sections).
The skeletal assemblage names are from Hayton ef al. (1995).

71



Stratigraphic
column code

(I?]) g&? : Bamamol

Bimol
] .
W Barbital
Detrital
° 2 40 50 80 100

Average compostion %

Il bamacles
[ bryozoans
Bl bivalves
[ other bioclasts
Il siliciclasts

Figure 26- Mean skeletal and siliciclastic composition of the six microfacies
assemblages identified in the Plio-Pleistocene limestone samples (n = 351) of
southern Hawke’s Bay. The codes at left define the microfacies on the stratigraphic
columns (see Appendix 1, p.Al1 -1).
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6.3. Evolution of microfacies contribution to the Plio-Pleistocene limestones with
time
Figure 27 shows the relative contributions from each of the microfacies assemblages to
the different limestone units in southern Hawke’s Bay, from east to west, with reference
to their age. Despite vertical and lateral variations within each limestone unit, that have
proved to be useful in the recognition and definition of depositional cycles (see Chapter
4), this simple diagram points up the following characteristics of the Plio-Pleistocene
successions: (1) older, easternmost and westernmost limestone occurrences
(Kairakau/Awapapa and Te Waka, respectively) are compositionally distinctive from
their younger more central counterparts, in having a higher terrigenous content; (2) there
is a compositional shift towards the relatively terrigenous-free end-member over time
from east to west, reaching its maximum with the Mangapanian “pure” coquina Te
Onepu Limestone. This shows that high-energy depositional environments (structural
highs and antiforms), cut off from external sediment input and promoting barnacle-
dominated carbonate production, were to become more widespread from late Waipipian,
following the progressive narrowing and shallowing of the forearc basin (Kamp et al.,
1988); (3) the overall terrigenous-dominated composition of Te Waka Formation (at
least the middle and upper limestone sheets), the western time-equivalent of Te Onepu
Limestone, reflects the uplift of the Torlesse basement along the axial ranges creating an
eroding western source area that delivered siliciclastic sand and gravel to the carbonate-
rich deposits, possibly through small fan-delta systems otherwise not directly observed
because of post-depositional erosion. Increasing rates of uplift and relative sea-level fall
at the end of the Mangapanian resulted in the development of a large fan-delta complex
that is well preserved further north (Bland, 2001), of which only a few remnants have
been observed directly overlying the Te Waka Formation (e.g., Hassal Conglomerate;
Figures 2, 18).

From early Nukumaruan on, basement-derived sand and gravel constitute a
persistent, though locally minor, component of the limestones in the western and central

part of the studied area (Sentry Box, Kereru, and Petane Group).
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Figure 27- Relative contributions from each of the mixed carbonate-siliciclastic
microfacies assemblages to the different Plio-Pleistocene limestone units in southern
Hawke’s Bay with reference to their age. See text for details and discussion. (Mason
Ridge et al. includes samples from Mason Ridge Formation, Pakipaki Limestone, and
Scinde Island Limestone).
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6.4. XRD-ICPOES data for calcium carbonate and calcium content

X-ray diffractograms of whole samples from Plio-Pleistocene limestones show
predominantly the occurrence of calcite with rare, if any, aragonite, the latter being most
pronounced in the Pakipaki Limestone, Mason Ridge Formation, and Te Waka
Formation (Table 2; Appendix 8; also on CDI). Limestones, ranging in age from
Opoitian to Mangapanian, from the eastern sector of southern Hawke’s Bay are
dominated by low-Mg calcite mineralogies (Table 2), which indicate that less stable
carbonate mineral phases, even though minor primary components, have been
diagenetically altered (see the common occurrence of biomoulds in all limestones; Table
2) during post-depositional times in the marine, burial, and/or meteoric environments
(see Chapter 3, Section 4.6). In contrast, XRD analyses of the Waipipian Te Waka
Formation in the western part of the study area, and of most Nukumaruan limestones,
indicate a wide spectrum of mineralogies, ranging from low-Mg to intermediate-Mg
calcite, and aragonite. This suggests that either Nukumaruan and older western limestone
occurrences were originally compositionally different from their eastern and older
counterparts, or these limestones have been subjected to different diagenetic processes.
The full implications of these observations are discussed in Chapters 3 and 5.

Qualitative estimation of calcite concentrations, by comparison of peak heights in
diffractograms, shows minor differences in calcite content between limestones from
Opoitian to Nukumaruan age. One possible explanation is that terrigenous-rich
limestones, such as Kairakau, Awapapa, or Te Waka, for which lower calcite contents
were expected, are better cemented than their younger counterparts, due to prolonged
times of residence in the burial environment.

ICP-OES analysis provides the calcium content of whole samples in ppm. Results
are plotted in Figure 28. Group means show that calcium content increases with time
from Opoitian (Kairakau) to Nukumaruan (Mason Ridge to the east). The youngest
limestones to the east and west of the forearc basin exhibit wider ranges of values than
older limestones, which results in lowering the group means and increasing the standard
deviation. Low values of Te Waka Formation are related to samples with high contents
of siliciclasts (Torlesse pebbles). Magnesium contents conform to the XRD data (Table

2), and indicate higher values in the Te Waka and Nukumaruan limestones.
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Table 2- The XRD analyses of bulk samples from limestones in southern Hawke’s
Bay indicate predominantly low-Mg (LMC) calcite mineralogies, especially within
the older limestones located in the eastern part of the study area (see Figures 1, 2), and
some intermediate-Mg calcite (IMC) and aragonite, especially within the younger
Nukumaruan limestones (shadowed). The Mangapanian Te Waka Formation is the
exception as shown in Figure 28. It retained both IMC and aragonite mineralogies of
skeletal grains. The common (average 15% of skeletal grains) occurrence of
biomoulds, either filled with secondary calcite or calcite-free, within all studied
limestone units suggests that aragonitic molluscs have contributed to the skeletal
composition of all the Pliocene limestones since the Opoitian.

Formation Calcite Calcite and Aragonite  Biomoulds
IMC

5

Matapiro Umestone

Flag Range Uimestone
Mason Ridge

Scinde Island LUimestone
Pakipak! Limestone

Te Onepu Limestone (Wm)
Rotookiwa Limestone (Wp)
Awapapa Limestone (Wp)
Tuki Bell Limestone (Wo)

Kalrakau Limestone (Wo)

Kereru Umestone

Sentry Box Limestone
Whanawhana Umestone
Te Waka (Wp)

Titlokura (Wp-Wm)

.Abundant @ Common @ QOccasional
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7. The depositional model

The study area represents about a third of the forearc basin exposed above sea level and
as such provides a record of the differential emergence of the forearc basin margins and
subsidence of its central part, the timing of successive carbonate deposition periods, and
of uplift above sea level, spanning the interval from late Opoitian-early Waipipian to late
Nukumaruan. The basin architecture bounded by thrust-controlled uplifted and folded
coastal highs to the east, and structural ridges to the west (Figure 3), requires two
different models to explain the facies distribution and highly evolving clastic composition
of, respectively, the eastern limestone occurrences migrating westwards over time, and
their more geographically-restricted western counterparts. Facies distribution and

depositional models are schematically illustrated in Figures 29 and 30.

7.1. Eastern setting

The eastern part of the study area has been subjected to folding since at least the Early
Pliocene, resulting in a number of anticlines and synclines generally trending NE-SW.
Kamp et al. (1988), Beu (1995), and Nelson et al. (in review) inferred that the
synsedimentary tectonic highs had been the major sites of carbonate formation during the
Pliocene. The depositional system can be characterized as neighbouring carbonate
factories developed upon and about actively growing thrust-cored antiforms cut by a
complicated network of channels that constrained tidal flows, and through which
skeletons and skeletal fragments were transferred downslope via dunes, sand waves, or
in avalanche flows (Figure 29). Because sediments were poorly lithified at the sea floor,
the rate of erosion must have been maximal on top of the antiforms once they had come
under the influence of high-energy wave and tidal currents as a result of aggradation and
progradation (see Chapter 3, Section 5.3). Thus, at the site of carbonate production,
sediments were swept to the antiform flanks where they accumulated in the form of
basinward-prograding sand waves and sand dunes. The minor early cement precipitation,
together with a high rate of sediment supply, also resulted in highly unstable slopes as
testified by common slumps, convolute bedding, and dewatering structures within the

sand bodies (Figure 29).
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Figure 28- Trace element contents obtained from ICP-OES analysis of bulk samples
of Pliocene limestones in southern Hawke’s Bay with reference to their geographic
location. The elemental weight is expressed in terms of microgram/gram or parts per
million (ppm) of the respective element with regard to the particular sampled
carbonate. Younger limestones are located in the central part of the former forearc
basin. Note in (A) the increase in calcium content in limestones from eastern (older)
to central areas (younger), probably associated with a decrease in terrigenous content.
Note in (B) that the present carbonate mineralogy of most limestone samples is low-
Mg calcite (LMC, <4 mol% MgCO;). Only limestones from the central and western
parts of the former forearc basin have slightly higher magnesium contents, and may
be intermediate-Mg calcite (IMC, 4-12 mol %MgCQOs). These limestones are also the
ones that retained aragonitic relict mineralogies (see Table 2). See text for comment.
In (A), 6e+5ppm=600 000 ppm, etc.
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The depositional model envisaged for the Pliocene carbonates shares many
attributes with isolated structurally-controlled platforms that support major carbonate
production, as documented in Southeast Asia (Emery and Myers, 1996). Characteristics
of such isolated platforms are that they are generally siliciclastic free, best exemplified in
the Hawke’s Bay forearc basin by the Rotookiwa, Te Onepu, and Pakipaki Limestones,
and lack the close interrelation with continent-derived sediments, as reported for
continent-attached platforms, and exemplified in the Hawke’s Bay setting by western
Waipipian and Mangapanian limestones (Te Waka Formation; see below). Furthermore,
this model contrasts with the low-gradient carbonate ramps suggested for many non-
tropical carbonates, exemplified by the modern shelf of southern Australia, where the
rate of erosion is too high to allow aggradation or progradation (shaved-shelf; James et
al., 1994). As a result, in these low-gradient carbonate ramp settings particles only
accumulate on the mid- and outer-shelf where the prevailing current regime allows
deposition. When the rate of sediment supply is higher than the rate of erosion, skeletal
deposits aggrade to sea level in the form of variably extensive sheet-like or tabular bodies
(Nelson, 1978; Boreen and James, 1995; Betzler et al., 1997).

The depositional model proposed for the Pliocene limestones may not apply to the
uppermost strata of the forearc basin sedimentary wedge in the study area (Mason Ridge
Formation), whose lateral continuity, minor changes in thickness, and cyclothemic
organization suggest that deposition occurred on a flattish shelf, with only subtle
gradients, similar to that of the Tangoio Block (Figure 1) depositional model proposed

by Haywick et al. (1992) and Haywick (2000) in central Hawke’s Bay.

7.2. Western setting

By contrast with their eastern counterparts, the depositional system envisaged for the
western mixed carbonate-siliciclastic accumulations is one of a narrow shelf swept by
tidal and storm-driven currents periodically supplied with  terrigenous
sediments(continent-attached carbonate platform) in response to the timing of fault-
controlled uplift of basement blocks to the west (Figure 30A). The continental shelf
adjoining Otago Peninsula (eastern South Island, New Zealand) constitutes a satisfactory
modern analogue of the depositional model proposed here, and was investigated by

Andrews (1973). In this example, the relatively narrow (11 - 30 km in width)
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Figure 29- Depositional model proposed for Pliocene limestones in the eastern sector
of southern Hawke’s Bay showing relationships between carbonate sediment facies
(see Table 1), hydrodynamic conditions, and sedimentary bedforms/structures in the
vicinity of structural antiforms. See text for discussion.

80



shelf off the Peninsula abuts landward against basement schists that supply the detrital
sand and pebble fraction deposited in inner- to mid-shelf settings. Seawards, gravelly
sediments rich in skeletal debris cover the middle and outer shelf. By contrast with the
Pliocene setting, whose skeletal fraction is dominated by barnacles and epifaunal
bivalves, bryozoans comprise 60-90% of the coarse fraction of samples from the offshore
shelf sediments off Otago Peninsula (Andrews, 1973; Probert et al., 1979), suggesting
that in Pliocene times shoal areas in mid- to outer-shelf positions in the Ruataniwha
Strait promoted barnacle growth over bryozoans (Beu, 1995; Figure 30A), perhaps due
to elevated nutrient supplies associated tidal flushing through the seaway.

During the Waipipian and early Mangapanian times, the western margin of the
forearc basin was bounded by the North Island emerged land surrounded by shoal areas
upon which barnacle-dominated limestones with moderate siliciclastic contents formed
(Beu, 1995; Field et al., 1997). The Mangapanian and Nukumaruan deposits in the
northern part of the study area record the uplift of the Torlesse basement (Figure 30B).
The succession comprises alternating mixed skeletal-siliciclastic limestones and
siliciclastic sandstones and siltstones, overlain by conglomerates accumulated in platform
and prograding fan-delta depositional systems, respectively (Erdman and Kelsey, 1992;
Beu, 1995; Bland, 2001). In the south, during Nukumaruan times, sedimentation was
strongly controlled by movements on strike-slip and reverse faults bounding
downwarped and uplifted basement blocks, respectively. Thick mudstones and siltstones
accumulated in structural troughs (Ohara Depression), whereas limestones formed in
shallow waters on top of uplifted blocks (Sentry Box, Kereru Limestones; Cashman e¢

al., 1992; Erdman and Kelsey, 1992).

8. Conclusions
The construction of stratigraphic columns through the different Plio-Pleistocene
limestone units in southern Hawke’s Bay (Appendix 1) has emphasized the high
variability of facies and skeletal composition, both lateral and vertical, within individual
formations, and from one formation to another over time.

Rapid lateral facies changes and evolving facies characteristics over Pliocene and
Early Pleistocene times are anticipated from the tectonic and paleogeographic setting of
the studied formations. Limestones accumulated on the margins of a narrow forearc

basin seaway that co-evolved with the convergent Pacific-Australian plate boundary to
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the east of North Island. The seaway became narrower and shallower over Pliocene
times to eventually close during the Pleistocene (Kamp and Nelson, 1987; Kamp et al.,
1988).

Three major facies groupings have been described and defined: Bioclastic (B);
Mixed carbonate-siliciclastic (M); and Siliciclastic (S). These comprise a total of 14
different facies types that correspond to a large spectrum of depositional environments
ranging from below storm-wave base, in outer shelf-type settings, to predominantly
shallow-water shoreface-type environments under the influence of subtidal and tidal
wave currents (Table 1).

By contrast with previous studies of Plio-Pleistocene limestones in southern
Hawke’s Bay (especially the ones that belong to the pre-Nukumaruan barnacle-rich
facies), this work, underpinned by detailed sedimentologic and stratigraphic descriptions,
has enabled the recognition of recurring sedimentary facies within these formations, and
the identification of shell concentrations and key surfaces separating the various facies or
groups of facies in the stratigraphic columns, a topic addressed in Chapter 4.

The clustering of petrographic point-counting data has enabled the definition of six
mixed carbonate-siliciclastic microfacies between two end-members: terrigenous-rich and
terrigenous-free dominated by skeletal fragments, especially barnacles (Figures 26, 27).
Results support the hypotheses of previous authors regarding the non-tropical nature of
Plio-Pleistocene limestones in southern Hawke’s Bay, and the evolution (narrowing and
shallowing) of the forearc basin in that: easternmost and westernmost (older) limestone
occurrences are compositionally distinctive from their younger (up to earliest
Nukumaruan times) more central counterparts, in having (1) a higher terrigenous
content; and (2) more variable skeletal compositions, typically consisting of mixes of
barnacles, bryozoans, epifaunal bivalves, and foraminifers, instead of being dominated by
barnacles and to a lesser degree epifaunal bivalves.

Nukumaruan limestones differ from their pre-Nukumaruan counterparts as shown
by a combination of: (1) the higher content of aragonitic infaunal molluscs; (2) the
presence of carbonate mud as a rock framework in some Nukumaruan formations
(Mason Ridge); and (3) the cyclothemic disposition of limestones and silt-sandstone

interbeds.
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The depositional setting for the cool-water Pliocene limestones in eastern Hawke’s
Bay is envisaged to be one of isolated, clastic-free, submarine antiforms and ridges that
hosted carbonate factories (Figure 29). Around and about these submarine highs, which
may have locally become emergent and formed either promontories or islands, tidal
currents were accelerated and resulted in the development of sand dunes. Sand waves
and sand dunes were deposited according to the diminishing energy of tidal currents, in a
down-dip direction from the antiform tops, to form large sand banks on the antiform
flanks. Thus it is inferred that the submarine topography caused the current regime to
change from erosional to depositional, in a general down-slope direction.

In contrast, the depositional setting for the western limestone occurrences is
thought to correspond to continent attached-type carbonate platforms (Figure 30A).
Thus, the locally monoclinal and cyclothemic disposition of the Mangapanian successions
in the western part of the study area, together with their moderate to high contents of
Torlesse basement-derived siliciclastics, indicate that carbonates probably formed and
accumulated on a shelf regularly provided with terrigenous sediments, and influenced by

strong tidal currents, which locally promoted barnacle growth.
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Chapter 2

DEVELOPING CONCEPTS OF HIGH-RESOLUTION DIAGENETIC
STRATIGRAPHY FOR COOL-WATER LIMESTONES: APPLICATION TO
PLIOCENE TE AUTE LIMESTONES, NEW ZEALAND, AND THEIR
SEQUENCE STRATIGRAPHY

ABSTRACT: The diagenetic evolution of calcitic cool-water limestones can be
markedly different from that for aragonite-dominated tropical carbonates. This
petrographic study develops a “sequence stratigraphic” approach to cool-water
carbonate diagenesis based on the chronological occurrence of all diagenetic features
(i.e., a diagenetic rather than cement stratigraphy) within sedimentary successions,
their vertical and lateral distribution, and their grouping into discontinuity-bounded
(by dissolution surfaces, fractures, renucleation events) suites at a thin-section scale.
The progression of diagenetic environments that moved through a succession is best
explained when related to diagenetic discontinuities correlatable throughout the study
area. In our limestones a critical discontinuity event to decipher is the first evidence
of mechanically-induced skeletal fracturing, enabling the definition of pre-
compaction and post-compaction diagenetic features. A comparison of pre-
compaction diagenetic suites in samples from above and below significant outcrop
disconformities enables isolation of the “specific diagenesis” of unconformity-
bounded depositional units, which is that suite of diagenetic events associated with
the evolution of the sedimentation realm of a unit, exclusive of diagenetic overprints
shared with any overlying unit through an unconformity since these relate to some
subsequent, different depositional stage. In this way it is possible for the specific
diagenesis of a succession of depositional facies between consecutive unconformities
to be interpreted within a sequence stratigraphic framework.

Sections of cool-water Pliocene skeletal limestones in eastern North Island,
New Zealand, comprise deepening- and then sometimes shallowing-upwards,
unconformity-bounded depositional packages, or sequences. We recognize ten
different specific diagenetic signatures in these rocks that are correlatable to
depositional lithofacies. The vertical distribution of specific diagenetic signatures
within the sequences exhibits a trend from mainly constructive to mainly destructive
diagenesis in the deepening-upwards member of the sequences, and constructive in

their shallowing-upwards portion, that can be integrated in a sequence stratigraphic
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framework. Constructive diagenesis occurs in the lower part of the transgressive
system tract (TST) and in the upper part of the regressive system tract (RST),
whereas destructive diagenesis is dominant in the upper part of the TST, the

highstand system tract (HST), and the lower part of the RST.

1. Introduction

Most modern syntheses of carbonate diagenesis have focussed on the products and
processes occurring in young marine carbonate deposits from warm-water or tropical
settings, notably in surface or very shallow-burial marine and meteoric
environments. The early (eogenesis) and burial to late diagenesis (meso- to
telogenesis; Choquette and Pray, 1970) of many ancient limestones have also been
widely documented, with comparisons frequently made to the Recent. Consequently,
the diagenetic scenarios contained in an extensive literature on modern and ancient
carbonates are inevitably pervaded by tropical perceptions (e.g., Bathurst, 1975;
Longman, 1980; Heckel, 1983; Schroeder and Purser, 1986; Tucker and Wright,
1990).

Climate, seawater chemistry, depositional setting, skeletal assemblages, and
sediment mineralogy are significant factors governing the type of diagenesis
affecting carbonate sediments. In this regard there are several major differences
between tropical and non-tropical carbonate sediments that are likely to have a major
influence on their diagenetic behaviour and diagenetic patterns (Nelson 1988;
Walker and James, 1992; Hood and Nelson, 1996; Nicolaides and Wallace, 1997a;
Dodd and Nelson, 1998). These include the higher degree of saturation with respect
to calcium carbonate of warm-tropical sea waters, the much greater abundance of
aragonite in tropical sediments, the prevalence of a predominantly constructive
diagenetic regime at the sea floor in warm waters but of an often rather destructive
regime in cool-water settings, and the occurrence of photozoan (light dependent)
grain associations in tropical settings versus heterozoan (light independent) grain
assemblages in non-tropical shelf carbonates (James, 1997).

The degree of sea-water carbonate saturation, the hydrodynamic and fluid-
flow regime, and the content of metastable carbonate minerals are factors of great
importance to the timing of cement formation between grains and to the mineralogy
and fabric of either marine or meteoric precipitates. In warm supersaturated sea
water, thick coatings of marine cements may precipitate during the earliest stages of

the diagenetic history of a carbonate sediment (James and Choquette, 1990).
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Furthermore, the high diagenetic potential of tropical carbonate sediments due to
their typically large content of aragonite may result in further early cement
formation, either in the meteoric or very shallow burial environment. Such strongly
armoured sediments develop resistance towards subsequent mechanical and chemical
compaction. In contrast, a paucity of early cementation in cool-water aragonite-poor
carbonates can result in extensive compaction effects occurring much earlier in their
burial history than might otherwise be the case in their aragonite-rich tropical
counterparts (Meyers, 1980; Nelson et al., 1988; Nicolaides and Wallace, 1997b).
These different diagenetic behaviours between cool-water aragonite-poor carbonates
and tropical aragonite-rich carbonates are unlikely to result in the same timing and
characteristics of alteration features as expounded by established carbonate
diagenetic classification schemes, such as the early, burial, and late diagenetic
categories of Choquette and Pray (1970).

Our wider study is concerned with the sedimentology and diagenesis of cool-
water aragonite-poor Te Aute limestones of Pliocene age in eastern North Island,
New Zealand. In this paper we focus first on some broad philosophical concepts and
terminologies relating to carbonate diagenesis and their basis for interpreting
diagenetic sequences in general. Into this discussion we weave microscopic
observations from the non-tropical Pliocene limestones to develop a new
petrographic approach for studying cool-water carbonate diagenesis, one potentially
useful for relating diagenetic features to outcrop sequence stratigraphy. The method
entails recording the high-resolution chronological (i.e., sequential) occurrence of all
diagenetic features within samples, grouping these into discontinuity-bounded
sequences at the thin-section scale, and noting their vertical and lateral distribution
within sedimentary formations. We regard the recognition of pre- and post-
compaction diagenetic features, and their timing, as central for helping better define
the progression of diagenetic environments affecting cool-water carbonates. The
paper concludes by applying more specifically the conceptual principles developed

here for interpreting the diagenetic sequences in a section of Te Aute limestones.
2. Geological framework

The New Zealand Neogene is dominated by thick successions of terrigenous

mudstone and sandstone formed in response to evolution of the convergent Pacific-
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Figure 1- (A) Locality map outlining the tectonic setting of the East Coast
Basin of North Island, New Zealand. (B) Simplified geologic map showing
the outcrop pattern and ages (including New Zealand stages) of Pliocene Te
Aute limestones in southern Hawke’s Bay (after Beu, 1995), and locations of
measured sections of the Kairakau and Awapapa Limestone sheets. EA:
Elsthorpe Anticline. Other localities mentioned in this chapter: (1) Kairakau
Beach; (2) Waimarama; (3) Mt Kahuranaki; (4) Mangatai; (5) Pakihirua.
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Australian plate boundary through the subcontinent since the close of the Oligocene
(Kamp, 1986). Non-tropical limestones comprise a minor but persistent component
of this stratigraphy (Kamp and Nelson, 1987, 1988). Locally these limestones can be
thick and quite extensive, exemplified best by the Te Aute limestones of Plio-
Pleistocene age in the East Coast Basin of eastern North Island (Figure 1A; Beu,
1995; Field et al., 1997). The Te Aute limestones were deposited in a progressively
narrowed forearc basin seaway between an actively evolving subduction complex to
the east and an uplifting structural ridge to the west (Kamp ez al., 1988; Nelson et al.,
in review). The limestones are strung out along a NE-SW-trending belt and the
outcrop pattern of the Early and Late Pliocene occurrences demonstrates that
deposition migrated towards the centre of the basin over time, the younger sheets
being present close to the forearc basin axis and at lower elevations compared to
older Pliocene sheets located on the outer margins of the basin (Figure 1B).
Differential uplift persisted after the Pliocene, and so the Early Pleistocene
limestones formed in the axis of the basin.

The forearc seaway was situated near 40°S paleolatitude and was influenced
by strong tidal flows involving mainly cool- to warm-temperate ocean currents
(Kamp et al., 1988; Hornibrook, 1992; Beu, 1995). Many of the Pliocene Te Aute
limestones are distinctive because of their high barnacle content, although overall the
skeletal assemblages typically involve variable mixtures of barnacles, bivalve
molluscs, and bryozoans (Kamp et al., 1988; Nelson et al., in review). These skeletal
carbonates are subtidal deposits formed upon and about actively growing structural
antiforms (submarine ridges) within the forearc, and at inner and middle shelf depths
of the seaway throughout the Pliocene and early Pleistocene (Kamp et al., 1988).

Two of the Te Aute limestone units are the focus of this paper: the Early
Pliocene (late Opoitian) Kairakau Limestone and the earliest Late Pliocene (early
Waipipian) Awapapa Limestone (Figure 1B). They are well exposed in NE-trending
parallel ranges that represent the eastern part of the exposed forearc in southern
Hawke’s Bay, south of Hastings (Figure 2A). The stratigraphic and structural
framework of the Te Aute limestones are well described by Sporli and Pettinga

(1980), Harmsen (1985), Kelsey et al. (1993), Beu (1995), and Field et al. (1997).



Figure 2- (A) Cliff outcrop, about 120 m high, in Awapapa Limestone at Te Mata Peak
(Fig. 1B). (B) A discontinuity, interpreted as a transgressive surface of erosion (TSE),
separating coarse-grained, oyster-bearing (black arrows) skeletal sediments from
underlying fine-grained, planar laminated, densely Ophiomorpha-burrowed, mixed
carbonate-siliciclastic sediments in Kairakau Limestone at Te Mata Peak. Note the relief
along this mildly angular unconformable contact (white arrow). (C) Close view of
discontinuity between underlying densely burrowed, medium-grained skeletal sediments
and overlying very coarse-grained skeletal sediments containing abraded oyster shells
(o) and whole specimens of barnacle (bc) in Kairakau Limestone at the Mt Kahuranaki
section (locality 3 in Figure 1B).
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Table 1- Some techniques applied at the thin-section scale and procedures
followed during the diagenetic study of the Te Aute limestones.

Techniques/Principles

Procedure for the diagenetic study and aims

* Principles of stratigraphy are applied at the
thin-section scale
* Conventional petrography

¢ Cathodoluminescence (CL) and chemical
staining (Dickson’s solution)

* Microfacies, cement morphology, distribution
of cement fabrics within pore spaces
« Trace element and isotope data

« Timing of mechanical compaction

* For each sample, diagenetic features (constructive and destructive) are organized in a
chronological order

* CL patterns of zonation are described and breaks in cement growth are used to
define discontinuity-bounded CL sequences

’

* Help assess the diagenetic environments where diagenetic features formed

« The first conspicuous evidence of compaction-induced skeletal fracturing chosen as a hallmark
to distinguish pre-compaction and syn/post-compaction diagenetic histories

o ~,

Pre-compaction Syn/Post-compaction

» Comparison of pre-compaction diagenetic
suites of samples from either side of
sedimentary discontinuities (see text)

» Vertical and lateral distribution of lithofacies
* What is the vertical succession of
depositional environments within the
sequences?

* Geochemical data interpretation

* Help define the type of discontinuity
(subaerial exposure, abrasion, erosion, bored,
burrowed surface, tse, hsb, sb, e.g. see Fig. 9)
« Help isolate specific diagenetic suites of an
unconformity-bounded package of sediments

« Vertical and lateral distribution of CL
sequences are assessed, and the correlation
of diagenetic discontinuities is attempted at
a regional scale

» What is the vertical organization of specific
diagenetic suites within the unconformity-
bounded sequence?

» What is the chemical evolution of the
fluids that moved through the sediments
until present?

Fluid flow reconstruction
« Relation with the timing of regional
tectonism and/or eustatic sea-level changes

Sequence stratigraphic framework
* Do patterns emerge?
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Kairakau Limestone is mainly characterized by mixed facies, transitional between
bivalve- to barnacle-rich grainstone and terrigenous packstone, often bioturbated.
Awapapa Limestone ranges from interbedded terrigenous packstone and calcareous
sandstone to pure skeletal-rich grainstone, and is characteristically a bivalve- to
locally barnacle plate-dominated limestone, and more rarely includes abundant
bryozoan remains. In both limestones the stacked packages of different facies can be
bounded by prominent discontinuity surfaces (Figures 2B, 2C), to which our

diagenetic stratigraphies are related (see later).

3. Methods

About 300 samples were collected from ten sections of Kairakau Limestone and
from eight sections of Awapapa Limestone in southern Hawke’s Bay (Figure 1B).
These samples were impregnated with epoxy resin to prevent the loss of any pore-
lining cement, and polished thin-sections were prepared, examined, and point-
counted using both conventional and cathodoluminescent petrography with a
Technosyn 8200 MKII instrument (14-15 kv, 0.15 milliamps beam current). Selected
samples were stained with Alizarin Red-S and potassium ferricyanide to help
distinguish carbonate mineral phases (Dickson, 1965). Principles, procedures, and
aims of our ongoing diagenetic study of the Te Aute limestones are summarized in
Table 1, and full petrographic data are contained in Appendices 3, 4, and 5 (also on
CD1).

4. Concept of diagenetic stratigraphy

Although based on the concept of “cement stratigraphy” (Meyers, 1974, 1978), a
preferred term in the present work is “diagenetic stratigraphy” which takes into
account not only the compositional zonation of carbonate cements revealed by
chemical staining and cathodoluminescence, but also all paragenetic features related
to either destructive (abrasion, bioerosion, maceration, chemical alteration) or
constructive (cementation, encrustation) diagenetic processes. As noted earlier, the
early sea-floor diagenesis of temperate carbonates has traditionally been regarded as
predominantly destructive rather than constructive in nature (Alexandersson, 1978;
Farrow and Fyfe, 1988; Nicolaides and Wallace, 1997a; Dodd and Nelson, 1998;
Nelson and James, 2000), a diagenetic specificity that is approached in the present

study from both quantitative (point-counting) and qualitative (relative abundance)
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Figure 3- The “diagenetic sequence diagram” is a schematic representation
of the chronological occurrence of diagenetic features, for which several
logotypes have been created (some examples shown here). Diagenetic
features are described in thin sections sequentially from grain surface to pore
centre. The diagenetic sequence diagram combines observations made under
plane polarized (A) and cathodoluminescent (B) light modes. The boundary
between pre-compaction and post-compaction suites is the first occurrence of
compaction-induced skeletal fracturing. Example here is sample Cv-99-5.46
from Awapapa Limestone (at 47 m in sequence D, Figure 9) at Te Mata
Peak.
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viewpoints.

4.1. The diagenetic sequence diagram
The intent to better understand diagenetic systems through synthetic representations
has a long history, and several researchers over the past two decades have proposed
schematic illustrations of diagenetic sequences. Examples include the
petrogenetogram (Schroeder 1984, 1988), the diagenetic diagram (Loreau and Cros,
1988), the diagram of cement zones (Walkden, 1987; Goldstein, 1988; Kaufman et
al., 1988), and the diagenetic log (Durlet er al., 1992; Durlet, 1996). These
representations derive from observations made on ancient tropical carbonate
successions. However, in our study of the non-tropical Te Aute limestones we have
found the integration and application of the particular diagenetic pathways suggested
by such schemes to seldom be straightforward, and to sometimes be problematical.
Thus, a different schematic representation of diagenetic data has been
adopted here that takes into account all the significant diagenetic features
interpretable in terms of possible diagenetic environments in a cool-water carbonate
depositional realm. Named the “diagenetic sequence diagram” (Figure 3), the scheme
is simply an attempt to reflect as completely as possible the diagenetic history of
cool-water carbonate deposits. Therefore it integrates schematic representations of
(1) the various diagenetic features evident in thin-section, organized in chronological
sequence, and (2) the compositional zonation of the cements revealed by
cathodoluminescence. Several logotypes have been devised to help record these data
(Figure 3).

4.2. Cathodoluminescence (CL) zones and subzones

In carbonate rocks, CL petrography has found wide application for elucidating both
the growth patterns of cement precipitates and the different stages of cementation,
enabling construction of a cement stratigraphy (Meyers, 1974, 1978). CL zonations
in clear spar cements are assumed to be due to changes in pore-fluid chemistry, so
that each zone may represent a time-correlative discrete period of cementation. It
appears that it is mainly variations in the contents (or ratio) of Fe and Mn that control
calcite luminescence (Dorobek, 1987; Niemann and Read, 1988; Horbury and
Adams, 1989; Meyers, 1989). Typically, Fe** inhibits luminescence, while Mn**

activates it. Machel and Burton (1991) emphasized that even small concentrations of
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Mn** in solid solution are sufficient to produce luminescence with or without Fe**
present in solution (as little as 20 ppm Mn”* for Fe®* contents <150 ppm). CL colours
that Mn>* are responsible for range from yellow/orange-yellow to orange/red-orange.
This range of colours represents either a chemical modification of calcite or a
modification of the redox potential. CL colours that are related to the dominant
inhibiting effect of Fe?* range from dull brown to brown/black.

The shape and type of successive CL cement zones enable identification of such
features as cementation stages and dissolution stages. Our definition of cement zones
uses the concept of unconformity-bound depositional packages in sequence stratigraphy
to group isochronous cementation episodes separated by either fracturing stages, which
additionally provide a good control of the cross-cutting paragenetic relationships, or by
dissolution surfaces, the corroded outer margins of successive generations of cement
(Kaufman er al., 1988; Braithwaite, 1993), or by both fracture and dissolution events.
“Luminescent subzones” correspond to the thinnest divisions observed under CL light.
Each subzone represents one stage of crystal growth during which physicochemical
conditions supposedly remained more or less stable. The limit between two subzones
can be sharp or progressive depending on the evolution of the pore-fluid chemistry
(Meyers, 1974, 1978, 1989; Amieux, 1981; Walkden and Berry, 1984; Amieux et al.,
1989). “Luminescent zones” correspond to a relatively thick, homogeneous luminescent
phase, or to a group of subzones. Because subzones are often complex, their description
and analysis are sometimes better simplified. Thus very fine repetitions of the same
basic couplet of subzones, such as thin bright yellow and black, are grouped into CL
zones. The CL of the cements in the diagenetic sequence diagram is a schematic
representation of the luminescent zones that may be broadly or complexly subzoned

(Figure 3B).

4.3. CL sequences

Other studies have shown that the lateral distribution of cement zones may be
continuous over several kilometres (Dorobek, 1987; Kaufman et al., 1988; Niemann and
Read, 1988) or discontinuous even over short distances (Machel and Burton, 1991).
Also individual cement zones may not be isochronous throughout a particular area due
to the progressive displacement of ground waters through strata (Frank ef al., 1995), or

the repetition of the same diagenetic motif at different stratigraphic levels due to the
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Figure 4- Samples from several localities of Kairakau Limestone exhibit
cathodoluminescence (CL) patterns (a combination of successive zones and
subzones) and breaks, or diagenetic discontinuities, within the cement
growth successions as revealed by dissolution surfaces and corroded outer
margin of cements (d and “corrosion” pattern) or fractures (zigzag logo). CL
patterns vary laterally in thickness, intensity of luminescence, and internal
zonation, whereas diagenetic discontinuities can often be correlated from one
sample or one section to another. In order to better grasp the complexities of
the diagenetic stratigraphy recorded at different localities, uncorrelatable CL
patterns bounded by correlatable diagenetic discontinuities (horizontal black
arrows) are used to define summary CL sequences 1 to 4 (at right). Samples:
Cv-99-4 44 Te Mata Peak; 4.11, Mt Kahuranaki; 4.101, 126, 115,
Maraetotara Plateau; 4.70, Kairakau Beach (see Fig. 1B).
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occurrence within the succession of subaerial exposure surfaces and/or to the fluctuation
of water tables (Walkden, 1987; Goldstein, 1988). Furthermore, cement zones may be
absent in one area because the conditions that favoured their formation elsewhere were
not regionally reproduced (Goldstein, 1988). Braithwaite (1993), following Kaufman et
al. (1988), began to address these inconsistencies by suggesting that instead of
considering cement zones individually, packages of zones bounded by discontinuity
surfaces at the thin-section scale could help clarify the complexities of diagenetic
sequences.

We define “CL sequences” following the determination of CL zonation patterns
and the occurrence of fractures or dissolution surfaces bounding them that can be traced
laterally and vertically within a sediment pile. Thus, each CL sequence is considered to
be a genetically-related succession of cement zones limited by (correlative) physical
diagenetic surfaces equivalent to discontinuities, which can be traced laterally and
vertically within a sediment pile (Figure 4). In the Te Aute cement successions,
dissolution along the outer margin of cement zones corrodes crystal surfaces and results
in irregular, gulf-like crystal boundaries and terminations, and truncation of subzones.
These dissolution features clearly document breaks during crystal growth that are likely
to be related to waters undersaturated with respect to calcite. Again, although
dissolution may not be synchronous at various stratigraphic levels, the ingress of
aggressive pore fluids and the consequent interruption of crystal growth, even if not a
time-correlative event, represents a significant spatial-correlative event.

Fractures are related either to compaction or regional tectonic processes, and as
such represent good correlative discontinuities. Other minor discontinuities are also
used for the definition of CL sequences, such as renucleation and internal sediments that
seal a cement generation and are post-dated by another cementation phase having a

different CL signature.

4.4. Diagenetic stratigraphy and sequence stratigraphy

Concepts of sequence stratigraphy, the subdivision of stratal successions into
unconformity-bound sedimentary packages, have developed rapidly over the past two
decades or so and have found widespread application for relating the origin of
sedimentary units to eustatic sea-level changes (Vail, 1987; Posamentier et al., 1988;
Van Wagoner et al., 1988). Braithwaite (1993) pointed out that diagenetic relationships

and complex diagenetic sequences may be better explained by the application of such
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concepts, showing that within the compositional zonation of cements conformable
successions could be recognized bounded by breaks or time gaps, such as dissolution
surfaces, analogous to disconformities (e.g., Figure 4).

From a sedimentary viewpoint, there have been relatively few attempts to
integrate modern advances in recognizing and understanding the paths of carbonate
diagenesis to patterns of relative sea-level changes, otherwise the underlying control on
the formation of sedimentary sequences and their system tracts (Heckel, 1983; Tucker,
1993; Goldhammer et al., 1994). From a carbonate diagenetic viewpoint, sequence
stratigraphy concepts represent a powerful tool for understanding diagenesis in concert
with the analysis of sedimentary processes, but again there appear to have been
relatively few studies that have attempted to do this (e.g., Simo and Lehmann, 2000).
Later we show that the early diagenetic patterns in our study sections of Te Aute cool-
water carbonates can be intimately related to their depositional facies, and in turn to the

stacking patterns of the sediments and their sequence stratigraphic framework.

5. Diagenetic stages: eogenesis-mesogenesis-telogenesis versus pre- and
post-compaction terminology

5.1. Early diagenesis — eogenesis

Early diagenesis takes into account those early, near-surface-related processes that
witness the evolution of the sedimentation realm. Thus terms like “early diagenesis”,
“eogenesis”’, “sea-floor diagenesis”, or “syndepositional diagenesis” correspond to all
the physicochemical events that occur during deposition of a sediment and following its
stabilization, as long as the deposits are not separated from the sedimentation realm and
its evolution (i.e., active chemical exchange is maintained between the interstitial pore
solutions and the overlying water mass) (Choquette and Pray, 1970).

This definition belies the difficulty of specifying the eogenetic realm. While
eogenesis begins at the time of sedimentation, what is its upper subsequent limit? On
the one hand, breaks in sedimentation or several depositional events may occur within
the sedimentation realm while interstitial solutions remain in communication with the
water mass. Thus, sediments might record a continuum of similar diagenetic processes,
such as cement crystallization without significant interruption to crystal growth,
whereas the stratigraphic record registers a relatively unconformable succession. On the
other hand, the communication of the same pile of sediments with the overlying water

mass may be repeatedly sealed and unsealed, without burial diagenesis being triggered,
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for example through deposition and erosion of impervious sediments, producing
repeated “eogenetic records” separated by diagenetically unrecorded periods of time. In
both cases, the diagenetic record that pre-dates burial diagenesis belongs to the
eogenetic realm over a prolonged period of time that could possibly include changes in
sea level or tectonic conditions.

Although it appears that defining early diagenesis is a key problem facing any
diagenetic analysis, the term eogenesis appears not to meet the requirement for an
integrated approach of sedimentary processes and contemporary diagenetic processes in
a sequence stratigraphic framework. Such a requirement may best be fulfilled by
attempting to relate the pattern of change of the pre-burial diagenetic record to the

stacking pattern of the host sediments (see later).

5.2. Burial diagenesis — mesogenesis
Mesogenetic processes occur in a diagenetic realm independent from marine
lithification and extensive meteoric diagenesis. Therefore, carbonate deposits spend
most of their geological existence in the burial diagenetic environment and for those
that have not been cemented during pre-burial diagenesis, it is the environment where
major lithification and porosity loss occur (Bathurst, 1980; Scholle and Halley, 1985). It
is inferred that sediments enter the mesogenetic realm when burial processes isolate
interstitial solutions from the overlying water mass (Choquette and Pray, 1970). Thus,
burial diagenesis may begin at depths of a few metres up to hundreds of metres beneath
subaerial surfaces, and a metre or so to tens of metres beneath the sea floor. Again the
transition between eogenesis and mesogenesis depends upon the inferred origin of
cements and their precipitating fluids.

Burial diagenesis is commonly associated with compaction processes and
products, defined as the sum of processes which result in a decrease in volume of the
rock (Meyers, 1980; Bathurst, 1995). Compaction processes generally fall into two

categories: mechanical and chemical.

5.2.1. Mechanical compaction

Mechanical compaction processes include dewatering, re-orientation or distortion of
grains, and grain breakage (e.g., Nicolaides and Wallace, 1997b). Grain rotation and re-
orientation can be difficult to identify except from incompatible directions of indurated

geopetal fabrics. In the Te Aute limestone samples there is a wide spectrum of grain
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breakage features, from minor to total collapse. Mechanical compaction principally
affects bryozoan fragments, especially fenestrate forms, elongated grains such as
bivalves, echinoderm spines, and sheet-like siliciclastic minerals; echinoderm plates
generally show few compaction features.

As well as burial depth, the occurrence and timing of mechanical compaction
depend on the sediment texture (Figure 5). Grain breakage is very common in fine- to
medium-grained grainstones, but less evident in coarser-textured samples where poorly
to moderately abraded thick skeletal clasts either prevented compaction or delayed its
effect. Delay effects, also related to near-surface precipitation of marine cements or
induration of micrite, may introduce an error in establishing the beginning of syn- or
post-compaction diagenesis (Figure 5). Furthermore, in packstones and wackestones,
purely mechanical compaction features can be difficult to identify because the bioclasts
may not always appear to be in contact with one another. Therefore, compactional
effects may be diachronous both laterally and vertically within a given limestone
formation in response to lithofacies changes. Nevertheless, in our study the relationships
of compaction features to spar cements are systematically investigated to determine the
boundary between pre- and post-compaction.

From the above discussion, it appears that wherever mechanical compaction
features cross-cut early diagenetic products, a delay or a no-time recording gap might
separate the end of early diagenetic processes from the beginning of burial diagenesis.
Thus, early diagenesis as defined previously is unlikely to end when burial diagenesis

begins as revealed by physical criteria.

5.2.2. Chemical compaction

Pressure-dissolution features observed in the Te Aute limestones include
interpenetrating grains with both planar and curved contacts, fitted fabrics, dissolution
seams, microstylolites, and rare, if any, stylolites. Fitted fabric includes interpenetration
of bioclasts but does not necessarily imply total destruction of interparticle pore space
(Nicolaides and Wallace, 1997b). Dissolution seams are smooth, undulating surfaces or
zones of dissolution, lacking sutures and fitting around bioclasts, which commonly

show evidence of corrosion against the seam.

104



[ Puckstonc/\\'ackestorﬂ

1

Noorlitle ||| 1 Noerly | (oo n | | Depthof ocaurren
| Noor lmle. ! iEarly ——— 1‘ 1 pearl.) ‘ Early lithification| | DePth of occurrence
early cementation | ||| lithification | of compaction
Depositional packing ) . T M. features
Grain-to-grain contact Yes Yes Nt g 0 metre
7 — ':50 m

Mechanical Compuction

' Plastic deformation

" Reorientation of grains

. Breakage of grains

DELA

YEFFECT

Chemical Compaction

Planar to curved contacts

Dissolution seams

Microstylolites

|
& ]

1 Compaction realm of
| Kairakau and Awapapa Limestones
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Stylolites are serrated interfaces having sutured appearance with an amplitude greater
than the diameter of the affected grains (Bathurst, 1980, 1995). They can cut
indiscriminately through matrix, cement, and allochems. Microstylolites are fine
stylolite-like features, discernible only under the microscope.

Factors that might promote chemical compaction processes include the
mineralogy of allochems (calcitic rather than aragonite bioclasts could mean little early
cementation, but on the other hand little mouldic porosity development), lithology, time
of residence in the burial environment, pore-water composition, and especially its level
of saturation with respect to CaCOj;. Thus, different combinations of these pressure-
dissolution promoting factors could result in the development of similar compaction
features at different burial depths (Figure 5), and possibly mainly at shallower depths

for calcitic limestones than aragonite-rich ones.

5.2.3. Pressure-dissolution and cementation

Our Te Aute petrographic data suggest a possible correlation exists between extensive
pressure-dissolution and pronounced cementation, a feature also of other calcitic
limestones (Choquette and James, 1987; Nelson et al., 1988; Hood and Nelson, 1996;
Dodd and Nelson, 1998). In the southern Australian temperate limestones Nicolaides
and Wallace (1997b) reported well developed sutured and fitted fabrics between 430
and 550 m burial depth, the same interval over which most of their core samples lost
remaining porosity by calcite cementation, and in agreement with the threshold interval
of burial cementation suggested by Nelson et al. (1988) for mid-Tertiary non-tropical
limestones in New Zealand. In both the Australian and New Zealand limestones
commonly as much as 75% of their primary depositional porosities of 40-50% had been
lost prior to this main cementation phase, emphasizing that in these deposits
compaction, and notably mechanical compaction, was a more important porosity-
destroying process than was cementation (Hyden, 1979; Nelson et al., 1988; Nicolaides
and Wallace, 1997b).

5.3. Late diagenesis — telogenesis

The passage from the mesogenetic realm to the telogenetic realm is rather difficult to
recognize from differences in cement fabrics and mineralogy. The passage is necessarily
sought in the last diagenetic stages that are different from the products of burial

diagenesis. These often are spar cements that post-date mesogenetic cements and can be
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similar to clear spar cements precipitated during pre-compaction diagenesis. Telogenetic
products often appear to have formed under the influence of meteoric solutions entering
deposits following their uplift and the erosion of overlying younger strata (e.g.,
Fairbridge, 1967). Telogenetic cements are usually non-luminescent and stain pink with
Alizarin Red-S and potassium ferricyanide solution (Dickson, 1965). In the Te Aute
limestones, the equivalent of a telogenetic phase usually post-dates a late fracturing
stage that cuts all previous diagenetic features and is preceded by the leaching of
skeletal grains and the corrosion of crystal boundaries of previous cement generations

(Figure 4).

5.4. Pre- and post-compaction diagenesis
Following determination of the mineralogical, textural, and CL attributes of the
diagenetic processes and products, and their chronological occurrence within the studied
successions, we divide any diagenetic sequence into a two-part history: pre-compaction
and (syn- or) post-compaction diagenetic stages (Figure 3). We re-emphasize that pre-
compaction diagenesis is not synonymous with early diagenesis in our view (see later).

Mechanical compaction begins soon after deposition, when sediments are still
connected to the sedimentation realm, whereas chemical compaction mostly requires
several hundred metres of burial (Meyers, 1980; Nelson et al., 1988; Choquette and
James, 1990; Tucker, 1993; Nicolaides and Wallace, 1997b). Thus, an important goal is
to determine the timing of mechanical compaction events in the context of the overall
history of the studied rocks.

Pre-compaction features pre-date any compaction-induced skeletal fractures.
They comprise both destructive (mechanical abrasion, bioerosion, and dissolution
fabrics) and constructive (internal micritic sediments and precipitates, inclusion-rich
acicular to clear scalenohedral and blocky non-ferroan cement, authigenic glauconite,
etc.) diagenetic features. Some petrographic properties of these pre-compaction
diagenetic features in the Te Aute limestones are summarized in Table 2 and illustrated
in Figure 6. Typically, pre-compaction cements comprise turbid acicular rinds and clear
blocky to scalenohedral spars. The inclusion-rich cements and associated internal
sediments and micrites have property and fabric relationships very similar to the marine
cements documented for other Australasian non-tropical limestones by Nelson and
James (2000). The staining (pink), fabric (blocky to scalenohedral), and CL signatures

(non-luminescent) of the pre-compaction clear spar cements and dissolution of former
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aragonitic skeletons are classically considered to be diagnostic of meteoric diagenesis
(James and Choquette, 1990). However, such fabrics should be interpreted with caution
as we document them (moldic porosity) in condensed lags formed at the sea floor
(Maximum Flooding Surface; see later), and fabrics that mimic meteoric diagenesis
have recently been documented in the mixing-zone diagenetic environment as well as in
the marine burial environment (Melim et al., in press).

The first generation of syn-/post-compaction diagenetic cements in the Te Aute
limestones post-dates and infills compaction-induced skeletal fractures and spalled early
cement rims. Associated features are dissolution fabrics, recrystallized allochems, and
blocky to mosaic spar cements. The second generation of post-compaction clear spar
cements post-dates a second fracturing stage related to telogenetic (uplift) processes.
These cements are associated with micritic crusts, internal sediments, and turbid
pendant cements. Cements that immediately post-date the first fracturing episode stain
purple to blue, have brown to orange dull CL, and are broadly to faintly subzoned. They
are interpreted as shallow burial cements. Later stage uplift-related cements stain pink,
and are non-luminescent with bright yellow subzones. They are interpreted as meteoric
in origin. The vertical distribution of syn/post-compaction cements in the Te Aute
limestones is briefly mentioned at the end of this paper, but their nature and significance

will be developed elsewhere.

5.4.1. Specific diagenesis and pre-compaction diagenesis

The terms “intrinsic diagenesis” (Durlet et al., 1992; Durlet, 1996) and “specific
diagenesis” (Caron et al., 1998) have been proposed to help define the early diagenetic
processes affecting sedimentary units through time. Their purpose is to trace the
evolution of the pore-fluid chemistry responsible for complex diagenetic sequences in
packages of sediments while these remain under the influence of the evolving
sedimentation realm.

The concept of “intrinsic diagenetic sequence” specifically applies to lithified
synsedimentary surfaces that show evidence of sea-floor exposure. Durlet et al. (1992)
defined intrinsic diagenetic sequences as the sum of diagenetic products bounded by
boring and abrasion processes. This concept might not be suitable in the case of most
cool-water carbonate units where true hardgrounds are relatively uncommon or absent

(James and Bone, 1992, 1994; Nelson and James, 2000).
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Table 2- Classification of a range of constructive (CD) to destructive (DD) specific diagenetic suites based on petrographic properties

of pre-compaction diagenetic features in Te Aute limestones.

Specific
diagenetic
suite

Facies

Chronological occurrence of diagenetic processes

Interpretation

CD!

Constructive

Medium- to coarse-
grained
Clast-supported

- Skeletal grains are variably abraded

= Macroboring of shells occurs occasionally; microboring is present to common, microbores penetrate
deeply into bioclasts; micritization poor to moderate

= Unilaminar encrusting bryozoans occasionally evident
= Authigenic glauconite forms but is scattered, moderately evolved (pale green)
- Dissolution of aragonite allochems predating marine cements occurs rarely

= Internal sediments commonly pre-date and post-date acicular inclusion-rich isopachous cements (up to
100 pm thick). Internal sediments may be microbioclastic or micritic, are geopetally distributed in
interparticle pores, but seldom laminated

= In situ precipitated peloidal micrite (<50 um in diameter, spherical, nucleus-free peloids)

Near sea floor, marine phreatic
environment

Marine waters undersaturated
enough to dissolve aragonite
near sea floor, marine phreatic
environment

Microbially induced, marine
phreatic environment

Medium- to coarse-
grained
Clast-supported

Same events as in CD', but followed by meteoric diagenesis. The capping surface of the sequence is
subaerially exposed; neomorphism of metastable mineralogies is the dominant process

- Dissolution of skeletal allochems (moldic voids and collapse of weakened shells), the outer margin of
acicular cements may be corroded, and cements may be neomorphosed into scalenohedral crystal rims
that exhibit internal ghosts of elongate inclusions

= Drusy to mosaic clear spar

Phreatic meteoric environment
undersaturated waters with
respect to CaCO; percolate from
the capping unconformity

Mixed

Medium- to coarse-
grained
Matrix-supported

Same events as in M', but clast-supported host of CD' becomes matrix-supported; clear spar cements are
rare; micritic crust may form (iron stained or not); yellowish bioclast- to microquartz-rich homogenous to
laminated micrite infiltrates

Phreatic and possibly vadose
meteoric environment

CD?

Constructive

Coarse- to very
coarse-grained
Matrix-supported

= Skeletal grains are poorly to moderately abraded

= Macroboring is common to abundant; microboring is common

= Common, well preserved encrusters such as red algae and uni- and multi-laminar bryozoans
= Occasional thin isopachous acicular cements

= Syndepositional homogenous micrite; in situ precipitated peloidal micrite

= Matrix may be burrowed; burrows are filled with another generation of internal sediment

= Induration of micrite may occur at this stage (seldom)

Near sea floor, marine
environment

Mixed

Coarse- to very
coarse-grained
Matrix-supported

Same events as in CD?, but followed by processes related to meteoric diagenesis

- Occasional fracturing and micro-brecciation of host rock; rare mud cracks

- Dissolution of skeletal allochems; micritic crust (iron-stained or not); yellowish bioclast- to microquartz-
rich homogenous to laminated micrite infiltrates

- Blocky to mosaic clear spar

Phreatic and possibly vadose
meteoric environment




cp?

Constructive

Medium-grained
Clast- to matrix-
supported

- Skeletal grains are moderately to well abraded; moderately preserved red algae and bryozoan encrusters
- Homogenous syndepositional micrite pre-dated and post-dated by micritization (densely microbored and
subsequently micritized margin of shell fragments is up to 200 um thick)

- Induration of micrite may occur at this stage

Near sea floor, marine phreatic
environment

cp?

Constructive

Medium- to coarse-
grained
Matrix-supported

- Moderately abraded grains

- Moderately preserved encrusters (red algae, bryozoans); rare authigenic glauconite

- Micritic crust possible; homogenous syndepositional micrite irregularly distributed in pore space
(digitations toward pore centre and menisci)

- Neomorphism of skeletal allochems may occur (relicts of microstructures common); precipitation of
blocky to mosaic clear spar cement may also occur

Vadose marine (though phreatic
marine possible) to vadose
meteoric environment

DD’

Destructive

Fine- to medium-
grained
Clast- to matrix-
supported

- Strongly abraded skeletal grains (very well rounded); intensively microbored (multigeneration)
- Evolved authigenic glauconite (deep green, brown) and iron oxides fill most intraparticle pores
- Uncommon acicular inclusion-rich cement; dissolution of aragonitic shells may also occur

- Common intrinsic homogenous micritic sedi seals the sequence

“Starved” sea floor, prolonged
exposure of grains on the sea
floor

DD?

Destructive

Fine- to medium-
grained
Clast-supported

- Moderately to well abraded grains
- Encrusting by uni- and multi-laminar bryozoans possible; common microboring
- Common thin acicular isopachous extrinsic cement; rare to commeon authigenic glauconite

Marine phreatic environment

pD*?

Destructive

Fine- to medium-
grained
Matrix-supported

- Poorly to moderately abraded grains

- Microboring is common; authigenic glauconite is common

- Extrinsic thin (<50 pm) acicular cement is possible

- Homogenous syndepositional micrite

- Burrowing common; burrows are filled with clast-supported internal sediment (microquartz, planktic
foraminifers, etc.)

Marine phreatic environment




Figure 6- Photomicrographs illustrating some of the specific diagenetic suites
defined in this chapter (see also Table 2 and Figures 10, 11).

(A) CD' (Constructive diagenesis) - Geopetal internal sediment (white arrow)
lies on top of grains, and predates marine acicular inclusion-rich cement
(black arrow). Solution of probably aragonite shells and their encrusters
(left) is a post-compaction event.

(B) M' (Mixed constructive/destructive) - Early marine acicular cement (c) is
drowned in coarse detrital internal sediment (is). The latter fills in
biomoulds (d) and as such post-dates meteoric-related solution of shells.

©) CD? (Constructive diagenesis) - Macrobores in Ostrea shell host micritic
internal sediments (white arrow) and inclusion-rich acicular cements
(black arrow) from marine phreatic environment.

(D) CD’ (Constructive when syndepositional micrite has been lithified prior
to compaction) - Micritized margin of a barnacle plate (black arrow)
from near sea-floor phreatic environment. Note that the walls of micrite-
free intraparticle pores (white arrow) are not infested by endolithic borers
(algae or fungi?). Spar cement is post-compaction cement.

(E) DD! (Destructive diagenesis) - Very well abraded and microbored (black
arrow) bioclasts from a starved sea floor. Authigenic glauconite is
abundant and fills in most intraparticle pores (foraminiferal chambers,
white arrows).

F DD? (Destructive diagenesis) - Abrasion and microboring are the
dominant diagenetic processes. Only a thin post-compaction dogtooth
cement grew upon the outer surface of well abraded bioclasts.

(G) CD* (Constructive diagenesis) - Micritic cement projecting digitations
towards pore centres (probably microbially induced), and bridges
between grains (black arrow), from vadose or phreatic marine
environment. There is no evidence that the micritic crust post-dates the
dissolution or neomorphism of bioclasts.

(H) DD? (Destructive diagenesis) - Abraded and microbored bioclasts (white
arrow) are drowned in a siliciclastic-rich matrix. No early cement
formation.
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Figure 7- The specific diagenesis of an unconformity-bounded sedimentary
unit derives from a comparison of diagenetic suites (microfacies and
compositional zonation of cements, named after their position in the
sequence) in samples collected from either side of its capping discontinuity.
Here the diagenetic events that belong to overlying unit B (dark grey
pattern), but that have been superimposed upon the diagenetic events within
unit A, can be recognized, and the specific diagenesis isolated for the
underlying unit A (diagonal hatch pattern). The shared diagenetic events
amount to diagenetic overprint and do not relate to the true “early
diagenesis”, or the “specific diagenesis” of this study, following deposition
of unit A only. Vertically within the same discontinuity-bounded unit there
are variations in the characteristics of the specific diagenetic record. This
observation has an important implication for the sequence stratigraphic
interpretation of specific diagenetic suites (see text and Figures 8-10). Here,
the specific diagenetic suite S1 (diagenetic features 1+2) is different from S2
(ato d), even though both share one diagenetic event (2 and d are the same).
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In the studied Te Aute succession, sediments that underwent early marine
cementation do not exhibit the attributes of consolidated sediments exposed at the sea
floor, such as lithified capping surfaces where grains and cements are truncated, bored,
or encrusted (James and Choquette, 1990). Instead, marine-cemented horizons without
differentiated upper or lower boundaries are recognized often just above, and more
rarely beneath, unconformities. Furthermore, marine-cemented levels are generally
separated from one another by marine cement-free intervals of sediments, the next
horizon being encountered through an unconformity surface. Thus, although marine-
cemented horizons in the Te Aute limestones represent significant depositional events
and a change in the depositional regime, they do not necessarily represent unconformity
surfaces upon which intrinsic diagenetic sequences have been built, as envisaged by
Durlet et al. (1992).

Instead, the concept of “specific diagenesis” is employed here that is based upon
a comparison of the diagenetic attributes of sediments on either side of sedimentary
discontinuity surfaces (Caron et al., 1998). Specific diagenesis (Figure 7) only includes
diagenetic features contemporary with sedimentation and with early post-sedimentation
times, and excludes all the diagenetic events shared with any overlying sedimentary
deposit, through a discontinuity surface, since they are related to subsequent and
different depositional stages (see next section). Following Bates and Jackson (1987) and
Clari et al. (1995), we regard a discontinuity surface as one which separates younger
from older sedimentary rocks where evidence based on geometric, sedimentological,
diagenetic, or biostratigraphic criteria can be used to infer a break in sedimentation of
whatever length. Surfaces indicative of low or no deposition can be used to subdivide
formations into depositional sequences in which specific diagenetic records are
suspected. During episodes of starved deposition, a sedimentary unit beneath its capping
surface may record a wide spectrum of diagenetic processes related to the evolution of
the pore-fluid chemistry. Such a diagenetic time record follows the sedimentation-
dominated time record and provides information that cannot normally be obtained from
the conventional lithological description of strata.

In the Te Aute limestone successions, the recognition of discontinuity surfaces
has been based on the following kinds of evidence: (1) Angular disconformities with
erosional truncation of strata, so long as such angular relationships are not related to
synsedimentary processes such as reactivation surfaces or sliding of unconsolidated

sediments; (2) A sharp change in depositional conditions across the surface as revealed
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by the direct superposition of contrasting facies or of contrasting skeletal assemblages
(Figures 2B, 2C); (3) A contrast between compactional features of superposed strata due
to either the underlying or overlying deposit including an early cementation phase (e.g.,
Figure 5); and (4) Marine-cemented limestone horizons overlying limestones lacking

marine cements, typically across a sharp and burrowed surface or an erosional surface.

5.4.2. Specific diagenesis and diagenetic overprint
Diagenetic processes that take place during deposition of a sedimentary unit may also
affect the underlying unit(s). This phenomenon is referred to as “diagenetic overprint”
(Figure 7). The nature of diagenetic overprint principally depends upon the chemistry
and the vertical and lateral distribution of the formative fluids. For example, meteoric
waters that penetrate a sedimentary deposit from its capping surface may percolate
deeply through several depositional units and be responsible for cementation or
dissolution processes overprinting former diagenetic histories (see Figure 10). Marine
diagenetic products are less likely to be involved in overprinting because the diagenetic
potential of marine waters diminishes quickly below the sea floor (Longman, 1980;
Aissaoui, 1988; James and Bone, 1992). Nevertheless, marine diagenetic overprints
might occur in thin unconformity-bound packages of sediments, the diagenetic potential
of marine waters remaining high enough through successive unconformities to favour
cement formation.

Following the preceding discussion, we now define the “specific diagenesis” of
a sedimentary unit bounded by discontinuity surfaces as corresponding to the suite of
physicochemical events prior to any superposed diagenetic overprint associated with the
sediments overlying the upper discontinuity surface. Inevitably the recognition of any
specific diagenetic history is based on a comparison of diagenetic suites on either side
of a discontinuity surface. Therefore, the specific diagenesis cannot be determined
wherever the sedimentary unit from which the diagenetic overprint was derived has
been eroded. In this case, the so-called specific diagenesis is in fact a “diagenetic
polysuite” (Figure 8), defined as successive diagenetic suites including the ‘“real”
specific diagenesis and diagenetic events contemporaneous with the deposition of some
now missing sedimentary unit or units. The erosion event(s) responsible for the missing
sediments can be difficult to discern, and recognition mainly depends upon the
characteristics of the surface that bounds the successive sediment packages (Figure 8).

By contrast with Choquette and Pray (1970), we restrict the definition of early
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diagenesis to the specific diagenetic history, which is the time interval during which
sediments remain under the influence of surficial processes that also drive the packaging
of sediments and the generation of sedimentary surfaces bounding them. Thus, in the
present study, pre-compaction diagenesis is not considered to be equivalent to early
diagenesis, but to a combination of specific diagenetic histories. In other words, several
“specific diagenetic suites” serve to build up the overall diagenetic pre-compaction
history of a carbonate succession. Furthermore, specific diagenesis is related to
depositional sequences limited by discontinuity surfaces. Such successions or packaging
might be related to a hierarchical driving mechanism associated with tectonism and/or
changes in relative sea level, so that specific diagenesis potentially has a direct

application to sequence stratigraphy.

6. Application of diagenetic stratigraphy concepts to Te Aute

limestones

Relatively few diagenetic fabrics are specific to a single diagenetic environment
(Heckel, 1983; Longman, 1980). Most can form under a variety of physicochemical
conditions, and/or may have suffered from the influence of an evolving pore-fluid
chemistry that potentially modified their original texture, structure, and mineralogy.
Consequently, only a combination of the criteria noted in Tables 1 and 2 are considered
adequate to determine possible diagenetic settings of not only a particular fabric, but
also successions of genetically-related fabrics, enabling construction of a sequence of
diagenetic features bounded by diagenetic discontinuities. The application of these
criteria has enabled the positive distinction of diagenetic patterns related to pre-
compaction and post-compaction stages for the Te Aute limestones (Figures 9 to 11),

the former of which is, in particular, illustrated here.

6.1. Patterns of pre-compaction diagenesis

6.1.1. Specific diagenetic patterns in metre-scale sequences

Detailed stratigraphic logs through the various sections of Kairakau and Awapapa
Limestone sheets (Figure 1; columns in Appendix 1) reveal the systematic occurrence of

packages of strata, or sequences, bounded by significant discontinuities, most being
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Figure 8- The diagenetic history of the sedimentary unit A in cases 1 and 2 is a
diagenetic polysuite that is different from its specific diagenesis but includes it and
diagenetic suites of younger strata. Case l: Poorly cemented sediment (typical of
cool-water carbonates) — The capping surface of unit A, a burrowed surface, is a non-
deposition-related surface. The time of no deposition may be recorded in the form of
successive diagenetic events whose suite defines the specific diagenesis of unit A.
The diagenetic history of overlying unit B may be partly or totally superimposed
upon the previous specific diagenesis of unit A, producing a diagenetic overprint
(overprint 1). After complete erosion of unit B and subsequent deposition of unit C,
the comparison of the diagenetic suites on either side of the discontinuity may reveal
an overprint 2, but not overprint 1. In this case the recognition of overprint 1 is
dependent on the local preservation of unit B or the occurrence of lithoclasts of unit
B within unit C. Case 2: Well-lithified sediment (typical of tropical carbonates) —
Early lithification of unit A may favour the colonization of its capping surface by
either encrusting organisms or boring organisms. Here the specific diagenesis of unit
A is defined as the suite of diagenetic features that are truncated by borings.
Overprints are then relatively easy to discern as they are post-dated by the first
generation of borings. Diagenetic features contemporary  with the
deposition/lithification of unit B may also be truncated by a new generation of
borings or by an abrasion/erosion surface prior to the deposition of unit C (see also
Durlet et al., 1992). In both cases 1 and 2 the specific diagenetic suites witness the
evolution of the sedimentation realm and therefore pre-date the conventional
mesogenetic history revealed by other burial-related products, which nevertheless
could constitute an overprint 3 or more.
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sharp and erosion surfaces (Figures 2B, 2C, 9). Both the textural and skeletal
characteristics of the depositional facies within the discontinuity-bounded sediment
packages mainly indicate a deepening-upward trend, and in places a deepening- then
shallowing-upward trend (Figures 9, 10). In most cases, the surfaces bounding the
sequences lack evidence of subaerial exposure and are sharp or erosional, often
associated with strongly Ophiomorpha-burrowed sediment below (Figure 2B), and
overlain by deepening-upward deposits, enriched at their base in reworked material. We
interpret such surfaces as transgressive surfaces of erosion (TSE) that are coincident
with high-frequency sequence boundaries (cf. Kidwell, 1991). We infer that various
sequence boundary indicators may have been removed by the erosive ravinement
accompanying the landward transfer of transgressive lags on otherwise poorly cemented
sediments (Boreen and James, 1995; Naish and Kamp, 1997).

Typically (e.g., sequences F, G, and H in Figures 9, 10), basal fossiliferous and
pebbly rudstones (facies Bla) interpreted as shallow-water, high energy, tide-influenced
deposits, correspond to the lower member of transgressive systems tracts (TST) (the
transgressive lags of Kidwell 1991). These pass upwards (deepening-upward trend)
through interbedded skeletal grainstones and packstones (facies M1 and M2) into
increasingly mixed siliciclastic-carbonate and muddy siliciclastic lithofacies (facies
M3), interpreted as deeper water deposits (upper TST and high stand systems tracts -
HST) that accumulated near storm-wave base, bounded above by the next TSE (e.g.,
sequences B1, B2, F, G, H, J and K in Figure 9). The upward change in depositional
setting is usually accompanied by changing skeletal associations, typically from
predominantly bimol to barnamol assemblages (Hayton et al., 1995). Some sequences
comprise in their upper part shallowing-upwards deposits (e.g., sequences A?, C, D, E,
and I in Figure 9). In these cases, facies M3 usually exhibits a gradational upper contact,
above which accumulated medium- to thick-bedded, planar to trough cross-stratified,
medium- to coarse-grained skeletal- and barnacle-rich sediments interpreted as shallow-
water prograding sandbars equivalent to regressive systems tract (RST) deposits. This
sequence is terminated by the superjacent discontinuity (TSE), rarely coincident with a
surface of subaerial exposure (e.g., sequences C and E in Figure 9). The TST-HST(-
RST) stacking pattern of the Te Aute sequences is similar in style, but not in facies, to
that described by Naish and Kamp (1997) for the shelly siliciclastic cyclothems

comprising the thick Plio-Pleistocene succession in the nearby South Wanganui Basin
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(Figure 1A).

One of the main observations of our study is that the attributes of the specific
diagenesis of a sequence change vertically, and appear to be strongly correlated to its
depositional facies. This provides a good sequence stratigraphic framework to assess the
timing of diagenetic processes, and both their relation and contribution to the building-
up of systems tracts. We have defined 10 type-specific diagenetic suites distributed on a
scale from mainly constructive to mainly destructive diagenesis (Table 2; Figure 6).
Considering the vertical distribution of the specific diagenetic suites, there exists a
definite pattern of occurrence within the sequences (Figures 10, 11). Data compiled
from many Te Aute limestone units indicate that marine constructive diagenesis (CD',
CD?, CD’), characterized by turbid cements and interstratified internal sediments
(Figure 6A), occurs most commonly close to the bounding-discontinuities, within the
lower level of the sequences interpreted as TST deposits and in the upper level of RST
deposits. These sediments equate to the highest energy facies, and include intertidal
bored pebble horizons, oyster shell banks, and prominently cross-bedded coarse skeletal
sediments. In contrast, such constructive diagenetic phases are usually rare or absent
from the upper part of the TST, the HST, and the lower part of the RST, which are
instead characterized by destructive marine diagenesis (DD?, DD?). Inferred maximum
flooding surfaces (Mfs) are typified by starved sedimentation (authigenic glauconite-
rich thin lags) and associated destructive diagenetic features, such as abrasion and
multigeneration bioerosion (DD'; Figures 6E, 11). The upper part of the RST is
characterized by marine cementation overprinted by both constructive and destructive
meteoric diagenesis (M', M?, M%), involving dissolution of former aragonite and even
calcitic grains, and little spar cementation, when the top surface has been subaerially
exposed (Table 2; Figures 6B, 11). The Te Aute sequences are mostly upward-
deepening. Therefore, the vertical trend recorded by the specific diagenesis is one from
mainly constructive in the lower TST to mainly destructive in the upper TST and HST
(Figure 11).

Previous workers have documented constructive and destructive marine
diagenetic features in temperate shallow-water carbonates, and commented on their

possible sequence stratigraphic significance. Boreen and James (1995) found that



Figure 9- Stratigraphic log for the Awapapa Limestone at Te Mata Peak (Figures 1B,
2A) subdivided by disconformities, interpreted as transgressive surfaces of erosion
(TSE) coincident with high-frequency sequence boundaries (hsb), into disconformity-
bounded sedimentary packages A to K (e.g., Figure 2). The depositional trend of
sedimentary sequences is either a deepening-upwards trend (for B1, B2, F, G, H, J, and
K), or a deepening- then shallowing-upwards trend (for A?, C, D, E, and I). Note that
within deepening-upwards units specific diagenesis is increasingly destructive towards
the top of sequences, whereas within the deepening- then shallowing-upwards units
specific diagenesis is increasingly constructive towards the top. SB = sequence
boundary.
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marine hardgrounds mainly characterized by constructive diagenesis (micritic and
turbid cements, internal sediments) were closely associated with sequence bounding
surfaces such as flooding surfaces (our TSE) during periods of condensed
sedimentation, whereas constructive diagenetic features were uncommon in late TST
and HST. James (1997) pointed out that early diagenesis of temperate carbonates was
characterized typically by abrasion and bioerosion. However he suggested that minor
early cementation could occur on starved shelf sectors in the zone of wave abrasion
during transgressions and regressions, and in the bounding hardgrounds of metre-scale
cycles that developed as sequence boundaries during third-order highstands. Nelson and
James (2000) reported that horizons dominated by constructive diagenesis (cementation,
encrustation, internal micritic sediments) tended to recur in relatively high-energy
environmental conditions and at specific stratigraphic positions, commonly below and
above unconformities. They proposed that marine cementation developed principally
during periods of stratigraphic condensation and lowered sea level. Tucker (1993)
suggested that as sequences display vertical changes in facies, these are likely to be
accompanied by systematic changes in the type and degree of diagenesis. He
commented on the close relationship between movements of groundwater systems
during sea-level changes and cementation, and suggested that marine cementation may
be favoured at the sea floor within the lower part of the TST as a result of sea water
being pumped through the shelf during the landward shift of marine groundwater zones.
By contrast, sediments in the upper part of the TST and the HST become “drowned” in
the stagnant marine zone (Longman, 1980) and marine cementation would likely be
minimal. The Te Aute temperate carbonate successions generally conform to the
foregoing observations and provide an opportunity to develop the application of
carbonate diagenesis suggested in this paper to the sequence stratigraphy of cool-water

carbonates more widely.

6.1.2. Diagenetic overprints cross sequence-bounding unconformities

Comparison of diagenetic suites on either side of discontinuities bounding the
depositional sequences reveals that commonly pre-compaction meteoric diagenetic
fabrics are not restricted to a single depositional unit, but can be superimposed upon the
specific diagenesis of the latter (Figure 10). Throughout Awapapa Limestone
successions, clear spar cement exhibits a first CL sequence (non-luminescent to dull

orange) that post-dates a conspicuous dissolution stage (leaching of aragonite grains)
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Figure 10- Succession of sedimentological properties (left side) typical of most
disconformity-bounded limestone units within the Awapapa Limestone, exemplified
here by units F, G, and H at the Te Mata Peak section (see Figure 9), and their
interpretation as deepening-upwards sequences, in relation to a selection of
corresponding, petrographically-determined diagenetic sequence diagrams (see
Figure 3 for key to logotypes). Despite the complexity of diagenetic features the
diagenetic suites are readily divisible into pre- and post-compaction stages based on
the first occurrence of compaction-induced fracturing of skeletal material. Once
recognized, the pre-compaction diagenetic records are compared on either side of the
discontinuities and subsequently the specific diagenesis of each sequence is capable
of being isolated (see Figure 7). Vertical changes in the specific diagenetic record
define up to ten specific diagenetic suites, labelled constructive or destructive (Table
2, Figure 6), that can be correlated to the depositional pattern of the sequences (e.g.,
Figure 11). Note that meteoric diagenesis-related features (dissolution and
cementation by spar cements = grey hash pattern) are associated with a diagenetic
overprint probably due to the infiltration of fresh waters from an unconformity higher
in the succession. Lithofacies codes: Bla, Fossiliferous rudstone packed with oysters
and pectens, massive bedding to trough cross-bedding; M1, Alternating skeletal-rich
grainstone and packstone, trough cross-bedding, minor hummocky cross-
stratification; B3a, Bioclastic packstone; M2, Interbedded grainstone and terrigenous
packstone, planar and sigmoidal cross-laminations; M3: Interbedded terrigenous
packstone and calcareous sandstone, planar laminations and ripple structures. TSE =
transgressive surface of erosion; hsb = high-frequency sequence boundary; SB =
sequence boundary.
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but pre-dates mechanical compaction-induced skeletal fracturing (Figure 10). This spar
cement occurs in interparticle pores as bladed palisadic fringes and syntaxial
overgrowth on grains or earlier marine cements, and in intraparticle pores as fine equant
to drusy crystals. It is shared by all the depositional packages constructing the Awapapa
Limestone, and as such represents a superimposed diagenetic suite, or diagenetic
overprint, to the specific diagenetic suites of each disconformity-bounded package. The
non-luminescent cement is likely to have formed from near-surface, oxidizing
groundwaters that percolated through the entire succession from a capping regional
unconformity, which probably acted as a recharge area (cf. Grover and Read, 1983;
Dorobek, 1987; Goldstein, 1988; Niemann and Read, 1988; Horbury and Adams, 1989;
Algeo et al., 1992).

6.2. Comment on post-compaction diagenesis

The attempt to correlate post-compaction CL sequences within the same limestone unit
or between stacked units at a regional scale is greatly enhanced by the traceability of the
diagenetic discontinuities defining the CL sequences (e.g., Figure 10). Combined with
information from trace element and stable isotope geochemistry (Table 1), this
procedure provides a powerful tool to assess the chemical evolution of the fluids that
moved through the sediments over time. Despite the already described highly variable
pre-compaction cementation patterns within the Kairakau and Awapapa Limestones,
both formations show generally similar post-compaction diagenetic features, typically
involving a chronological suite of marine-modified burial ferroan calcite cements
followed across a diagenetic discontinuity surface (fracture and dissolution) by uplift-
related non-ferroan calcite meteoric cements. This comparability of post-compaction
diagenetic events could be due to: (1) conditions that prevailed for formation of the
post-compaction cements were repeated at different stratigraphic levels and at different
times; or (2) precipitation of the majority of these mesogenetic/telogenetic cements
from subsurface fluids was delayed until after deposition of the Late Pliocene Awapapa
Limestone (Figure 1). More detailed discussion of the later diagenetic evolution of the

Te Aute limestones is beyond the scope of this paper, and will be developed elsewhere.

7. Conclusions

We develop some petrographic concepts applicable for describing and interpreting the

diagenetic evolution of cool-water limestones. The method involves (a) the
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Figure 11- Model for the pattern of carbonate diagenesis in the Te Aute limestone
sequences. The idealized sequence integrates the sedimentological, diagenetic, and
inferred sequence stratigraphic attributes for the sequences recognized in 47
stratigraphic sections of Plio-Pleistocene Te Aute limestone (logged in Appendix 1).
All sequences are bounded by TSEs (= hsb = high-frequency sequence boundary;
locally a major sequence boundary = SB). The lower TSE lies at the base of the
depositional sequence marked by condensed fossiliferous to pebbly transgressive
lags, and the upper TSE is overlain by the basal transgressive lag of the next
sequence. From the basal TST, sequences exhibit a deepening-upwards depositional
trend (shallow-water transgressive lag to near storm-wave base mixed siliciclastic-
carbonate sediments), and are characterized by increasingly destructive diagenesis
(CD"??to DD" *?; see Table 2, Figure 6) towards the superjacent Mfs (maximum
flooding surface). From this surface, the depositional trend is one of shoaling-
upwards, and is bounded above by the TSE lying either in the RST, or is
superimposed on the sequence boundary (SB). Specific diagenesis becomes more
“constructive” (CD" > *) compared to the underlying HST. Most Te Aute sequences
fall into these types of sequences. The upper RST comprises thick marine cements,
and as such is dominated by constructive diagenesis (CD" * *). In some examples,
the upper capping surface of the RST is a sequence boundary (SB) that shows
discrete evidence of subaerial exposure (dissolution and little if any meteoric
cementation). In these cases, due to meteoric influence, destructive diagenetic
features dominate the specific diagenetic record beneath the SB (M" ).
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chronological recording of all diagenetic features within rock units to provide a high-
resolution diagenetic (not simply cement) stratigraphy, (b) noting the vertical and lateral
distribution of these features, and (c) grouping them into discontinuity-bounded (by
dissolution surfaces, fractures, renucleation events) suites at a thin-section scale. A
critical discontinuity event to decipher is the first conspicuous evidence of compaction-
induced skeletal fracturing, taken as the boundary between pre-compaction and post-
compaction diagenetic stages. A comparison of only pre-compaction diagenetic suites in
samples from either side of unconformities within outcrop sections enables isolation of
the specific diagenesis for each of the unconformity-bounded depositional units, which
in our case equate to high-frequency sequences. The specific diagenesis of a
genetically-related succession of facies bounded by discontinuities is that which is free
from any diagenetic overprinting associated with the diagenesis of overlying younger
units, and as such is likely to record the evolution of the sedimentation realm forming
the sequences during and between sedimentation breaks. In this manner the specific
diagenetic attributes for a succession of depositional facies between consecutive
discontinuities (sequence) may be interpreted within a sequence stratigraphic
framework.

We illustrate the application of the approach to some cool-water limestones of
Pliocene age from eastern North Island, New Zealand. Here several specific diagenetic
signatures have been defined whose vertical distributions are related to the facies
stacking within the stratal sequences (Figure 11), which are mainly deepening-upwards
and sometimes deepening- then shallowing-upwards units bounded by transgressive
surfaces of erosion coincident with high-frequency sequence boundaries (rarely
subaerially exposed). In the deepening-upwards sequences constructive diagenesis
characterizes their basal portions and destructive diagenesis their upper parts. Where
shallowing-upwards caps are superposed their upper parts again include constructive
diagenetic features, locally replaced by destructive meteoric diagenesis giving evidence
of subaerial exposure at the top of some sequences. We propose that in the cool-water
Te Aute limestones the constructive diagenetic suites are associated with the lower part
of transgressive systems tracts (TST), and occur towards the top of regressive systems
tracts (RST), whereas destructive diagenesis characterizes the upper part of the TST, the
high stand systems tracts (HST), the lower part of the RST, and occasionally beneath

the bounding surface of the RST in association with subaerial exposure (Figure 11).
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Chapter 3

DIAGENESIS OF COOL-WATER PLIO-PLEISTOCENE
LIMESTONES IN SOUTHERN HAWKE’S BAY, NEW ZEALAND

ABSTRACT: This chapter is mainly concerned with the description of the wide

variety of diagenetic products and fabrics recognized in the cool-water Plio-Pleistocene
Te Aute limestone successions, and their interpretation in terms of diagenetic
environment.

Among the pre-compaction diagenetic suites, marine diagenesis is mainly
characterized by destructive processes (abrasion, bioerosion, dissolution), and
occasionally by constructive features (rare sea-floor cementation, micritization,
encrustation), while meteoric diagenesis produces little to moderate cementation (PrC =
pre-compaction clear spar non-ferroan cement) and various neomorphic processes. In the
post-compaction diagenetic suites, mesogenetic (burial) ferroan cements (PoFC = post-
compaction ferroan cement) are subordinate to telogenetic (post-burial) non-ferroan
cements (YnfC = youngest non-ferroan cement), and dissolution, partly associated with
chemical compaction in the burial realm, and neomorphism are common during both
diagenetic phases. There is a wide spectrum of compactional features due to the wide
age range and variety of textures of the studied formations, which have been
differentially buried before being differentially uplifted and exposed.

Constructive diagenetic products occur in all studied formations, but their
attributes vary over time. Inclusion-rich fibrous cements constitute the main sea-floor
constructive product in older, dominantly calcitic limestones (Kairakau, Awapapa),
whereas micrite bindings, micrite cements, and micritization dominate in younger
limestones with higher aragonitic contents (Mason Ridge Formation).

Neomorphic processes are also more diverse in younger limestones than in older
ones. Alteration processes vary from total dissolution of aragonitic allochems (e.g.,
especially within Kairakau, Awapapa, Rotookiwa, Te Onepu Limestones, and Titiokura
Formation) to retention of original mineralogy and microstructures, via little preservation
of microstructures and loss of primary mineralogy (e.g., within Mason Ridge Formation,

Matapiro and Scinde Island Limestones, and other Nukumaruan units). The water/rock
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ratio and the nature of circulating pore fluids are considered to be critical factors to the
degree of neomorphism and type of resulting neomorphic fabrics. Provided that the
starting composition of interparticle fluids is undersaturated with respect to aragonite,
the variety of aragonite shell alteration/preservation in relation to water/rock ratios, or
water-rock interaction, can be summarized as follows: (1) high water/rock ratio systems
(i.e., low water-rock interaction) are characterized by mouldic and intraskeletal porosity;
(2) intermediate water/rock ratio systems are characterized by the partial retention of
both the microstructures and the geochemical signature of the precursor aragonite; and
(3) low water/rock ratio systems (i.e., high water-rock interaction) result in neomorphic
fabrics that comprise pristine aragonite crystallites with retention of primary
microstructures adjacent to, or entombed within, neomorphic calcite crystals.

A model is proposed to integrate the patterns of pre-compaction diagenesis into a
scheme of sea-level changes. During sea-level rise (TST), landward transfer of the
shoreline leads to active marine pore-fluid circulation promoting marine constructive
diagenesis. The diagenetic suite recognized in Te Aute TST carbonate sediments
comprises precipitation of inclusion-rich fibrous cements, the emplacement of geopetal
sediments, in situ peloids, encrustation by uni- and multilaminar bryozoans, and
bioerosion. At the inferred maximum flooding surface (Mfs), carbonate sedimentation
appears to have been at its lowest. These conditions are reflected in thin condensed,
locally shelly, lags enriched in both detrital and authigenic glauconite, and suffering
intensive destructive diagenetic processes (i.e., abrasion and multigeneration
microboring).

Once sea level begins to fall (HST), and if its rate equals or exceeds the rate of
subsidence, then the rate of generation of new accommodation slows, and skeletal
fragments start to accumulate and the main feature of sedimentation is aggradation. The
depositional setting remains below the influence of strong storm and wave currents.
Consequently, pre-compaction carbonate diagenesis continues to be predominantly
destructive, including abrasion and bioerosion. As sea level continues to fall (RST),
sediments come under the influence of high-energy wave and tidal currents, and they
accumulate in the form of basinward-prograding sand waves and sand dunes. Under such
conditions, siliciclastic sediments are by-passed into deeper environments. RST
carbonate deposits that accumulated in the shallow-marine environment where the rates

of accumulation are low, and where sea-water pumping through the sediments is
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vigorous, are characterized by constructive diagenetic processes. Thick rinds of turbid
fibrous cements line interparticle pores, micrite sediments percolate from the water-
sediment interface, macroboring is common while microboring is moderate, and
encrustation by uni- and multilaminar bryozoans is present. Dissolution of aragonite
allochems may also occur in this setting.

The continuing loss of accommodation space, due to decreasing bathymetry
associated with high rates of carbonate production and falling sea level, eventually causes
sea level to reach the sea-bed elevation, and the depositional realm is exposed to
subaerial processes. Diagenetic features attributable to meteoric influence comprise
dissolution of aragonitic skeletal fragments, the subsequent collapse of insoluble
constituents of shells and low-Mg calcite (LMC) micrite envelopes that form geopetal
debris, the percolation of dark (in some examples iron-stained) microquartz-rich internal
sediments, and minor blocky spar cementation. The transformation of intermediate- or
high-Mg calcite inclusion-rich fibrous cements into LMC is likely active in this

environment, although it may have started earlier in the marine phreatic realm.

1. Introduction
Most recent syntheses concerning advances in recognizing and understanding the
products and processes of carbonate diagenetic environments have been based on
modern and ancient tropical deposits (Longman, 1980; James and Choquette 1990a;
Tucker and Wright, 1990; Moore, 1989, 2001). Nevertheless, over the past two decades,
several researchers have recorded the widespread distribution of non-tropical or
temperate-latitude carbonate sediments, especially on modern temperate shelves off New
Zealand (e.g., Nelson et al., 1988a), southern Australia (e.g., Nelson, 1978; Rao, 1981;
James et al., 1992, 2001), western Canada (e.g., Nelson and Bornhold, 1983; Carey et
al., 1995), and Europe (e.g., Henrich and Freiwald, 1995; Light and Wilson, 1998).
Moreover, it has been emphasized that analogous carbonate facies are common in the
Phanerozoic rock record (Rao, 1988; Lavoie and Bourque, 1993; Boreen and James,
1995; Hood and Nelson, 1996; Betzler et al., 1997, 2000; James and Bone, 2000).

The diagenetic pathways of a few Cenozoic temperate limestone formations have
recently been documented by Nelson et al. (1988c), Hood and Nelson (1996), and
Nelson and James (2000) for New Zealand deposits, and by James and Bone (1989,
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1992) and Nicolaides and Wallace (1997) for southern Australia examples. These rocks
differ from tropical limestones in being mineralogically dominated by calcitic
components. The greater abundance of aragonite in tropical sediments compared to their
non-tropical counterparts has been shown to result in contrasting diagenetic behaviours,
and principally in differences in the timing of interparticle cementation (Tucker and
Wright, 1990; Hood and Nelson, 1996; Dodd and Nelson, 1998). Typically, in aragonite-
rich sediments, carbonate cementation occurs in the early stages of their diagenetic
history either on or just beneath the sea floor, or in the meteoric and shallow-burial
environments (Bathurst, 1975; Longman, 1980). In contrast, aragonite-poor sediments
may not be significantly cemented prior to being buried, and may subsequently suffer
from both intensive mechanical and chemical compaction (Nelson et al., 1988c;
Nicolaides and Wallace, 1997). Thus, Nelson et al. (1988c), for the Oligocene Te Kuiti
Group limestones in New Zealand, and James and Bone (1989) and Nicolaides and
Wallace (1997) for Oligo-Miocene temperate limestones in southern Australia, envisaged
cementation to originate principally from dissolved calcium carbonate released through
chemical compaction processes that were actively triggered once a critical burial depth of
ca. 500 m was reached.

Sea-floor diagenesis in cool-water carbonates is regarded as predominantly
destructive (Alexandersson, 1978; Smith and Nelson, 1994), whereas carbonates formed
in tropical settings are characterized by typically constructive sea-bed diagenetic
processes (Nelson, 1988a; Nelson et al., 1988b; James, 1997). Destructive diagenesis
comprises all mechanical and chemical processes that reduce the potential for skeletal
grain preservation, such as abrasion, bioerosion, and dissolution prior to burial history,
and burial-related grain breakage and pressure-solution. These processes are greatly
enhanced in non-tropical settings by the paucity of early cementation either at the sea
floor or in the meteoric environment. Moreover, the Pliocene Te Aute carbonates of this
study (Figure 1), like other Cenozoic limestones in New Zealand (Hood and Nelson,
1996) are primarily composed of solution-resistant low- to intermediate-Mg calcitic
skeletal fragments that are unlikely to readily release calcium carbonate for early
cementation. The higher CO, content of temperate waters, and consequently their lesser

degree of carbonate saturation (James and Choquette, 1990a), also militates against
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Figure 1- Regional stratigraphic relationships between the various Plio-Pleistocene
limestone units in southern Hawke’s Bay. The key with limestone names refers to the
patterns on the inset geological map enlarged in Figure 1 of Chapter 1. Interbedded
units, typically siliciclastic-dominated, are: (1) Mokopeka Sandstone; (2) Pukekura
Calcarenite; (3) Waikareao Calcarenite; (4) Raukawa Mudstone; (5) Argyll
Sandstone; (6) Makaretu Mudstone; (7) Willowford Mudstone; (8) Crownthorpe
Mudstone; (9) Waitio Mudstone; (10) Pohue Formation (after Bland, 2001); (11)
Ohara Mudstone.



intrinsic  (interparticle) marine cementation that otherwise can be important in
oversaturated warm waters (Nelson et al., 1988c; Dodd and Nelson, 1998).

In contrast, constructive diagenesis involves armouring diagenetic processes,
including early marine and/or meteoric spar cements, micritic crusts, indurated internal
micrites, and encrustation of shells, all of which prevent grains from being frequently
reworked and delay compaction-induced phenomena. These early diagenetic features are
relatively uncommon in the Te Aute limestones where the bulk of the cements typically
have burial and post-burial origins. Nonetheless they do recur at specific stratigraphic
positions, commonly above and more rarely beneath discontinuities (see Chapter 2,
Section 6.1).

Because of several fundamental differences in the facies attributes between non-
tropical and tropical carbonates, as well as other properties such as the geochemistry of
interstitial fluids, and sediment accumulation rates and climate, the consensus of a
number of studies is that it is inappropriate to apply directly the diagenetic models for
carbonate deposits originating from tropical settings to non-tropical carbonates (Nelson,
1988a; Hood and Nelson, 1996; James, 1997; Dodd and Nelson, 1998).

Developing diagenetic concepts and models applicable to non-tropical carbonates
first requires detailed characterization of the products of diagenesis recognised in such
occurrences. The diversity of Te Aute Plio-Pleistocene limestones in terms of
depositional environments, sedimentary facies, and skeletal composition over time makes
them particularly appropriate for assessing the nature and evolution of diagenetic
pathways with respect to these controls. The purpose of this chapter is to document the
diagenetic fabrics occurring in the Te Aute limestones in southern Hawke’s Bay, and to

interpret the diagenetic conditions and environments in which they originated.

2. Analytical techniques

The main objectives of this study necessitated detailed microfacies analyses and some
supporting geochemical data of the various petrographic components in the limestones.
Accordingly, the petrographic investigations combine: (1) the examination of microfacies
and cements with a conventional polarizing microscope; (2) cathodoluminescence
studies; (3) the determination of mineralogies by X-ray diffraction and chemical staining;

(4) carbon and oxygen isotopic analysis of bulk samples and microsamples of cements;
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and (5) the analysis of CaO, MgO, SrO, MnO, and FeO concentrations (ICPOES and

microprobe) also performed on both bulk samples and successive cementation phases.

2.1. Sampling

About 600 samples, as unweathered as possible, were collected from 54 localities of the
Te Aute successions in southern Hawke’s Bay (Figure 1). Due to the poorly cemented
and often friable nature of many of the Plio-Pleistocene limestones, the rock samples
obtained in the field were routinely impregnated with epoxy resin prior to thin-
sectioning. Several samples, especially the ones taken from limestones of late Opoitian
and Nukumaruan age (Figure 1), were sufficiently cemented that impregnation was
probably not necessary, but it was undertaken on all samples to ensure there was
absolutely no loss of any delicate pore-lining carbonate cement or of poorly bound fine-
grained material. Because all thin-sections were also examined under cathodoluminescent
light, they were finished on a Buhler Metaserv Grinder Polisher so as to get a suitably
prepared surface.

Geochemical analyses were performed on a variety of (crushed) samples that fall
into three major categories: (1) bulk skeletal limestones; (2) microsamples of carbonate
cements; and (3) microsamples of fossil skeletons (brachiopods and various bivalves).

Because sampling resolution increases with increasing crystal size, microsampling
of cements focused on coarse skeletal grainstones and rudstones where the thickness of
individual rinds of carbonate crystals (0.1 to 0.5 mm) was optimum. Microsamples were
collected from polished slabs using a hook-shaped blade. The growth structure of

cements was determined from cathodoluminescent (CL) zoning.

2.2. X-ray diffraction

Over 700 powders of bulk limestone samples were analysed using X-ray diffraction
(XRD) to determine their carbonate mineralogy by Viviane Simard-Caron at the
University of Waikato, Hamilton (Appendix 8; also on CD1). Analyses were performed
on a Philips analytical X-ray diffractor with a PW 1729 X-ray generator, and a PW1840
diffractometer control on un-oriented powder mounts. Mounts were scanned between 18

to 34 °26 at 0.02 °26/sec.
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2.3. Chemical staining
Thin-sections were stained using Alizarin Red-S and potassium ferricyanide, following
the procedure of Dickson (1965; see also Appendix 10.2).

Alizarin Red-S/potassium ferricyanide staining constitutes a preliminary approach
to calcite cement stratigraphy: (1) it helps define the diagenetic stratigraphy - the
record of successive diagenetic processes and products at the thin-section scale, and the
diagenetic discontinuities bounding them (see Chapter 2, Section 4.1); and (2) it enables
recognition of the major changes in the fluid chemistry from which cements precipitated
over time through the amount of Fe incorporated in the carbonate crystal lattices.

The incorporation of ions such as Mn and Fe in the crystal lattice of calcite and
dolomite occurs during the crystal growth and depends upon the chemical properties of
the inter/intraparticle microenvironments. The incorporation is revealed by colour
changes and zoning patterns in the crystals after chemical staining. It reflects changes in
the interstitial fluid composition occurring as the crystals of calcite or dolomite grow.
These changes can be related to temperature, redox potential (Eh), and the introduction
of allochthonous ions inhibiting or activating the chemical reaction (Evamy, 1969).

The relationships between mineralogy and stain colour are as follows (e.g.,
Dickson, 1965, 1966; Evamy, 1969):

- All calcite crystals are stained red by Alizarin Red-S.
- Crystal lattices enriched with Fe are stained blue (Turnbull blue) by potassium
ferricyanide.

Using a combination of the two reagents:

- Non-ferroan calcite is stained pink to red (<0.5% Fe**)
- Slightly ferroan calcite is stained mauve (0.5-2.5% Fe'™)
- Ferroan calcite is stained purple-blue (>2.5% Fe**)

- Non-ferroan dolomite is not stained, while ferroan dolomite stains deep blue.

2.4. Cathodoluminescence

2.4.1. Principles

The cathodoluminescence (CL) technique applied to sedimentary carbonates, and
especially to carbonate cements, observes the radiation emitted by carbonate crystals
after their excitation by an electron beam. As the carbonates emit a stable luminescence

during the electron bombardment, the conditions of observation can be reproduced.
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Cathodoluminescence can image polyphase growth since it is extremely sensitive to
subtle changes in composition and structure of host minerals.

The colour and the intensity of luminescence are related to: (1) the mineralogy of
the crystals; and (2) the geochemistry of the trace elements incorporated in the crystal
lattice, either in interstitial or in substitution positions. Trace element incorporation and
distribution into solids from aqueous solution are described either as homogeneous or
heterogeneous (Machel and Burton, 1991). In the first case, the distribution of the trace
ions is uniform throughout the whole growth zone, either because the trace/major ion
ratios do not change during precipitation (“open system”) or because the solid
continuously recrystallizes during crystal growth. In the second case, the solid does not
re-equilibrate with the solution, and the trace element amount in the solid changes with
crystal growth (“closed system”).

Chemical analyses made in situ, either with an electron microprobe or with an ion
microprobe, have shown that the substitution of Ca*™ by Mn** typically gives rise to
luminescence in calcite spar cements (Dorobek, 1987; Niemann and Read, 1988;
Horbury and Adams, 1989; Meyers, 1989; Walkden and Williams, 1991). Further,
variations in calcite luminescence appear grosso modo to be determined by variations of
the iron to manganese ratio (Fe**/Mn”*). Typically, Fe** inhibits luminescence while Mn**

activates it.

2.4.2. Chemical considerations
Changes in redox-potential (Eh), the degree of openness of a system, element
partitioning, organic matter content, and clay mineral transformations are all factors that
determine the element concentrations in diagenetic fluids, and hence in precipitating
carbonates (Horbury and Adams, 1989; Meyers, 1989; Machel and Burton, 1991). Other
controls cited by Machel and Burton (1991) that govern CL include temperature, crystal
surface structure, and the influence of some ions on the incorporation of Mn?* and Fe®*.
The alteration of organic matter and clay minerals may result in the release of
many trace elements, including all known activators, sensitizers, and quenchers of CL in
carbonates, and subsequently can lead to CL zonation in diagenetic carbonates. Indeed,
release of trace elements commonly takes place sequentially, because the various
minerals and organic components react over extended intervals of burial depth.

Furthermore, cases have been reported where CL colour intensities, and corresponding
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trace element contents, of carbonates are related to the proximity of a terrigenous
influence (Nelson et al., 1988c).

Most commonly, the incorporation of potential activators and inhibitors of CL is
correlated to changes in Eh of the ambient environment. For example, Mn**O; is reduced
at higher Eh than Fe**OOH. Thus, during a decrease in Eh, typically during progressive
burial (Dorobek, 1987; Niemann and Read, 1988; and many others), first Mn** and then
Fe®* should increase in solution which could result in bright (high Mn**, low Fe**) and
then dull or no CL in calcite (high Mn**, high Fe**). Consistently, as reported in many
past studies (e.g. Walkden and Williams, 1991; Kaufman and Wendt, 2000), the
transition from oxidising to reducing conditions translates into a typical CL motif: non-
bright-dull.

Machel and Burton (1991) emphasized that even minor concentrations of Mn** in
solution are sufficient to produce luminescence with or without Fe** present in solution
(as little as 20 ppm Mn** for Fe** contents <150 ppm). Thus, non-luminescent calcite
indicates an absence or exceptionally low concentration of Mn** rather than a high

. il
concentration of Fe™".

2.4.3. Use of cathodoluminescence in carbonate diagenetic studies

CL technology has been used by geologists since 1965 (Long and Agrell, 1965; Sippel
and Glover, 1965; Weiblen, 1965). Its application expanded rapidly following the studies
of Meyers (1974, 1978) on the petrography and stratigraphic distribution of CL cement
zones in the Carboniferous (Mississippian) Lake Valley Formation (New Mexico, USA),
who developed the concept of CL cement stratigraphy, and proposed regional and
stratigraphic synchroneity for the precipitation of each cement zone in samples. Implicit
in this concept was the acceptance that the CL character of individual zones is a unique
discriminator for intercorrelation.

Since then, several studies have shown the temporal and spatial variability of the
solution chemistry (saturation rates, precipitation rates, temperature, salinity, pH, and
Eh) in many carbonate aquifers, and emphasized the inevitability of changes in the CL
signatures of calcite cements over certain distances (Walkden, 1987; Goldstein, 1988;
Machel and Burton, 1991; Braithwaite, 1993; Frank er al., 1995). Clearly such
conditions would render the use of CL cement zones for intercorrelation much more

difficult and problematical.
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In the present study (see Chapter 2, Section 4.3) complex cathodoluminescence
patterns are grouped into CL sequences defined as genetically-related successions of CL
cement zones limited by easily traceable (correlative) surfaces equivalent to
discontinuities. Thus, diagenetic discontinuities are considered to be the principal
discriminators for intercorrelation, not the CL cement zones.

CL microscopy was carried out using a Technosyn 8200 MK II instrument (cold

cathode; 15kV gun potential, 0.35 milliamps beam current).

2.5. Isotopic analysis

2.5.1. Principles

The two most naturally abundant isotopes of oxygen (‘*0 and '°O) and of carbon (*°C
and '*C) were used, variations in the '*0/'®0 and '*C/'*C ratios between samples being
measured by high-precision mass-spectrometry (Appendix 7). Isotopic ratios are given in
per mil (= mg/g or °/,) values relative to the international Pee Dee Belemnite (PDB)
standard, and are expressed in the usual delta (8) notation (8'%0 and §"°C).

The §'®0 value of a carbonate precipitated from water depends chiefly on the
8'®0 composition and temperature of the water, while the §C composition of
precipitated carbonates primarily reflects the source of bicarbonate dissolved in the
waters (Hudson, 1977). However, apart from water chemistry and precipitation
temperature, other controls include water/host sediment ratios, mineral-water
fractionation factors, biochemical reactions, degree of isotopic equilibrium, and the
extent of post-formation isotopic exchanges, all potentially complicating interpretation.

Despite this, Nelson and Smith (1996) suggested that carbonates precipitated at
or near isotopic equilibrium from natural waters tend to show a characteristic range of
§'*0 and 8"°C isotopic values that reflect their genetic environment.

Samples were roasted under vacuum at 380°C for one hour to remove volatile
contaminants, and then reacted at 80°C with anhydrous phosphoric acid to produce CO-
for analysis. Analyses were carried out at three institutions: (1) by Dr Karyn Rogers at
the Institute of Geological & Nuclear Sciences (Lower Hutt, New Zealand), where
results were normalized to VPDB using GNS marble (internal standard), NBS-18
(international standard), and NBS-19 (international standard). Precision is * 0.1%, for
8'*0 and §"°C values; (2) by Helen Turner at the University of Waikato (Hamilton, New

Zealand), where results were normalized using NBS-1959 and NBS-1960 (international
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standards). Precision ranges from = 0.004 to 0.06%,, for §"*C values and from + 0.008 to
0.08%,, for 8'®0 values. Analyses were carried out using a CAPS carbonate device
attached to a GEO-20 mass spectrometer; and (3) by Dr Helen Neil at the National
Institute of Water and Atmospheric Research (Wellington, New Zealand). Internal
precision of measurements is 0.02-0.06%,, for §'®0 and 0.01-0.03%,, for §"°C, external
precision (between runs) is 0.05%, 8'*0 and 0.03%,, §'*C. Samples were reacted with
three drops of H3PO, at 75°C in an automated individual-carbonate reaction (Kiel)

device coupled with a Finnigan MAT252 mass spectrometer.

2.5.2. Brachiopods and seawater composition
Ancient marine 8'®0 signatures are routinely obtained from either marine cements
(Gonzales and Lohmann, 1985) or brachiopods (Popp et al., 1986). Typically, the
primary low-Mg calcite mineralogy of brachiopods, less sensitive to diagenetic alteration
than more metastable biogenic intermediate- and high-Mg calcite, is potentially retentive
of the original isotopic composition of seawater (Wadleigh and Veizer, 1992). Eight
texturally well preserved, relatively thick-shelled brachiopods collected at three different
localities at various stratigraphic positions within the Awapapa Limestone (Waipipian)
were microsampled for isotopic analysis. In thin-sections, brachiopod fragments from the
same horizons are non-ferroan, non-luminescent to dull-orange, and lack evidence of
dissolution features. The §'®0 values show a narrow range from —-0.4 to +0.9%,,PDB
(mean = +0.25%,,PDB) while §"C values range from +1 to 2.4°, PDB (mean =
+1.73°/,,PDB), well above values yielded by pre-compaction (including turbid fibrous)
and post-compaction cements, and bulk limestone samples (see Table 1; Figure 6).
Non-luminescence and textural preservation of brachiopod shells have been
shown in other studies to sometimes be unreliable criteria for lack of diagenetic alteration
(Rush and Chafetz, 1990; Lavoie and Bourque, 1993). However, the relatively “heavy”
8'®0 values of brachiopod shells, relative to presumably altered marine precipitates
(turbid cements) and non-marine precipitates (pre- and post-compaction clear spar
cements; see Section 4.3), are taken as the best approximation of the oxygen isotopic
composition of the mid-Pliocene seawater in the Hawke’s Bay forearc basin. When
compared to published 8'*0 marine values for temperate water carbonates that range in
age from Oligocene to present (Rao and Nelson, 1992; Nelson and Smith, 1996), the Te

Aute brachiopods plot in the fields of unaltered fully marine skeletons overlapping with,
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and closely similar to, the field for modern marine skeletons which cluster at small

positive values (0 to +3%,,PDB) for both §'*0 and 8"°C (see Figure 6).

2.6. Trace elements

Ca0O, MgO, SrO, BaO, FeO, and MnO concentrations were determined on polished
carbon-coated thin-sections by electron microprobe spot analysis along pre-defined
transect lines, extending from grain margins porewards across one or more cement
generations (Appendix 6; also on CD1). All microprobe analyses were conducted on a
JEOL JXA 8900 RL microprobe with a beam current of 12 nA, a spot size of 5 um, and
an accelerating voltage of 15 kV for all elements. The instrument is housed at the
University of Gottingen (Germany) and was operated by Arne Pallentin under the
supervision of Dr Andreas Kronz.

Elemental concentrations (CaO, MgO, Sr, NaO, FeO, and MnQO) were also
determined at the University of Waikato by Franziska Schellenberg using inductively
coupled plasma optical emission spectrometry (ICP-OES) on splits of powders from bulk
samples of limestones ranging in age from Opoitian to Nukumaruan (Appendix 9; also on

CD1).

3. Times and environments of carbonate diagenesis

3.1. Diagenetic environments

Common carbonate diagenetic environments and their products in tropical settings have
been sufficiently documented to motivate the compilation of a number of syntheses over
the last three decades (Choquette and Pray, 1970; Folk, 1974; Bathurst, 1975; Longman,
1980; Mcllreath and Morrow, 1990; Tucker and Wright, 1990; Rao, 1997; Moore,
2001). Although temperate diagenetic environments differ from their tropical
counterparts in the genetic processes and products responsible for porosity development
and destruction, the same factors that are used to define diagenetic environments in

tropical settings (Longman, 1980) apply to non-tropical ones.
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and mesogenetic realms

Fair weather wave base

Figure 2- (A) Major time intervals in the diagenetic history of a carbonate system,
and (B) common carbonate diagenetic environments in partly isolated carbonate
antiforms, considered to be the most likely depositional setting for many Te Aute
limestones. (Modified from Choquette and Pray, 1970; Longman, 1980).
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Fundamentally, the fluid chemistry (marine, meteoric, burial brines) and the
distribution of that fluid in the pore spaces (pores saturated or undersaturated with
water) define the major diagenetic environments. In the shallow subsurface (tens of
metres), pore fluids derive either from the sea, and are saline, or from the land (rainfall)
and are fresh (meteoric). The combination of the foregoing factors, including the possible
dilution of seawater by variable amounts of meteoric water, yields five basic diagenetic
environments: (1) phreatic marine; (2) vadose marine; (3) a zone where marine and
meteoric waters are mixed; (4) phreatic meteoric; and (5) vadose meteoric (Figure 2B).
Additionally, flow rates, partial pCO., dominant skeletal mineralogy, and saturation with
respect to calcium carbonate are other factors critical to porosity evolution (cementation
versus dissolution), especially in non-tropical settings, that may result in further
subdivisions of the diagenetic environments into constructive and destructive diagenetic
zones.

In the deep subsurface (hundreds of metres), waters that become isolated from
their source areas during burial are progressively chemically modified due to increasing
temperature and pressure. There is a lack of exchanges with atmospheric oxygen and
CO., and mixing with deeper burial waters can occur (Choquette and James, 1990). The
burial environment comprises various domains defined on the basis of the degree of

compaction, and resulting processes and products (see Figure 20).

3.2. Diagenetic stages

After final deposition, sediments typically pass through the above-mentioned diagenetic
environments in a consistent sequence governed by relative sea-level changes and
tectonic processes (phreatic marine to vadose meteoric). The time span over which loose
carbonate sediments are transformed into limestones has been classically divided into
three stages, named eogenesis, mesogenesis, and telogenesis by Choquette and Pray
(1970) (Figure 2A).

The eogenetic stage relates to near-surface diagenesis that occurs prior to burial
at depth where compactional processes are triggered. Following the discussion in the
preceding Chapter (see Section 5), we divide the diagenetic history of carbonate
sediments into discontinuity-bounded successions of diagenetic processes. Pre-
compaction and post-compaction are deciphered on the basis of the first-generation of

compaction-induced skeletal fracturing. The usual lack of early cementation in the non-

147



tropical Te Aute carbonates renders such a discontinuity surface readily traceable across
a pile of sediments. Pre-compaction diagenesis includes eogenesis as defined by
Choquette and Pray (1970) that we divide into successive specific diagenetic records.
We define the specific diagenesis” of a sedimentary unit bounded by discontinuity
surfaces as corresponding to the sequence of physicochemical events prior to any
superposed diagenetic overprint associated with the sediments overlying the upper
discontinuity surface (see Chapter 2, Section 5.4.1). Thus, we restrict the definition of
early diagenesis to the time interval during which sediments remained under the influence
of surficial processes that also drove the packaging of sediments and the generation of
the sedimentary surfaces bounding them.

The mesogenetic stage is the post-compaction time interval during which
sediments are generally buried below the influence of surficial diagenetic processes
(Figure 2A).

During the telogenetic stage, carbonate sediments that have been in the
mesogenetic realm are tectonically uplifted to once again be influenced by shallow

subsurface processes (Choquette and Pray, 1970).

4. Diagenetic products and processes

4.1. Early fine acicular precipitate

4.1.1. Description

These precipitates are quantitatively minor and are confined to intraskeletal cavities
(Figures 3A, 3B). The term “precipitate” is adopted here to avoid confusion with the
term ‘“‘cement”. Indeed, cements are regarded as precipitates binding grains, and are
located between the grains (see Glossary in Appendix 10.1). Most commonly early fine
acicular precipitate forms an isopachous fringe <50 um thick, lining the internal openings
of bryozoans and benthic foraminifera. Fine acicular spar is the only precipitate type that
pre-dates the authigenesis of extrinsic glauconite (Figure 3B).

The acicular precipitate stains pink with Dickson’s (1965) solution, and is
generally non-luminescent, but occasionally shows a bright yellow CL. This minor phase
of calcite precipitation seems to pre-date grain chemical alteration, but is coeval with
mechanical alteration as revealed by the cross-cutting of fine acicular precipitates by
grain abrasion surfaces. Neither isotopic nor elemental analyses were performed on this

minor calcite precipitate.
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4.1.2. Diagenetic environment

Fine acicular precipitate is interpreted to be a product of marine sea-floor diagenesis on
the basis of the following evidence: (1) it is the first phase in the carbonate paragenetic
suite; (2) fine acicular spar pre-dates authigenic glauconite, which forms in the early
stages of sea-floor diagenesis in sediment-starved, slightly reducing environments
(Amorosi, 1995); and (3) abrasion of both precipitates and host-grains indicate frequent
reworking on the sea floor.

Synsedimentary intraparticle (extrinsic) thin acicular precipitates have been
identified within ancient and modern temperate carbonate sediments (Rao, 1981, 1990;
Harmsen, 1984; Nelson et al., 1988c; James and Bone, 1989).

They have been shown to be locally the only sea-floor calcite precipitation phase.
Presumably, certain intraskeletal chambers provided a suitable microenvironment where
oversaturation with respect to CaCOs, in conjunction with enhanced water circulation
through the micropores, could lead to localized calcite precipitation (Illing, 1954; Rao,

1981).

4.2. Early inclusion-rich cement
4.2.1. Petrography of early turbid cements
Early rims of inclusion-rich (turbid) cements occur either in interparticle (intrinsic) or in
intraparticle (extrinsic) pore spaces. In many Te Aute limestone samples, individual
layers consist of isopachous rinds that range in thickness from 50-150 pum, but can be
less than 30 um (Figures 3C to 3H). Turbid cements grow selectively upon certain
skeletal grains, including mainly bivalves, echinoderms, brachiopods, and barnacles
(Figure 4B), and have never been found coating quartz or feldspar grains. Crystal habits
are diverse and include: (1) bladed to scalenohedral crystals, commonly arranged in a
palisade fashion; (2) acicular spar that consists of elongate, fibre- to needle-like crystals;
(3) relatively large, individual host crystals of subequant to elongate habit, suggesting
locally mosaic fabric; and (4) syntaxial overgrowths on echinoclasts, and more rarely
upon molluscan and brachiopod fragments.

Staining (stain pink to pale mauve) and trace element analysis indicate that the

turbid cements are now non- to slightly ferroan, low-Mg calcite (LMC).
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Figure 3 — Photomicrographs of marine cements

(A)

©)

(D)

(E)

(F)

(G)

(H)

— (B) Early fine acicular cement — This intraparticle (bryozoan zooecia) pore-lining

spar cement commonly predates a later stage of pore-filling authigenic glauconite
g). Plain light (PL): Sample 4.55 (Kairakau Limestone).

Turbid fibrous cement — Note that the interior of the centre bivalve skeleton mould
is filled by a discontinuous turbid fibrous and mosaic clear spar calcite cement
sequence. Intra-mouldic (inferred) marine cement provides evidence of early
dissolution at the sea floor. PL: Chemically stained sample 5.74 (Awapapa
Limestone). '

Isopachous rind of elongate inclusion-rich cement about barnacle (top) and bivalve
(bottom) grains is overgrown by scalenohedral clear calcite crystals (arrowed). PL:
Sample 5.93 (Awapapa Limestone).

Substrate selective inclusion-rich cement fringe about barnacle grains merges into
scalenohedral spar crystals that comprise a thin generation of pale blue post-
compactional cement (arrowed). The remaining pore space is occluded by non-
ferroan (pale pink) mosaic telogenetic cement. Note that inclusion-rich cements have
not grown upon moulds of aragonitic bioclasts (lower half of the photograph). PL:
Chemically stained sample 5.61 (Awapapa Limestone).

Inclusion-rich rinds of fibrous cement coat abraded calcitic skeletons (bivalves and
barnacle plates). PL: Sample 5.87 (Awapapa Limestone).

Thick isopachous rinds of dirty fibrous cement coat both preserved calcitic shells
and moulds of (former aragonitic?) skeletons. Note the same cement suite as for
sample 5.61 in E (post-compactional ferroan cement is arrowed). PL: Chemically
stained sample 4.29 (Kairakau Limestone).

Photomicrograph illustrating that fibrous cement typically grows upon a thin

micritic crust (arrowed) that acted as a nucleating mat for fibrous crystals. PL:
Sample 4.29 (Kairakau Limestone).
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In the Te Aute limestones, the turbidity of early calcite cements is mostly a result
of unidentifiable minute solid inclusions, up to a few microns in size, some perhaps of
organic nature as suggested under fluorescent light (Figure 4G). In most cases,
crystalline fabrics include various types of inclusions that may define precursor fibres
instead of true relict fibre-shaped crystals. Commonly, inclusions surround and define the
primary fibres within larger host crystals (Figures 3D, 3G). When enclosed within clear
spar host crystals, the distinctive “primary fibres” behave optically as their host, and thus
exhibit a uniform extinction. Otherwise, within palisade structures with all crystals
parallel, individual crystals may behave optically independent from one another.

Where elongate crystals form bundles or fans, slightly undulose or straight cone-
shaped extinction has sometimes been observed. However, even though subcrystals
diverge away from their substrate, cements cannot be strictly referred to as radiaxial
fibrous calcite (RFC) because: (1) optic axes do not converge away from the substrate;
and (2) there is a lack of curved cleavage and twin lamellae (Kendall, 1985).

Terminations of individual crystals are generally poorly defined, ranging from flat
to obtuse pyramidal or rhombohedral. Commonly, groups of primary fibres which define
cone forms merge with younger translucent (inclusion-free) calcite spar overgrowths.

Typically, turbid cements exhibit a blotchy to cloudy luminescence that ranges
from none to very dull brown, with internal moderately luminescent orange to bright
yellow patches (Figures 4A, 4B, 4C, 4E). These underlie elongate inclusions and
highlight the acicular morphology of the component crystals (Figures 4H, 8). The CL
pattern within individual turbid rinds may be discontinuous laterally, especially across
fractures that acted as barriers interrupting the normal course of neomorphosed fronts,
and resulted in differing degrees of alteration and trace element incorporation on either

side of the discontinuity (Figures 4B, 8).

4.2.2. Petrography of turbid syntaxial overgrowths

Syntaxial turbid calcite that grew in optical continuity with the host grain (echinoderm
monocrystals in most cases) is rather an uncommon cement variety in the Te Aute
carbonates, but has been recognized in many ancient carbonate settings (Lohmann and

Meyers, 1977, Grover Jr and Read, 1983; Dorobek, 1987; Walker et al., 1990).



Figure 4 — Photomicrographs illustrating the cathodoluminescence and fluorescence
characteristics of inclusion-rich fibrous cements

(A) Cloudy orange luminescence of isopachous rinds of turbid cements (black arrow)
coating bivalve and barnacle grains later followed by orange luminescent
scalenohedral spar calcite cement of burial origin (white arrow), overgrown in turn
by non-luminescent telogenetic/meteoric cement. Cathodoluminescent light (CL):
Sample 5.95 (Awapapa Limestone).

(B) Neomorphism of turbid cement — The probable differential incorporation of Mn
cations within the fibre-shaped crystals during neomorphism is responsible for
contrasting luminescence (arrowed) of first generation isopachous dirty cement in
adjacent intraskeletal pores (i.e., within barnacle plate). CL: Sample 16.5
(Whanawhana Limestone).

(C) Cathodoluminescence of pore-filling cement suite. Note the blotchy luminescence of
early turbid cement (arrowed) about bivalve grains due to dissolution associated
with post-compaction brightly luminescent cement. Dissolution is also outlined by
the irregular aspect of the outer margin of turbid cements. CL: Sample 5.62
(Awapapa Limestone).

(D) Same field of view as in (C) under plain light. The black arrow with white
background points at micritic crust and overlying turbid cement, both separated
from the main body of the grain due to compaction. PL: Sample 5.62 (Awapapa
Limestone).

(E) Patchy-cloudy luminescence of isopachous fibrous cement (arrowed) coating
barnacle (bottom right) and bivalve (bottom left) grains. CL: Sample 4.5 (Kairakau
Limestone).

(F) Same field of view as in (E) under plain light. Acicular turbid cement is arrowed.
PL: Sample 4.5 (Kairakau Limestone).

(G) Fibres display a bright pale green fluorescence (white arrow) that may indicate the
presence of some organic matter along elongate crystals within the turbid cement
fringe. Fluorescent light: Sample 4.105 (Kairakau Limestone).

(H) The orange cathodoluminescence pattern outlines the acicular fabric of first
generation turbid cement (white arrow). Note first compaction-induced fracturing
stage (a) and later syn-uplift fracturing stage (b). CL: Sample 4.29 (Kairakau
Limestone).
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In the Te Aute case, the cloudy zone always occurs as the initial cement
overgrowth, distinct from later clear enlargements, and can be as thick as 250 pm
(Figures 5C, 5D, 5F). The cloudiness originates from elongate solid inclusions
underlying precursor fibres whose long axes are coincident with the c-axis of the host
echinoderm fragment. Consequently, turbid syntaxial overgrowths always display a
straight extinction.

The luminescence of turbid syntaxial overgrowths is similar to that of their

isopachous cement counterparts (Figure 5E).

4.2.3. Stratigraphic position of inclusion-rich cements

Turbid cements are uncommon in the Te Aute successions. The stratigraphic location of
horizons including such cements turns out to be important when considering the
sequence stratigraphic context of the studied deposits (see Chapters 2 and 4). Typically,
turbid cements are found close to unconformities (above transgressive surfaces of
erosion and below sequence boundaries sensu stricto), at stratigraphic positions
associated with high-energy conditions (lower part of TSTs and upper part of RSTs),

and in intervals inferred to have low or arrested sedimentation rates (close to Mfs).

4.2.4. Precursor mineralogy of inclusion-rich cements

A principal theme regarding the early diagenetic evolution of non-tropical sediments is
the attempt to relate precursor mineralogy and habit with a corresponding replacement
fabric.

The X-ray diffraction analyses of bulk samples indicate predominantly LMC
mineralogies, with some intermediate-Mg calcite (IMC) ones. The calcite peak positions
in slow-scan X-ray diffractograms range in D-spacing from 29.40 to 29.62°20,
indicating that the calcites contain from 2 to 7 mol% MgCO; (Chave, 1954). However,
for more than 80% of analysed samples, concentrations fall in the interval 2 to 4 mol%
MgCO;.

8'®*0 values for one microsample of turbid cement and for the bulk of pre-
compaction cements, which include both turbid cements and later stage clear spar
cements, range from -0.44 to —4.4°/,PDB, while 8"*C values range from 1.17 to —
2.4°/,,PDB (Table 1; Figure 6; see Appendix 7), compatible with a normal marine to

mixed marine and meteoric signature (Nelson and Smith, 1996).
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Figure 5 — Photomicrographs of isopachous inclusion-rich cement (continued) and
turbid syntaxial overgrowths

(A)

(B)

©)

(D)

(E)

(F)

G)

Elongate inclusion-rich cement (black arrow) that post-dates geopetal micrite
sediment (i.s.), is overgrown by scalenohedral spar. The offset of the fibrous rim
cement from its substrate (white arrow) is a result of mechanical compaction prior
to precipitation of clear spar. Crossed nicols (CN): Sample 5.93 (Awapapa
Limestone).

Isopachous fibrous cement grows selectively upon the calcitic layer of bivalve shell
at right. The margin of the previously aragonitic shell layer (now left as a spar-filled
mould — M) is turbid cement-free. Black arrow points at the abrupt transition. PL:
Sample 5.89 (Awapapa Limestone).

Turbid syntaxial overgrowths (arrowed) upon echinoderm fragments (e). The
inclusion-rich zone occurs as the initial cement overgrowth distinct from later clear
enlargements. CN: Sample 5.75 (Awapapa Limestone).

Initial inclusion-rich zone (black arrow) about echinoderm clast (e) predates
mechanical compaction as shown by the offset of correlative isopachous turbid
cement from its substrate (bivalve; white arrow). PL: Sample 4.6 (Kairakau
Limestone).

The blotchy luminescence of turbid syntaxial overgrowths (s.0.) upon echinoderm
fragment (e) is similar to that of isopachous inclusion-rich cements (see Figure 4A,
4C). CL: Sample 5.65 (Awapapa Limestone).

Same field of view as in E under plain light. PL: Sample 5.65 (Awapapa Limestone).

- (H) Needle cement (n.c.; presumably of original aragonite with retention of
microstructure and partial retention of mineralogy) is overgrown by two generations
of isopachous turbid fringes (in H; black arrows) separated by an isopachous layer of
clear spar cement (white arrow). Under CL light (G), turbid cement fringes are
cloudy orange, while needle cement is non-luminescent with some internal orange
patches and dissolution microcavities (white arrows) coeval with yellow luminescent
pore-filling calcite mosaic spar. CL and PL: Sample 6.6 (Pakipaki Limestone).
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Pore-lining inclusion-rich fibrous cements contain minor amounts of FeO (N = 26; 0 to
0.6 wt%, mean = 0.18 wt%), and virtually no MnO (0 to 0.05, mean = 0.02 wt%). SrO
contents are low (0 to 0.5, mean = 0.09 wt%) and MgO is elevated compared to later
stage cement varieties, ranging from 0.16 to 1.70 wt% (mean = 0.8 wt%; Table 1;
Figures 7A, 8).

Previous studies have frequently addressed the problem of possible precursor
mineralogies for early turbid cements (Lohmann and Meyers, 1977; Sandberg, 1985;
Videtich, 1985; James and Choquette, 1990a; Mazzullo et al., 1990; Nelson and James,
2000), and subsequently for their primary environmental origin. In tropical and non-
tropical carbonate sediments, four major precursor mineralogies have been envisaged: (1)
aragonite; (2) low-Mg calcite (0-4 mol% MgCO;) = LMC; (3) intermediate-Mg calcite
(4-12 mol% MgCO;) = IMC; and (4) high-Mg calcite (>12 mol% MgCO;) = HMC.

Precursor mineralogy = acicular to fibrous aragonite

There is no evidence for any aragonite precursor for turbid cements in the Te Aute non-

tropical limestones, even though this model has been envisaged in some tropical early

cement suites (Bathurst, 1975). Arguments are as follows:

(a) The primary mineralogy of skeletons in the Te Aute limestones is predominantly
calcitic (LMC to IMC; Hood and Nelson, 1996). The aragonitic contributors have
generally been dissolved in the early stages of diagenesis, by contrast with calcitic
skeletons and turbid cements. Had turbid cements had an aragonite precursor, then it
is difficult to envisage the likelihood of selective destruction by solution of the
biogenic aragonite at the same time as non-destructive calcitization of primary
aragonite turbid cements (e.g., Aissaoui et al., 1986).

(b) Turbid cements in the Te Aute limestones neither display relicts of aragonitic fibres,
nor botryoid morphologies, nor fine spar textures characterizing former aragonite
cements (Sandberg, 1985).

(c) The orthorhombic crystal lattice of aragonite is not prone to syntaxial overgrowth
upon echinoderm clasts, parallel to the c-axes of such monocrystals.

(d) The average values of SrO (0.09 wt%) for the turbid cements are low, similar to that
of inclusion-free cements, particularly the (presumed non-marine) younger sparry

calcites (Table 1; Figure 7B), and well below SrO contents of neomorphosed
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Table 1- Some stable isotope and major and minor element compositions (mean and
range values) of various cement phases and skeletons from Te Aute limestone
samples (Kairakau, Awapapa, and Te Onepu).

No. MgO  StO  MnO FeO [, "0 8°C

(Wt%) (Wt%) (Wt%) (Wt%) (PDB) (PDB)

Turbid cement | 26 10 6?1.7) ((())-'(()).2) (096(.)025) (8.'5,%) b os 117
cegaremen | 41 (O3, 246 0016 ole
Pf::;‘(’cg';g‘c‘::? 20 (0.0(6):3.94) (092'.‘(1)3) ((86(-):5) (0-01.-?;5)

T I AR
Echinoderm | 11 (0.0(7):?.03) (0-00'.;5) ((86(.)013) ((8i7516)

Brachiopod 8 (-09{3)50.9) a lt{)723.4)

Calcitic bivalve 2 (-1,30 {01 15) (1.21 }351.3)
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Unaltered brachiopod skeletons
from the Awapapa Limestone

Burial trend

-
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Pre-compaction cements
Youngest non-ferroan cement (YnfC) o)
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Brachiopods
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(from Nelson and Smith, 1996)
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Figure 6- Stable isotope cross-plots for bulk samples of limestones, bulk samples of
pre-compaction cements that contain (inferred) marine turbid cements, and various
other samples including brachiopods from early Waipipian Awapapa Limestone. A
variable degree of both burial and meteoric overprint characterizes most limestones.
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aragonite cements and skeletal aragonites reported in previous studies (e.g., 0.1-0.34

wt% in Mazzullo, 1980; Sandberg and Hudson, 1983).

Precursor mineralogy = low-Mg calcite (LMC)

Sandberg (1985) and Saller (1986) have documented and interpreted radiaxial fibrous
cements as primary LMC. By contrast, several attributes and properties of the turbid
cements found in the Te Aute limestones indicate that their present mineralogy and habit

correspond to a replacement fabric:

(a) The fabric of LMC cements recognized in modern marine sediments (Moore, 1989) is
different from the ghost acicular or fibrous morphology of early turbid cements,
which is underlain by elongate inclusions engulfed within larger spar crystals.

(b) Early inclusion-rich cements examined under cathodoluminescence exhibit a cloudy
to patchy CL pattern (Figure 4), which is quite different from the homogeneous
luminescence or concentric growth zones of younger clear LMC spar cements (see
Figure 12). The distribution of CL activators and inhibitors in the former cements do
not reflect the crystal growth stages, but rather a chemical reorganization through
neomorphic transformation of former mineralogies during later diagenetic processes
(Grover Jr and Read, 1983; Tucker and Wright, 1990; James and Bone, 1992;
Kaufmann and Wendt, 2000).

(c) The cloudy luminescence of turbid cements is similar to that of former HMC
skeletons, including echinoderms and some bryozoans, but differs from the
homogeneous non- to orange luminescence of bioclasts that retain their primary
LMC mineralogy, such as brachiopods and epifaunal bivalves (pectinids and

ostreids).

Precursor mineralogy = intermediate- to high-Mg calcite (IMC and HMC)
The combination of microfacies, CL and geochemical evidence, indicates that the (now)

LMC turbid cement in the Te Aute limestones corresponds to primary IMC to HMC:

(a) The patchy to cloudy CL of the inclusion-rich cements, similar to that of former
HMC skeletons, supports the neomorphic stabilization of former IMC or HMC into
LMC.
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(b) The ghost fibrous fabric underlain by elongate inclusions, and palisadic crystals with
scalenohedral terminations found in the Te Aute limestones, conform to the
morphologic attributes of fibrous IMC and HMC cements described in modern
carbonate settings (Rao, 1981; Videtich, 1985; Aissaoui er al., 1986; Aissaoui,
1988).

(c) Early inclusion-rich cements whose primary mineralogy has been argued to be IMC
or HMC have been documented in many ancient non-tropical and tropical carbonate
deposits (Longman, 1980; Grover Jr and Read, 1983; Heckel, 1983; Dorobek, 1987,
Kaufman et al., 1988; James and Choquette, 1990a; James and Bone, 1992; Dodd
and Nelson, 1998; Nelson and James, 2000).

So far, turbid cements in the Te Aute successions have not been seen to contain

microdolomite inclusions, suggesting that they might originally have not been HMC

(Lohmann and Meyers, 1977). Instead, a primary IMC mineralogy for the fibrous

inclusion-rich cements would be consistent with the non-tropical Te Aute setting, as

suggested by James and Bone (1992) for comparable fabrics in the cool-water

Abrakurrie Limestone in southern Australia, using temperature-dependent relationships

(Burton and Walter, 1987). This original IMC mineralogy of turbid cements is

compatible with their present slightly elevated MgO contents compared to later cements,

considering that part of the original magnesium was probably released during later stage

neomorphism of the turbid generation (Figure 9).

4.2.5. Diagenetic environment

A literature review shows that early isopachous IMC and HMC cements have been
interpreted as mostly of marine origin (e.g., Nelson and James, 2000). In contrast, turbid
syntaxial overgrowths have been the subject of some controversial interpretations, some
researchers suggesting that these enlargements originate exclusively in meteoric
environments (Longman, 1980; Kaufman er al., 1988), or can form in various
environments, including marine. Undoubtedly, a major reason for the disagreement is
that this type of cement can originate and continue to grow in all diagenetic
environments. Among the proposed petrographic criteria for recognizing and interpreting
the marine part of overgrowths, Walker et al. (1990) referred to the initial cloudy zone

distinct from later more translucent zones, marine borings in overgrowth



Figure 7 — Electron microprobe analyses of (A) MgO and FeO, and (B) MnO and SrO
variations in inclusion-rich fibrous cements, and both pre-compaction (PrC) and post-
compaction (PoFC and YnfC) clear spar cements. Note in (A) the relatively high MgO
content of pre-compaction cements compared to post-compaction ones (see text for
discussion). Mean MgO concentrations decrease with each younger precipitate, from the
(inferred) marine turbid cements to the telogenetic/meteoric cement (YnfC). Note also
the relatively consistent increase of FeO associated with PoFC, interpreted to have
formed from reducing burial fluids. Telogenetic cements (YnfC), interpreted to originate
in the meteoric diagenetic environment, contrast with all previous phases in being mainly
depleted in MgO, FeO, SrO, and MnO. Inclusion-rich cements typically have low Sr
contents ruling out a possible aragonitic precursor for this early cement phase. Data
gathered from 20 transects (12 thin-sections from Kairakau and Awapapa Limestones)
starting at inclusion-rich cement and ending porewards either at POFC or YnfC (see also
Figure 8).

163



A 18 -
16 -
14 4

1.2 1

Weight percent (Wt%)

Inclusion-rich cement

PRE-COMPACTION

B2.5-

2.0 4

1.5 1

1.0 A

Weight percent (wt%)

0.0

Inclusion-rich cement

PRE-COMPACTION

PrC

PrC

\

1.2 1
1.0 4
0.8 -
0.6 1
0.4 1

0.2 1

Mean Concentrations

Turbid
cement

POST-COMPACTION

oFC

7

1.0 1

0.5 1

Mean Concentrations

Turbid

cement

i QY

W

® MnO
O Sro

@

WG e,

POST-COMPACTION

164




Figure 8- MgO, FeO, SrO, and MnO distribution across intergranular pore space. L2
transect of microprobe spot measurements starts within calcitic bivalve fragment and
ends within barnacle plate (b) fragment (white arrow gives the direction). The degree of
neomorphism of inclusion-rich fibrous cement, as indicated by the differential
incorporation of Mn and Fe (plots A and B), changes laterally depending, for instance,
on fractures that interrupted the progression of the neomorphic front passing through the
cement (black arrow). The incorporation of Mn in the crystal lattices translates in
brightly luminescent fringes (see plot A). Note that the same generation of inclusion-rich
cement across the pore is non-luminescent and has low MnO content. MgO
concentrations are typically low within YnfC, while they are variable in inclusion-rich
cement fringes. Thus, low MgO content correlates with a higher degree of alteration,
suggested by the integration of Mn and Fe, while moderately elevated MgO content
coincides with low MnO and FeO. SrO content is low in YnfC but increases in inclusion-
rich cements and carbonate skeletons. Sample 5.28 (Awapapa Limestone).
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Figure 9- Cross-plot of the MgO and SrO contents of cement phases in the diagenetic
suite from pre-compaction inclusion-rich fibrous cements to latest telogenetic YnfC.
Inclusion-rich cements contain variable MgO concentrations (see Table 1). The
decrease in MgO is attributed to increasing degree of neomorphism, and trends
toward the MgO values held by primary LMC youngest non-ferroan cement (YnfC)
interpreted to have formed in the meteoric environment. These data suggest that
inclusion-rich cements were originally composed of IMC (possibly HMC) and were
altered to LMC, probably during the precipitation of PrC cements. Indeed, the latter
have intermediate MgO contents (circled) between the highest values associated with
inclusion-rich cements and the lowest values yielded by meteoric YnfC. These data
are consistent with petrographic observations that indicate that inclusion-rich rinds,
when enclosed within larger PrC crystals, were stabilized during this cementation
phase, interpreted to originate either in the meteoric environment or in the mixing
zone.
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cements, and micritic matrix surrounding overgrowths, all features recognized in the Te
Aute carbonates (Figures 5C, 5D, 5F).
Besides their inferred IMC-HMC mineralogy, the following additional matters

lend support for the interpretation of turbid cements as a product of marine diagenesis:

(a) The presence of solid (organic?) inclusions in these cements suggests turbid pore
fluids, which is atypical of sub-surface mixing zone and meteoric environments, but
typical of marine fluids replete with organic debris and other suspended debris.

(b) In the earliest stages of the chronological sequence of cementation, turbid cements
always occur associated with marine internal sediments.

(c) Bulk samples and cement microsamples including inferred turbid IMC-HMC are the
most enriched in '®0. The heaviest value from one extracted microsample of turbid
rind gives a 8'*0 value of —-0.44%,PDB that falls in the field of 8'%0 values of
unaltered brachiopod shells (Figure 6; Table 1).

(d) Their occurrence at stratigraphic locations within sediments deposited under high-
energy conditions and low accumulation rates, suggesting strong marine water
pumping through the sediments, and/or abundant water circulation, all factors that
greatly favoured CO- degassing and enhanced pervasive cementation on or beneath

the sea floor.

4.3. Clear spar cements

A dual approach has been taken for the description of clear spar cements: (1) textural -
morphologic types of clear cements are recognized, and their paragenetic relationships to
neighbouring microfabrics assessed; and (2) compositional - internal zonations of clear
cements as revealed under cathodoluminescent light and through the use of artificial
stains are grouped into discontinuity-bounded CL sequences tentatively mapped
geographically (see Chapter 5, Section 4.2), and related to major stages of the host

sediment diagenetic history.

4.3.1. Cement types
Calcite spar and microspar cements are the dominant interstitial crystalline components
in the Te Aute carbonates. They can be meaningfully described in terms of their clarity,

and crystal and zonal morphologies. Clear spar cements appear in a variety of crystal
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forms whose development is controlled, among other factors, by the size of pore spaces:
(1) microgranular spar >10 pm in size in the shape of small equant to subequant
projecting crystals with subhedral forms termed blocky or “stubby” (see Glossary in
Appendix 10); (2) coarse spar 0.1-1 mm in size having variable shapes, including
scalenohedra or “dog-teeth” (Figures 10A, 10E, 10F), needles (Figures 11A-C), blades
(Figure 10B), mosaics of interlocking crystals of various size (Figure 10C), and syntaxial
cement rims about echinoderm particles (Figures 10D, 11E, 11F); and (3) poikilotopic
cement sized between 0.1 and 2 mm that typically engulfs adjacent skeletal and non-
skeletal grains.

Pre-compaction spar cements comprise scalenohedral, bladed palisadic, blocky to
mosaic, and syntaxial crystal forms, while post-compaction cements are mostly
characterized by syntaxial overgrowths, and blocky to mosaic and poikilotopic spars.

In the chronology of pre-compaction cement suites, scalenohedral cements (or
dog-tooth cements) syntaxially overgrow the turbid acicular cements (Figure 3D). In the
absence of early isopachous turbid rims, bladed epitaxial crystals arranged in a palisade
fashion and blocky (‘“stubby”) inclusion-free sparry calcites constitute fringes coating
skeletal fragments.

Fine equant spar crystals and mosaic spar are substrate independent and nucleate
upon: (1) internal sediments; (2) the exterior surface of older isopachous fringes (clear or
turbid); and (3) the interior surface of biomoulds and fractures, forming in some cases a
drusy fabric (Figure 10F). Typically, mosaic clear spar occludes the remainder of pore

spaces (Figure 10C).

4.3.2. Compositional zoning of clear spar cements

By contrast with early turbid cements whose patchy luminescence reflects chemical
alteration during later diagenetic processes (see Section 4.2.4), the homogeneous
luminescence and compositional zonations of sparry calcite cements are assumed to be
primary features. The zonations reflect the different stages of cement growth influenced
by changes of the pore fluid chemistry (Dickson, 1965; Grover Jr and Read, 1983;
Dorobek, 1987; Emery and Dickson, 1989; Meyers, 1991).
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4.3.3. Chemical staining versus cathodoluminescence

The comparison of crystal zones recognized through the use of cathodoluminescence and
artificial stains has shown that cathodoluminescence enables distinction of more and finer
growth zones than does chemical staining. Thus, in many cases groups of subzones

observed under cathodoluminescence are correlated to larger zones revealed by stains.

4.3.4. Growth patterns
Concentric banded growth stages of spar crystals correspond to discrete diagenetic

changes, and can be hierarchically divided into luminescent zones and subzones.

Luminescent subzones correspond to the thinnest divisions observed under
cathodoluminescence. Each subzone represents one stage of crystal growth in the course
of which the physicochemical conditions supposedly remained more or less the same.
The limit between two subzones can be sharp or progressive depending on the evolution

of the pore-fluid chemistry (Meyers, 1978, 1989, 1991; Walkden and Berry, 1984).

Luminescent zones correspond to a group of subzones or to thick homogeneous
luminescent stages. Because subzones are often complex, their description and analysis
are sometimes better simplified. Indeed, subzones exhibit locally rhythmic features of
luminescence corresponding to very fine repetitions of the same basic couplet of
subzones, such as thin bright yellow and black. In such a case the rhythmites of
luminescence are referred to as “zones”.

Although each zone may potentially represent a time correlative discrete period
of cementation, in the Te Aute rocks experience has shown that only bounding
diagenetic discontinuities (including dissolution surfaces, fractures, and renucleation
surfaces) have proved to be confidently traceable vertically within a measured section,
and laterally between measured sections, so defining intervening CL sequences (see

Chapter 2, Section 4.3).

4.3.5. Pre- and post-compaction clear spar cements: PrC, PoFC, and YnfC
Pre-compaction and post-compaction diagenetic histories of each Te Aute limestone,
ranging from late Opoitian to Mangapanian (and possibly early Nukumaruan) in age, are

generally characterized by three successive generations of calcite spar precipitates
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Figure 10 — Photomicrographs of clear spar cements

(A) Dogtooth cement (arrowed) coating bivalve and barnacle grains. Note that this LMC
cement did not form upon the partly altered aragonitic shell in the centre. PL:
Sample 7.3 (Rotookiwa Limestone).

(B) Bladed palisadic cement (black arrow) about a molluscan valve fragment. Cement
grew in optical continuity with oriented skeletal substrate. White arrow points at the
undulose extinction front. CN: Sample 4.127 (Kairakau Limestone).

(C) Mosaic spar occludes enlarged pore after the remaining envelope of dissolved
aragonitic shell fragment (dashed line) collapsed, accumulating debris (arrowed) that
floors the former pore space. PL: Sample 7.17 (Rotookiwa Limestone).

(D) Syntaxial overgrowth (s.0.) about echinoderm grain (e) — Note that the pale blue
overgrowth abuts against the ghost margin of former aragonitic shell, whereas the
pale pink syntaxial phase partly fills the open mould. This suggests that dissolution
probably pre-dates the pale pink zone. PL: Chemically stained sample 7.17
(Rotookiwa Limestone).

(E) Scalenohedral cement (black arrow) — This cement post-dates compaction-induced
skeletal (bivalve) fracturing as indicated by tiny dark grey (blue stain) crystals
covering the walls of the fracture (white arrow). PL: Sample 4.60 (Kairakau
Limestone).

(F) Drusy spar about calcitic bivalve and coating the internal walls of dissolved former
aragonitic grain — Note the crystal enlargement towards pore centre (black arrows),
either outwards from grain substrates or from the interior walls of biomoulds.
Intergranular drusy crystals exhibit a scalenohedral termination. PL: Sample 4.67
(Kairakau Limestone).

(G) Isopachous equant spar cement (arrowed) fringes barnacle grains, followed by
homogeneous micrite and later dissolution of probably aragonite skeletons (top right

corner). PL: Sample 11.22 (Mason Ridge Formation).

(H) Closely packed lozenge-shaped crystals (arrowed) form an isopachous fringe around
calcitic bivalve fragments. CN: Sample 6.5 (Pakipaki Limestone).
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having distinctive cathodoluminescence, chemical staining, and geochemical attributes,
each generation being separated by correlative diagenetic discontinuities.

The first generation either constitutes the first cement in the pore space, or
overgrows early turbid fringes, and systematically pre-dates compaction-induced skeletal
fractures. First generation spar cements commonly coat walls of secondary pores
(mouldic voids), and are represented by clear scalenohedral to mosaic calcite spar and
syntaxial overgrowths. They are non- to slightly ferroan (N = 41; FeO = 0 to 0.43 wt%,
mean = 0.16 wt%; stain pink to pale mauve) and are typically non-luminescent (e.g.,
their low MnO content; N = 41, 0 to 0.05 wt%, mean = 0.016 wt%), even though the
spar may display orange and bright yellow internal subzones.

Generation 2 cements represent the first stage of post-compaction cementation,
and consist of fine to coarsely crystalline (scalenohedral to drusy), faintly subzoned,
brown to orange, moderately to dull luminescent spar. Generation 2 cements are
generally ferroan, especially within the Kairakau Limestone (N = 20; FeO = 0 to 1.25
wt%, mean = 0.3 wt%; stain mauve, pale to deep blue), and fill compaction-induced
skeletal fractures and spalled early cement rims.

This simple two-stage “cement stratigraphy” has been widely recognized in many
ancient carbonates (Meyers, 1978; Grover Jr and Read, 1983; Niemann and Read, 1988;
Tucker and Wright, 1990; Lavoie and Bourque, 1993; Hood and Nelson, 1996), and
Meyers (1991) proposed to designate the two generations by the terms Older Banded
Cements (OBC) and Younger Ferroan Cements (YFC), respectively. This cement
terminology was not used in the present study because it does not adequately describe
cement generations 1 and 2. The CL of generation 1 cements rarely displays CL bands or
zones, but rather is usually homogeneous (Figure 12). Therefore, the term pre-
compaction clear spar cement, abbreviated PrC, is proposed to designate this non- to
(locally) slightly ferroan, non-luminescent cement generation.

According to Meyers (1991), YFC can pre-date compaction, even though they
are more commonly fracture-hosted. To prevent this inconsistency, generation 2 cements
are here referred to as post-compaction ferroan cements, abbreviated PoFC (Figures
12A-E).

The third generation of calcite spar may locally represent the volumetrically
dominant cementation phase, occluding 50-80% of the total pore space (primary and

secondary porosity). In most cases, this final void filling is usually clear, relatively
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Figure 11 — Photomicrographs of clear spar cements (Continued)

(A)

(B)

©)

(D)

(E)

(F)

(&)

(H)

Isopachous rinds of lozenge spar cement (arrowed) coat calcitic (LMC) skeletons
(Ba = barnacle; Bi = bivalve; Br = Bryozoan), whereas needle cement grows upon
aragonitic substrates (top left corner). PL: Sample 6.5 (Pakipaki Limestone).

Illustration of substrate selective fabrics — Note contrasting crystal morphology on
either side of bivalve fragment (Bi). First-generation needle cement (aragonite?
arrowed) is enclosed within second-generation LMC larger crystals. PL: Sample 6.5
(Pakipaki Limestone).

Unaltered needle cement exhibits in places an undulose extinction reflected by the
dark light cone-shaped appearance of the crystals (white arrow). Fibre relics that
grew in optical continuity with, and normal to, their substrate show a uniform
extinction. Note that calcite crystals of quite different extinction angles replace
different segments of the length of needles (black arrows). CN: Sample 6.5
(Pakipaki Limestone).

Non-ferroan (pale pink) pre-compaction blocky to scalenohedral cement (PrC) pre-
dates . post-compaction ferroan (pale blue) cement (PoFC). PoFC being the first
cement generation that fills biomoulds (M), probably is contemporaneous with
dissolution of skeletons. PL: Chemically stained sample 17.14 (Scinde Island
Limestone).

Syntaxial cement overgrowth upon echinoderm clast (e) has recorded a complex
history of pore-fluid changes, ranging from marine (turbid cement = t.c.) to
telogenetic/meteoric (YnfC), via meteoric or mixed marine-meteoric oxidizing
(PrC), and reducing burial waters (PoFC). PL: Chemically stained sample 2.8
(Titiokura Formation).

Similar diagenetic suite to that in (E), but without PrC. PL: Chemically stained
sample 7.17 (Rotookiwa Limestone).

Similar diagenetic suite to that in (F). Note that telogenetic YnfC is pre-dated by
dissolution underlain by iron-stained silt at the boundary between PoFC and YnfC.
PL: Chemically stained sample 5.74 (Awapapa Limestone).

Pore-filling succession of cement phases records the transition (along the arrow)
from Fe-enriched reducing fluids (deep blue) to more oxidizing waters (pale mauve)
following probable progressive uplift. PL: Chemically stained sample 15.5b (Te
Waka Formation).
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coarse, blocky to mosaic, non-ferroan calcite (N = 113; FeO = 0 to 0.31 wt%, mean =
0.05 wt%), which post-dates uplift-induced fractures and/or a correlative dissolution
“event”. Generation 3 cements have similar cathodoluminescence properties to those éf
PrC, and commonly start with a thin bright orange/yellow zone (up to 20 um) that
sharply passes into a thick non-luminescent zone further porewards (Figure 12B). In the
present study, generation 3 cements are termed Youngest non-ferroan Cements (YnfC).

The traceability of the diagenetic discontinuities bounding PrC, PoFC, and YnfC
indicate that these successive cement generations are widespread throughout a given
formation, both vertically and laterally, even though some early building zones of PrC
may be restricted to a few metres beneath subaerial discontinuities.

The cement generations are usually too thin to be confidently sampled
individually, so that stable oxygen and carbon isotope values are available only for pre-
compaction cements, including inferred marine turbid cements, and a few YnfC (Figure
6; Table 1). Bulk sample isotope analysis of pre-compaction cements (marine turbid
cement and PrC) have yielded values (N = 6) ranging from §'*0 = —0.8 to —4.44°,,PDB
and §'°C = 0.06 to —2.4%,,PDB. Moderately depleted §'*O composition (N = 7; -5.0 to —
3.1%,PDB) of YnfC cements is coupled with also moderately depleted 8"°C values (-8.2
to -2.1%,PDB) (Table 1; Figure 6). Mineralogically, PrC, PoFC, and YnfC are low-Mg

calcite.

4.3.6. Diagenetic environment for PrC, PoFC, and YnfC cements

PrC (pre-compaction clear spar cement)

The environment of precipitation of early non-luminescent cements that post-date
inferred marine turbid cements remains controversial (e.g., Meyers, 1991), even though
in the present study a burial environment at depth where compactional processes are
triggered can be ruled out on the basis of the following evidence: (1) PrC are pre-
compactional; (2) they pre-date pressure-dissolution; (3) their non- to low-ferroan
mineralogy, and their occurrence early in the paragenetic suite, commonly post-dating
the earliest dissolution fabrics, suggest that PrC formed from interstitial oxidizing waters
with a starting composition undersaturated with respect to IMC, HMC, and aragonite;
and (4) the few 8'®0 and 8'°C data indicate that PrC did not precipitate from waters

modified by burial. The Te Aute PrC most likely originated either in the shallow
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Figure 12 — Cathodoluminescence of pre- and post-compaction clear spar cements

(A) Non-luminescent PrC is post-dated by compaction-induced fractures (white arrows)
filled with orange luminescent ferroan cement (PoFC). Note that PrC is the first
cement generation in biomoulds (black arrow). CL: Sample 4.65 (Kairakau
Limestone).

(B) Same diagenetic suite as in (A), but post-compaction fracture-hosted (white arrows)
PoFC is cross-cut by uplift-related fractures (black arrow) followed by thin orange
subzone and latest non-luminescent, non-ferroan, banded YnfC. CL: Sample 4.127
(Kairakau Limestone).

(C) YnfC post-dates uplift-related fracturing (white arrow) and is the dominant cement
phase occluding pore space after thin post-compaction PoFC (black arrow). CL:
Sample 7.18 (Rotookiwa Limestone).

(D) Same suite as in (B). Note that latest YnfC exhibits a contrasting luminescence
pattern (non-luminescent to bright yellow). CL: Sample 4.93 (Kairakau Limestone).

(E) Dissolution surface (black arrow) separating pre- and post-compactional (white
arrows) calcite cements, PrC (black to dull brown luminescence) and PoFC (orange
to bright yellow) respectively. Post-uplift cement (YnfC) is typically non-
luminescent. CL: Sample 5.25 (Awapapa Limestone).

(F) Plain light photomicrograph of same field of view as in (E). Note compaction-
induced fracture (arrowed). PL: Sample 5.25 (Awapapa Limestone).

(G) - (H) Abrasion and microbored surface (arrowed) within syntaxial overgrowth as
seen under CL and plain light. Abraded cement is first generation PrC and is
overgrown by post- (final) deposition PrC and post-compaction PoFC. CL/PL:
Sample 4.70 (Kairakau Limestone).
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subsurface (tens of metres) marine or meteoric phreatic environments, origins that have

commonly been invoked for these controversial precipitates.

Interpretation

Hypothesis 1: PrC = marine to shallow subsurface marine precipitates

A marine to shallow subsurface marine origin has previously been envisaged for early
non-ferroan, non-luminescent, clear calcite cements on the basis of the presence of some
microdolomite inclusions, and relatively high §'®0 and §"C values compared to later
stage calcite precipitates (Wilkinson et al., 1985; Kerans et al., 1986; Lavoie and
Bourque, 1993; Zempolich and Erba, 1999). In the Te Aute successions, low-Mg calcite
PrC overlie inferred IMC-HMC marine cements (Figure 11E). They are not
interstratified either with marine cements (with the single exception of one sample from
the Pakipaki Limestone; Figures 5G, 5H) or with internal marine sediments that could
otherwise argue for a marine origin. Further, it is difficult to envisage how marine waters
would precipitate IMC-HMC marine cements in spatially restricted horizons (Section
4.2.5), but subsequently LMC cements distributed throughout formations and extending
laterally over several kilometres (even though not necessarily synchronous; see Chapter
5, Section 4.2.2).

A shallow subsurface marine origin for the Te Aute PrC cements is partly
supported by isotopic and trace element evidence. The heavy relatively enriched and
narrow range of 8"°C values and the more depleted §'30 values for bulk pre-compaction
cements (including PrC) compared to the brachiopod shells (Figure 6) fall in the range of
values determined from spar cements inferred to have precipitated from marine or mixed
marine-meteoric fluids modified by burial (Nelson et al., 1988c; Lavoie and Bourque,
1993; Group 1 cements of Nelson and Smith, 1996). Non-ferroan, non-luminescent
cements contain relatively high amounts of MgO (N =41, 0.1 to 1.01 wt%, mean = 0.57
wt%), slightly lower than early inclusion-rich cements, but much greater than later stage
cement varieties (Table 1; Figure 7).

The relatively depleted 8'°0 values could be explained by the progressive rise in
temperature of pore waters during sediment burial. In the Te Kuiti limestones, Nelson et
al. (1988c) demonstrated that variations in §'°0 were due to temperature-related
fractionations associated with the geothermal gradient. However, precipitation of PrC,

say 2.0%,, depleted from §'*0 marine (brachiopod) calcite, would require an increase in
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burial temperature of 6-8 °C (Nelson er al, 1988c; Meyers, 1991). Assuming a
geothermal gradient of ca. 20 °C/km, this translates to subsurface depths between 250 m
and 350 m. At this range of depths, poorly cemented skeletal sediments are likely to
display extensive mechanical compaction features (Meyers, 1980; Nicolaides and
Wallace, 1997b; Figure 19), incompatible with the pre-compactional nature of PrC.
Nonetheless, a shallow subsurface marine hypothesis cannot be totally ruled out
because: (1) the relatively high MgO content of the clear spar calcite, consistently
exceeding 0.25 wt%, is supportive of a non-meteoric origin (Meyers and Lohmann,
1985); and (2) the relatively heavy 8'°C values are more compatible with a shallow
marine burial or mixed marine-meteoric signature than with a meteoric signature.
Isotopic data at the cement scale for each limestone formation are so far insufficient to

yield a satisfactory isotope-based interpretation for the early inclusion-free spar cements.

Hypothesis 2: PrC = meteoric phreatic precipitates

A meteoric phreatic origin is frequently invoked for PrC in modern (Major and Wilber,
1991) and ancient deposits (Niemann and Read, 1988; Horbury and Adams, 1989;
Walkden and Williams, 1991). A similar origin could be envisaged here for the Te Aute

PrC, and is compatible with the following evidence:

(a) The precipitation of PrC is both coeval with, and post-dates, dissolution fabrics of
calcite and aragonite allochems (Figure 12A). Such fabrics in shallow-water facies
frequently result from the percolation of meteoric waters undersaturated with
respect to calcite and aragonite.

(b) PrC are pre-compactional cements.

(c) The depletion of §'*0 compared to the inferred marine signature could be the result
of precipitation from isotopically depleted meteoric waters (Niemann and Read,
1988; Meyers, 1989; Saller and Moore Jr, 1991).

(d) The regional distribution of PrC, and their relatively increasing abundance up section
in coarsening- and shallowing-upwards deposits, suggest that these non-luminescent
cements could have formed from extensive meteoric aquifers beneath unconformities
that developed during regional regression (see Chapter 5, Section 4.4).

This scenario is supported by the development, since late Opoitian - early Waipipian, of

subaerially exposed (uplifted) coastal hills to the east of the forearc basin (Beu, 1995)
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that could have acted as recharge areas for meteoric waters involved in early PrC
formation (Chapter 5, Sections 4.1, 4.3.1).

Relatively high MgO values with respect to later diagenetic stages could result
from an enrichment of pore waters in Mg cations released during degenerative
neomorphism of former IMC-HMC skeletons and cements in contact with meteoric
fluids (buffering). It can be envisaged that if the water/rock ratio during meteoric
stabilization of IMC-HMC turbid cements is low then the Mg/Ca ratio of the diagenetic
fluid can approach that of the dissolving phase (Figures 7A, 9). The MgO content of
some PrC, overgrowing turbid cements, could imply formation of this phase under at
least partially closed conditions during IMC-HMC stabilization. The same process has
been envisaged to explain the high SrO content in clear blocky spars following aragonite
stabilization (Tobin and Walker, 1998).

Relatively high 8" °C were measured on various microsamples, some including
marine fibrous cements. The §"°C values of PrC have probably been influenced by both
the heavier 8"°C isotopic signature of neomorphosed marine cements and dissolved shell
material in the sediments (Figure 6). It can be argued that as meteoric fluids penetrated
the subsurface from a recharge area located somewhere eastward, and percolated
through the sediments, increasing rock-interaction progressively enriched the §’C-
depleted meteoric pore water due to contributions from dissolution of carbonate clasts
(Lohmann, 1988; South and Talbot, 2000). Precipitated cements would therefore inherit
this isotopic signature. More investigation is needed so as to assess whether there exists
a definite trend towards increasing §"°C values from the eastern to the more basinward

PrC in each formation deposited on the eastern margin of the forearc basin.

PoFC (post-compaction ferroan cement)

This variety of cement occurs mainly in the Opoitian, Waipipian, and Mangapanian
limestone formations (Figure 1). To the east of the forearc basin, PoFC are generally thin
(< 50 pum), even though they may locally be more prevalent than later YnfC in the oldest
Kairakau Limestone (Opoitian) where they can totally occlude former interparticle
porosity. To the west, POFCs dominate in the Te Waka Formation (Waipipian-
Mangapanian; Figure 11H), where they also commonly form the initial cement stage.
PoFCs are poorly developed in the Nukumaruan limestones, and are locally absent in the

upper limestone sheet of Mason Ridge Formation, and in the Matapiro Limestone.
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Chemical staining identifies moderate to high concentrations of ferrous iron,
which is partly supported by the few available electron microprobe spot analyses (Table
1; Figure 7A) that yielded FeO values ranging from 0 to 1.25 wt% (N = 20, mean = 0.3
wt%). These values are higher than both the older inclusion-rich and PrC, and the
younger YnfC (Figure 7A). SrO concentrations are higher than that of pre-compaction
cements (0 to 2.03 wt%, mean = 0.4 wt%; Figure 7B), but MgO is depleted (0.06 to
0.94 wt%, mean = 0.4 wt%) and MnO is slightly enriched (0 to 0.65 wt%, mean = 0.04
wt%) in comparison (Table 1). PoFC could not be isolated for isotopic analysis.

Former HMC skeletons (mainly echinoderms) showing evidence of chemical
alteration have similar trace element geochemistry to that of PoFC, but higher FeO
content (N = 11, mean = 0.7 wt%; Table 1), which could indicate that dissolution of

some HMC grains was contemporaneous with precipitation of PoFC.

Interpretation

The interpretation of PoFCs, which include dull and moderately luminescent spar
cements (Figure 12), is straightforward by comparison with non-ferroan PrCs. They
conform to the attributes of mesogenetic products (Choquette and James, 1990), even
though their FeO content is generally lower than has been reported from other studies of
similar carbonate cements (Meyers, 1978; Haywick, 1990; Franck et al., 1995). Their
chemistry necessitates that they precipitated from pore fluids enriched in iron and
dominantly reducing. Ferroan cements post-date compaction and fracturing, and
commonly immediately follow in the cement suite a thin orange or bright yellow zone
(Figures 12D, 12E), which is coeval with mechanical compaction. The succession from
pre-compaction non-ferroan, non-luminescent cement (PrC) to post-compaction ferroan,
dull-luminescent cement (PoFC) via an interlayered transitional brightly luminescent zone
has been recognized in a number of cathodoluminescence studies (Grover Jr and Read,
1983; Niemann and Read, 1988; Moore, 1989; Meyers, 1991). The succession has been
interpreted to record the transition from dominantly oxidizing meteoric or mixed marine-

meteoric cementation to dominantly reducing burial cementation.
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Therefore, post-compactional ferroan cements are interpreted to have formed
during burial when pore waters were shut off from recharge by oxidizing meteoric or
mixed marine-meteoric waters. Not surprisingly, ferroan cements (PoFC) are better
developed in the older limestones, which have experienced deeper burial than their
younger counterparts which may even lack these precipitates. In the Te Waka Formation
(Waipipian-Mangapanian) in the western part of the forearc basin, where there is a high
content of terrigenous sediment, POFC are the most enriched in iron and stain deep blue
with Dickson’s solution as a result (Figure 11H). ICP-OES analyses of bulk samples
from Te Waka Formation confirm this observation and indicate very high iron
concentrations, well above those from eastern Opoitian and Waipipian formations
(Figure 13). In the latter, ferroan cements stain pale blue and mauve, indicative of
relatively moderate iron contents as confirmed by microprobe measurements. Moderate
FeO concentrations are not uncommon in burial cements. Nelson et al. (1988c) have
documented comparable values in inclusion-free spar cements interpreted to be of burial
origin, and related these low values to a greater isolation of the carbonate depositional

setting from a terrigenous influence.

YnfC (youngest non-ferroan cement)

The youngest non-ferroan cements generally represent the dominant cementation phase
in limestones ranging in age from Waipipian to Nukumaruan, locally accounting for up to
90% of the total cement within the youngest limestone formations. More usually, the
YnfC comprise about 50-60% of the total cement.

YnfCs are generally non-luminescent (Figure 12), but may display in their early
and latest growth stages orange and brightly yellow luminescent zones (Figures 12C,
12D). YnfCs post-date all previously described cements and in the Nukumaruan
limestones may represent the first cement in the pore space having CL attributes
otherwise like PrC. Typically, YnfCs are coeval with, and post-date, dissolution
producing moulds and an irregular surface engulfed within older cements (when present),
and fracturing. Further, the geochemistry of YnfCs contrasts significantly from older
cements in being (1) more depleted with respect to §"°C and §'®0 (Figure 6); and (2)
strongly depleted relative to MgO, MnO, FeO, and SrO (Table 1; Figures 7, 8). This

suggests that YnfCs have formed from near-surface, oxidizing groundwaters.
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Interpretation

Therefore, YnfCs are interpreted as a meteoric phreatic phase of calcite cement
precipitated in the time interval during which carbonate sediments that had been buried
(mesogenetic zone producing PoFC) were tectonically exhumed (uplift) to once again be
influenced by surficial processes (telogenesis). Uplift continued after these cements had
developed to eventually expose the carbonate deposits (now transformed into
limestones) to the most surficial diagenetic processes in the vadose meteoric
environment. This latest stage is also pre-dated by fracturing and dissolution, and the
remaining porosity is filled with pendant cements and geopetal sediments (see Figure
15A), which occur within the first few decimetres beneath exposed surfaces. The Te
Aute YnfCs conform with the characteristics of many late (post-burial) meteoric
diagenetic cements that have been described in ancient carbonate deposits and
interpreted as telogenetic products (Grover Jr and Read, 1983; Meyers, 1991; Lavoie
and Bourque, 1993; Hood and Nelson, 1996).

4.3.7. Pseudo-PrC: early blocky and “lozenge-shaped” isopachous sparry calcite
Two distinct varieties of non-ferroan inclusion-free spar cement are referred to here as
pseudo-PrC (pseudo-pre-compaction clear spar cement):

(1) Blocky cement consists of a thin (<50 pm) isopachous rind that coats skeletal
grains, and is non-luminescent under CL. Unlike PrC, this clear spar fringe pre-dates
homogeneous and microbioclastic micrite, which are presumably marine (Figure 10G),
and is not associated with dissolution features. Blocky isopachous pseudo-PrCs
constitute the first cements in the pore space of some well-cemented horizons within the
Nukumaruan Mason Ridge Formation, but were not unequivocally recognized within
older formations.

(2) Lozenge-shaped isopachous sparry calcite (Figures 10H, 11A, 11B) is
restricted to a single well-cemented horizon within the Pakipaki Limestone (early
Nukumaruan). It occurs as a palisade of densely packed lozenge-shaped crystals, which
are typically of equal length and are orientated perpendicular to the substrate. Crystal
extinction may be straight or undulose. Lozenge cement precipitated simultaneously with

elongate needle-like crystals of possible original aragonite mineralogy (Section 4.3.8).
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Lozenge cement is substrate specific and grew upon LMC to HMC substrates, while

needle cement only grew upon the primary aragonite layers of shell fragments.

Interpretation

Although no isotopic and trace element analyses were performed on these cements, their
habit and chronological position in the diagenetic suite suggests that they probably
originated in a marine phreatic environment. Cements similar to the isopachous blocky
rinds, interpreted to be primary marine precipitates, have been documented in a number
of Paleozoic to modern carbonate sequences (e.g., Aissaoui, 1988; Frank et al., 1995;

Zempolich and Erba, 1999).

4.3.8. Needle cement

Needle cement has only been recognized in the Pakipaki Limestone (early Nukumaruan).
Clear needle cement is made up of nearly parallel needle-like crystals oriented in picket
fence style perpendicular to the substrate (Figures 11A to 11C). Individual needles
average 2 to 7 um in width, while their length is highly variable, depending on the pore
space available, and thus may reach up to 0.5 mm long. Crystal termination is flat.
Needles commonly grow as optically syntaxial extensions of their substrate.
Consequently, undulose as well as uniform extinction of the cement occurs on adjacent
grains with different oriented shell microstructures (Figure 11C). Needles may exhibit
small angular divergences from being perpendicular to the substrate, which results in
undulose elongate cone-shaped extinction. In contrast, individual needles exhibit a
uniform extinction. Needle cement is substrate specific, growing exclusively on
aragonitic shells (gastropods and unidentifiable bivalves) and the aragonitic layer of shell
fragments, which display variable alteration fabrics, ranging from dissolution
microcavities to coarse neomorphic calcite with retention of microstructures underlain by
insoluble inclusions along primary lamellae (see Section 4.6).

In the larger pores, needle cement is engulfed in later generation coarse
crystalline LMC cement. Needle cement is typically non-luminescent under CL light,
even though rare elongate orange patches have been observed (Figure 5G). In one
example, needle cement is overgrown by two generations of (presumably marine)
isopachous fibrous turbid cement (Figures 5G, 5H). The X-ray diffraction analyses of

whole samples comprising needle cements indicate calcitic (IMC-LMC) and aragonitic
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mineralogies. Pakipaki Limestone carbonates are compositionally very similar to those
from other Nukumaruan limestone formations that lack needle cements, both in terms of
skeletal content and degree of alteration. However, diffractograms from these carbonateé
do not reflect this apparent comparability, but reveal much higher aragonite contents in
the Pakipaki Limestone samples containing needle cement than in the needle cement-free
samples from their Nukumaruan counterparts (Figure 14). This suggests that the
differing aragonite contents could be due to the contribution made by the intergranular

cement to the chemical composition.

Interpretation

Similar fabrics to that of the needle cement occur as aragonitic precipitates in modern
and ancient reefs (James et al., 1976; Sandberg, 1985), and in submarine hardgrounds
(Illing, 1954; Shinn, 1969; James et al., 1976; Sandberg, 1985). Substrate control of
cement habit and mineralogy also conform to observations as reported by previous
authors (James et al., 1976; Sandberg, 1985), and would support a primary aragonite
mineralogy for the needle cement. The high aragonite content of bulk samples including
needle cements provides further evidence about the mineralogy of these precipitate.

In a few thin-sections, needle cement is poorly to moderately altered compared to
the adjacent aragonitic grains. It does not meet the criteria that may confirm that, if
aragonite, needle cement has been calcitized (Sandberg, 1985): (1) it generally lacks
replacement coarse calcite crystals that cross-cut the relics of the original structure as
documented in calcitized cements and skeletons (Sandberg and Hudson, 1983; Sandberg,
1985); (2) there are no relics (“ghosts™) of needle cement entombed in larger calcite
crystals (Mazzullo, 1980); (3) needle cement is not pseudopleochroic as noted in
calcitized botryoid aragonite (Sandberg, 1985); (4) by contrast with the segmented fabric
of needles in calcitized aragonite relics, the Te Aute needles are generally entire and
continuous to the substrate; and (5) needle cement lacks evidence of dissolution, aside
from rare dissolution microcavities filled with secondary-stage sparry calcite (Figure 5G).

If the needle cement is interpreted as an aragonitic precipitate that has retained
both its mineralogy and microstructure, then it is evident that diagenetic processes have
selectively transformed the aragonitic skeletons but preserved the aragonitic cements.

Furthermore, shallow-water marine aragonite cements are thought to be good indicators
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Figure 14- Differences in peak heights of aragonite between samples from Pakipaki
Limestone and other Nukumaruan limestones are attributed to the cementing phase.
Selected samples from Mason Ridge Formation and Scinde Limestone are texturally
and compositionally (i.e., same amount of aragonite skeletons and same degree of
alteration) similar to those from Pakipaki Limestone, but lack the intergranular needle

cement that characterizes the latter. It is proposed that the needle cement is a former
aragonitic cement that partly retained its original mineralogy.
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of warm tropical waters oversaturated with respect to aragonite, which is seemingly
incompatible with the cool-water depositional environment of Pakipaki Limestone.
Indeed, Pakipaki Limestone has yielded several specimens of Zygochlamys deliculata;
which is considered to be an excellent indicator of cold periods in New Zealand marine
Late Pliocene and Early Pleistocene sediments (Beu, 1995).

However, preserved ancient aragonite cements have been reported in rocks that
underwent later meteoric diagenesis (Shinn, 1969; Wendt, 1977; Sandberg, 1985). In
these studies, unaltered first-generation needle fringe aragonite cement is encased in
second-generation sparry calcite, and abuts against calcitized primary aragonitic skeletal
substrates. The preservation of original mineralogy is a direct result of the engulfment of
aragonite needles into stable calcite. Aragonite relics, once encased in larger low-Mg
calcite crystals, can be isolated from diagenetic aggressive fluids and consequently can be
retained barring remobilization of the surrounding spar (Mazzullo, 1980; Sandberg and
Hudson, 1983).

For these reasons, and until further investigations (elemental analyses), it is
proposed that needle cement is poorly altered first-generation aragonite cement that
formed in shallow warm marine waters. Moreover, needle cement is in one case post-
dated by marine turbid cement, which would argue for its marine phreatic origin. If
confirmed, this interpretation would suggest that perhaps an especially warm interval of
probable short duration has occurred during the overall cold early Nukumaruan stage

during which Pakipaki sediments accumulated.

4.4. Internal sediments
4.4.1. Internal sediment types
Micritic and coarser detrital internal sediments are conspicuous features in the Te Aute
limestones, frequently observed in horizons including inferred marine turbid cements.
The term “internal sediment” refers to geopetally emplaced sediments and to sediments
forming a geopetal fabric, whatever their allochthonous or autochthonous origin, that
pre-date or post-date marine cements, and are distinguished from syndepositional
micritic sediments occluding interparticle pore space.

Geopetal internal sediments examined in the present study can be grouped into
six petrographically distinct microfacies, with all possible transitions (Figure 15): (1)

homogeneous micrite, (2) microbioclastic micrite, (3) microquartz-rich micrite, (4)
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matrix-free coarse detrital, (5) micropeloidal micrite, and (6) geopetal piles of broken
micritic envelopes and so-called “vadose silts” (Dunham, 1969). These geopetal
sediment types may co-occur within both primary (interparticle, skeletal cavities, internal
chambers of bryozoan and foraminifers) and secondary voids (biomoulds and fractures).
Within such structures, consistent microstratigraphic successions include (1)
coarsening-upward suites ranging from homogeneous micrite at the base grading into
peloidal micrite and sparry overgrowth fabrics at the top (Figure 15C), and (2) fining-
upwarci suites ranging from a lower layer rich in allochems that typically decrease in both

size and abundance up-section (Figure 15D), and occasionally pass upwards into

microbioclastic micrite and homogeneous micrite layers.

4.4.2. Origin and evolution of the geopetal microfabrics

The nature and abundance of skeletal and terrigenous components of internal sediments,
the type of infilled voids, and the paragenetic relationships of such fabrics with inferred
marine or diagenetic features were all used to constrain their early diagenetic
environments.

Similarly, the timing of lithification of geopetal internal sediments is difficult to
assess, but paragenetic relationships may provide useful indicators in this matter. For
example, lithification is likely to originate from marine waters when inferred turbid
cements overlie internal sediments (Figure 5A). Early lithification in either marine or
meteoric diagenetic environments can be suspected when internal sediments post-date
turbid marine cements and pre-date clear spar meteoric cements cut by compaction-
induced fractures.

Three major processes are involved in the production of geopetal fabrics,
summarized as follows:

Percolation of particles

Geopetally-emplaced internal sediments principally originate from particles in suspension
that percolated downward within the host rock from the water-sediment (or air-
sediment) interface. This suggests that active fluid exchange occurred between host
inter- or intraparticle pores and the overlying water mass (or atmosphere). Particles filled
in the bottom of pores or cavities under the influence of either gravity or interstitial fluid

circulation (Kerans et al., 1986).
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In situ precipitates

Geopetal internal micrites may originate in situ due to early precipitation of calcite
cryptocrystals, 4 um or less in size, producing an unstructured or faintly laminated
micritic interstitial material, which may serve as matrix and cement. Cryptocrystalline
micrite generally grades up-section into coarsening-upward peloidal micrite, through
clotted or vaguely peloidal fabrics (see below).

Such fabrics and initial homogeneous micrite, which are not necessarily
associated with peloids, may produce laterally micritic envelopes, menisci, or
protuberances (Figures 15F to 15H) towards empty pore spaces. These features have
been widely recognized in the rock record, and have been interpreted to form through
biogenically-induced calcification (Bathurst, 1966; Chafetz, 1986, 1992; Bernier and
Dalongeville, 1988; Tucker and Wright, 1990; Hillgirtner et al., 2001), and/or through
various chemical processes (Shinn, 1969; Macintyre, 1984, 1985; Reid et al., 1990;
Wilber and Neumann, 1993; Nelson and James, 2000), either in the marine or meteoric

diagenetic environments.

Diagenetic alteration of skeletons and carbonate cements

Early dissolution of metastable allochems by percolating waters undersaturated with
respect to calcium carbonate can in some cases be associated with partial or total
collapse of micritic envelopes which then accumulate at the bottom of pore spaces to
produce geopetal fabrics with piles of lutite- to silt-sized debris (Figure 15E). In a few
examples, iron-stained microspar crystals and mud fillings give a geopetal fabric
comparable with “vadose silts”, interpreted by Dunham (1969) to be meteoric vadose in
origin. In either case, leaching and collapse took place prior to void filling by non-ferroan
blocky to coarse mosaic clear spar that most likely relates to meteoric diagenetic

processes (James and Choquette, 1990b).

4.4.3. Microclastic internal sediments

Microclastic internal sediments comprise microbioclastic micrites and microquartz-rich
micrites (Figure 15D). Either fabric is a heterogeneous mix of a (now) LMC paste and
silt- to clay-sized skeletal and non-skeletal detritus. Microbioclastic micrites mostly

comprise unrecognizable detritus and some recognizable echinoderm, foraminifer, and
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Figure 15 — Photomicrographs of internal sediments and micritic cements

(A) Meteoric (telogenetic) clotted micrite (c.m.) occludes much of the interparticle
pore space, followed by non-ferroan mosaic spar (YnfC). PL: Sample 5.94
(Awapapa Limestone).

(B) Isopachous rinds of blocky clear spar cement are covered by homogeneous
geopetal micrite (arrowed). CN: Sample 17.13 (Scinde Island Limestone).

(C) In situ peloidal micrite sediment. Note the typical texture exhibiting coarsening-
upward (white arrow gives direction) micritic, interlocked spherical peloids that
probably nucleated from fine crystalline micrite paste flooring intergranular pores.
PL: Sample 4.76 (Kairakau Limestone).

(D) Detrital geopetal micrite (arrowed). PL: Sample 7.17 (Rotookiwa Limestone).

(E) Geopetal internal sediment that originated following the diagenetic alteration of
aragonitic skeletons, in which debris from the partial collapse micrite envelopes
accumulated at the bottom of pore spaces (arrowed). PL: Sample 7.17 (Rotookiwa
Limestone).

(F) Irregularly shaped micritic crust fringes first-generation blocky to acicular spar
coating calcitic bivalve grains, and produces protruding buttons and menisci
(arrowed). This cement is contemporaneous with the percolation of micrite after
exposure to surficial processes (vadose meteoric). PL: Sample 7.35 (Rotookiwa
Limestone).

(G) - (H) Irregular micrite bindings locally project micrite bridges between adjacent
grains (arrowed). This early diagenetic product, which is not coeval with dissolution,
may originate either in the vadose or phreatic marine environment. PL: (G) Sample
11.84 (Mason Ridge Formation); (H) Sample 9.96 (Te Onepu Limestone).






bivalve chips. Microquartz-rich and terrigenous micrites have various contents of angular
to sub-rounded microquartz and occasional feldspars. Although both fabrics represent
obvious internal sediments, paragenetic relationships indicate that they generall);
originate from different diagenetic environments. Typically, microbioclastic internal
sediments are closely associated with marine diagenetic products, whereas terrigenous
micrites occur beneath subaerially exposed surfaces and consist of laminated or graded

dark brown to iron-stained mouldic void fillings (see Chapter 2, Figure 6B).

4.4.4. Micropeloidal internal sediment

Although uncommon, peloidal internal sediments are present within marine-cemented
horizons, but are not restricted to them as they also occur in marine cement-free
horizons. Diagenetic stratigraphy indicates that micropeloidal sediments always post-date
homogeneous micritic paste and exhibit up-section epitaxial overgrowths or clear spar
rim cements, and seldom pre-date inclusion-rich acicular cements.

Micropeloidal matrix consists of coarsening-upward micritic, nucleus-free,
(sub)spherical peloids, 20 to 60 um in diameter (Figure 15C). They differ from faecal
pellets sensu stricto, which are generally larger and have ovoid shapes. Micropeloids are
believed to represent a distinct diagenetic fabric that results from in situ precipitation of
calcium carbonate through multiple nucleations of single crystals and subsequent crystal
flocculation (Chafetz, 1986; Wilber and Neumann, 1993). Indeed, internal coarsening-
upwards of such a fabric can hardly be explained by geopetal emplacement of peloids
percolating from the water-sediment interface. Micropeloidal sediments have been
described in various modern and ancient carbonate settings (e.g., tropical environment:
Macintyre, 1985; Aissaoui, 1988; Wilber and Neumann, 1993; non-tropical environment:
Reeckmann, 1988; James and Bone, 1992; Nelson and James, 2000), and despite much
controversial research, a consensus seems to have been achieved concerning their
biochemical origin (Chafetz, 1986; Kerans et al., 1986; Aissaoui, 1988; Chafetz and
Buczynski, 1992). Similarly, micropeloidal sediments that pre-date meteoric and burial
diagenesis products in the Te Aute limestones are ascribed to bacterially-induced

precipitation of calcite in the marine diagenetic environment.
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4.5. Cryptocrystalline meniscus-type cements, irregular micrite bindings, and
micrite envelopes

Initially restricted to calcite spar cements, the term meniscus designates grain-to-grain
bridges with a double convex shape located preferentially near grain contacts. Literature
review shows that meniscus cement fabrics are classically ascribed to vadose
environments where their growth form is supposed to conform to the air-water interface
of droplets held by capillarity in pores partly filled by air (Longman, 1980; Purser, 1980).
Although the term meniscus has subsequently been extended to comparable structures of
micro- to cryptocrystalline calcite precipitates, previous authors have emphasized that
care should be taken when interpreting such fabrics in terms of diagenetic environment.
For example, Bernier and Dalongeville (1988) and Hillgértner et al. (2001) have reported
micritic meniscus-type cements in subtidal environments.

In the Te Aute limestones, micritic meniscus-type  cements could not be
unequivocally interpreted as indicators of marine or meteoric vadose diagenesis, due to a
lack of independent criteria such as the co-occurrence of sparitic menisci and pendant
cements, dissolution features, and structures such as root traces or calcretes. In most
samples presented here (Te Onepu Limestone and Mason Ridge Formation; Figures 15G,
15H), micritic menisci occur as the first cementation stage and commonly display a
lateral transition to micritic envelopes of irregular thickness with small protuberances
(Figure 15H). This suggests that the microfabric may have had a stabilizing effect on the
sediments, with subsequent lithification at the water-sediment interface and a few
centimetres below.

Two main varieties of micritic envelopes have been distinguished. One has a
diffuse character and is associated with a destructive process at the outer rim of grains.
Through a process of alteration—precipitation involving biochemical processes (Bernier,
1995; Hillgirtner er al., 2001), successive generations of vacated microboring endoliths
at grain margins are filled with cryptocrystalline cement, producing micritic envelopes
(Bathurst, 1966), whose formation is often critical to grain preservation in later
diagenetic environments (Figure 17E). This type of micritic envelope may evolve into the
second variety, which results from accretion of crypto- to microcrystalline calcite on the
surface of grains (Figure 15F). Previous studies have demonstrated that similar fabrics

are the result of calcification of filaments of epilithic microorganisms (Calvet, 1982).
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Micritic envelopes are not indicative of any particular diagenetic environment. They have

been described from intertidal environments and beachrocks (Meyers, 1987; Bernier and

Dalongeville, 1988), in subtidal firmgrounds and hardgrounds (Longman, 1980; Tuckcf

and Wright, 1990; Hillgirtner er al., 2001), and in supratidal to continental vadose

environments (Calvet, 1982).

In the Te Aute examples, two frequent paragenetic relationships helped ascribe
micritic envelopes (and cements) to specific diagenetic environments:

(a) Typically, fibrous and acicular turbid cements, inferred to be marine in origin, grow
upon a micritic envelope < 25 pum thick (Figure 3H). This systematic co-occurrence
(fibrous cements rarely form upon micritic mat-free surfaces) points at the possible
triggering effect of micritic mats replete with microorganisms capable of initiating
carbonate precipitation (Chafetz, 1992) and later calcite crystal nucleation (Bernier
and Dalongeville, 1988). In this case, micritic envelopes are interpreted to have
formed in the marine diagenetic environment.

(b) Irregularly-shaped, occasionally laminated, micritic crusts are also found lining
solution voids that obviously relate to the ingress of meteoric waters undersaturated
with respect to CaCOj. Often displaying pendant structures, these micritic crusts are

interpreted to result from meteoric diagenetic processes.

4.6. Dissolution

Dissolution is responsible for secondary porosity formation and may occur at any time
after the death of skeleton-bearing organisms, and more generally after the deposition of
sediments. Dissolution generally accompanies a significant change in the chemistry of the
pore fluids, such as a change of salinity, temperature, or partial pCO,. Such parameters
influence the calcium carbonate saturation index of the fluids in the various diagenetic
environments, and in turn the aggressiveness of the alteration reaction (James and
Choquette, 1990b; Brand, 1994; Moore, 2001).

Modern shallow temperate carbonate sediments are composed of a polymineralic
suite consisting of the metastable CaCO; minerals aragonite (gastropods) and HMC
(echinoderms), and typically dominant stable LMC (brachiopods, bryozoans, barnacles,
epifaunal bivalves; Rao, 1990; Hayton er al., 1995). Both aragonite and HMC stability is
achieved by the dissolution of the unstable phase and precipitation of the stable phase,

which in most carbonate settings occurs under the influence of meteoric or mixed
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marine-meteoric fluids undersaturated relative to the unstable phases (Smart ez al., 1988;
James and Choquette, 1990b). However, undersaturation and alteration can also occur
locally in shallow-marine temperate waters, with early dissolution occurring at, or just
beneath, the sea floor (Alexandersson, 1978; Nelson, 1988a; Nelson et al., 1988b;
Freiwald, 1998; Kyser et al., 1998; Nelson and James, 2000).

The abundance of aragonite and HMC skeletons is determinant to cementation as
they may provide much of the calcite cement that armours sediments as they move
through successive diagenetic environments to the mesogenetic realm (James and
Choquette, 1990b; Hood and Nelson, 1996; Dodd and Nelson, 1998). HMC generally
dissolves incongruently, releasing magnesium without the transport of significant CaCOj3,
whereas aragonite, unstable in most diagenetic environments, but especially so in those
dominated by meteoric fluids, dissolves resulting in significant transport of CaCO;
(Moore, 1989; Haywick, 1990). Therefore, in temperate carbonates the abundance of
metastable skeletons and their degree of alteration are likely to influence the chemistry of
fluids circulating through the sediment pores, and consequently the nature of diagenetic
pathways (Hood and Nelson, 1996).

In the Te Aute limestones, carbonate skeletons (and cements) display various
degrees of chemical alteration, which constitute a continuous spectrum of transformation
processes from pristine mineralogies to replacement fabric: (1) skeletons with preserved
original mineralogy and microstructures; (2) skeletons with preserved original
mineralogy and microstructures, but that include leaching cavities; (3) skeletons with
original mineralogy relics (aragonite) either encased in, or adjacent to, larger neomorphic
LMC crystals; (4) skeletons with aragonite (or HMC) neomorphically transformed into
LMC, but with well-preserved relic shell microarchitectures; and (5) skeletons (in a few
examples cements) dissolved away, with no visible relict microstructures, leaving a hole
(mould) that may or may not be filled with calcite cement. Each of these aragonite

alteration scenarios is described below.

4.6.1. Unaltered material

Pristine LMC skeletal grains are ubiquitous throughout most carbonate facies that range
in age from Opoitian to early Nukumaruan, and they constitute the major biogenic
components (barnacle plates, brachiopods, and bryozoans). LMC microstructures are

also present in outer layers of pectinids and other epifaunal bivalves. Pristine LMC

197



biogenic carbonates stain pink with Dickson’s solution and are non- to orange
luminescent. Original LMC cements, including PrC, PoFC, and YnfC, do not seem to
have undergone any significant alteration (growth stages, as shown under CL, aré
preserved, suggesting no chemical reorganization), even though dissolution surfaces are
common at the boundary between contrasting CL patterns (e.g., Figure 12E). X-ray
diffraction analyses reveal that aragonite is virtually absent in the limestones older than
Nukumaruan (see Appendix 8). In a few Nukumaruan examples, X-ray diffraction
reveals the presence of aragonite, and relatively unaltered aragonite shells with retention
of microstructures have been observed in some thin-sections, frequently neighbouring
variably altered ones. Pristine aragonite is weakly stained with Dickson’s solution, and is
usually non-luminescent. Pristine aragonite whole shells and fragments prevail in
packstones and especially in poorly to moderately cemented coarse grainstones within

the Matapiro and Scinde Island Limestones, and the Hassal Conglomerate (Figure 1).

4.6.2. Preserved mineralogy with evidence of chemical alteration

Partial dissolution of preserved metastable aragonite microstructures has been observed
in bivalve shells within late Waipipian, Mangapanian, and Nukumaruan limestones from
both the western and eastern sectors of the forearc basin. In these examples, leaching
was not followed by, or did not take place simultaneously with, precipitation of calcite.
At the thin-section scale dissolution appears either to have developed parallel to primary
structural lamellae (Figure 16F), or to have left subcircular hollows producing a
characteristic “Swiss-cheese” texture (Figures 16C, 16D). Shell microstuctures may be
blurred by the density of microvoids, resulting in a dark clouded fabric replete with
translucent hollows that range in size from 10 to 75 pum (Figure 16C). Partly altered
aragonite fragments stain pale pink to mauve with Dickson’s solution. The foregoing
textures once again coexist with lower and higher degrees of shell alteration. At a
macroscale, aragonite shells are typically white and powdery (“chalky” aragonite of
Haywick, 1990). Partly leached aragonite is common in coarse, moderately to well
cemented horizons within the Te Waka, Pakipaki, Matapiro, and Scinde Island

Limestones.
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Figure 16 — Photomicrographs illustrating dissolution/neomorphism fabrics

(A) Corrosion surface (white arrow) engulfed within rinds of turbid fibrous cement due to
dissolution that resulted locally in total leaching at grain margin (black arrow). This
dissolution surface is sealed by second-generation micrite geopetal sediment. PL: Sample
5.96 (Awapapa Limestone).

(B) Moulds of probable former aragonitic skeletons filled with drusy and mosaic spar. CN:
Sample 4.95 (Kairakau Limestone).

(C) “Swiss-cheese” fabric — Subcircular hollows result from dissolution of aragonite shells with
retention of their original mineralogy. PL: Chemically stained sample 17.10 (Scinde Island
Limestone).

(D) “Swiss-cheese” fabric — Dissolution hollows are filled with non-ferroan clear calcite spar
(black arrow). The aragonitic skeleton has partly retained its mineralogy and
microarchitecture. PL: Chemically stained sample 17.10 (Scinde Island Limestone).

(E) Early sea-floor dissolution of probable aragonitic layer of bivalve skeleton (white arrow).
Note that the interior of the mould is filled by coarsening-upward internal sediment upon
which nucleated in situ peloids. CN: Sample 5.105 (Awapapa Limestone).

(F) Dissolution of aragonitic shell along first- and second-order lamellae, and calcite overgrowth
of the same shell (N) with partial retention of microstructures. Note that replacement calcite
did not nucleate at fracture sites suggesting that fractures were cemented prior to aragonite
dissolution and neomorphism. CN: Sample 15.14 (Te Waka Formation).

(G) Photomicrograph showing that aragonite neomorphism is a multistage history. Replacement
of aragonite by calcite started from the grain margin inward in oxidizing waters (pink to
mauve stain of neomorphic calcite; white arrow). Nucleation sites of second-generation
neomorphic calcite are preferentially located on first order lamellae (black arrow). Second-
generation calcite stains deep blue indicative of reducing Fe-rich pore fluids, and overgrow
first-generation neomorphic calcite. Neomorphism progressed from these nucleation sites
along lamellae and from the grain margin inward while oxidizing waters percolated once
again (last-generation pale pink neomorphic calcite). PL: Chemically stained sample 15.40
(Te Waka Formation).

(H) Photomicrograph illustrating various replacement fabrics of aragonite: (A) neomorphosed
skeleton with poor retention of microstructures underlain by brownish colour; (B) preserved
mineralogy with evidence of chemical alteration (dissolution was not followed by
precipitation of calcite); (C) in this example, partial leaching of aragonitic skeleton was
followed by precipitation of calcite that progressed from the grain margin inward (note the
drusy fabric of replacement fabric). PL: Sample 17.13 (Scinde Island Limestone).

(I) Neomorphosed aragonitic shell that retained microstructures underlain by organic (?)
inclusions along first- and second-order lamellae. PL: Sample 17.9 (Scinde Island
Limestone).

(J) Original aragonite relics in neomorphic calcite appear dark and cloudy (black arrow). Note

that coarse replacive calcite crystals cross-cut shell microstructures. PL: Chemically stained
sample 17.10 (Scinde Island Limestone).
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4.6.3. Original mineralogy relics in neomorphic calcite

Original aragonite relics with partial preservation of microstructures may be retained as
dark clouded patches in the calcite neomorphically replacing diverse aragonitic fossils;
(Figure 16J). In the few observed examples, the neomorphic replacement of pristine
aragonite seems to progress from the grain margin inward along sharp and irregular
fronts, and eventually has resulted in clear sparry calcite enclosing aragonite relics.
Consequently, across the sharp neomorphic front, there is no optical continuity between
replacement calcite crystals and aragonitic shell relics. In one example, the transition
between neomorphic spar and aragonite relic appears gradational, and the extinction of

calcite crystals seems to fade into the transitional zone.

4.6.4. Neomorphosed skeletons with the retention of microstructures

Early dissolution of skeletal aragonite may result in neomorphic calcite crystals having a
partial void-filling origin. This is the case when calcite spar has filled in hollows of the
“Swiss-cheese” texture (Figure 16D), and from these solution sites calcitization has
extended to the shell with or without retention of microstuctures. However, the majority
of neomorphic calcite crystals, as identified by the presence of ghosts of host
microtextures, appear to have a replacement origin. The resulting texture is generally a
mosaic of coarse low-Mg calcite (LMC) crystals which cross-cut original fabric outlined
by brown insoluble organic and/or inorganic inclusions (Sandberg and Hudson, 1983)
that display discernible cross-lamellar structures (Figures 16G to 16J). Replaced shells
are usually preserved as pseudo-pleochroic spar. The extinction of the replacement
crystals varies from uniform to undulose. The concentration of relics is often higher in
areas of greater organic concentration, particularly near the outer surface of valves
(Sandberg and Hudson, 1983; Maliva, 1998; Figure 16I). Neomorphosed shells stain
pink to purple-blue, often in close relation with the interparticle spar cement. Staining
may be homogeneous or patchy (Figure 16G), suggesting in the latter case that
nucleation proceeded through several nucleation centres rather than progressively along
dissolution-precipitation fronts as in the former (Sandberg and Hudson, 1983; Brand,
1994). Neomorphosed grains are generally non-luminescent. Examples of neomorphosed
skeletons with retention of microstructures, in an order of increasing abundance, are
recorded within limestone formations ranging in age from Opoitian to Nukumaruan in

the eastern sector of the study area (see Figure 27).
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The alteration of IMC or HMC marine fibrous cements into LMC, with the

preservation of fabric details, has been discussed in Section 4.2.

4.6.5. Mouldic or “ghost” fabrics
Total leaching of unstable grains is widespread in all studied limestone formations (see
Figures 27, 28). Although the original mineralogy of ghost fragments left as moulds
outlined by thin micritic envelopes cannot be directly determined, the preservation
(partial or total) of LMC and HMC (e.g., echinoderm plates and spines) allochems within
the same horizons suggests that biomoulds were probably aragonite. Dissolution of shell
fragments can be preceded by, or followed by, the precipitation of calcite cement. The
timing of aragonite dissolution is highly variable within the same limestone formation,
and from one formation to another. Aragonitic (and HMC) bioclasts may either: (a) have
suffered from marine alteration at the sea floor; or (b) meteoric alteration after subaerial
exposure; or (c) have survived these early processes and been dissolved by burial fluids;
or (d) not even be significantly altered prior to being once again exposed to surficial
processes after uplift. These options are elaborated upon below:

(a) In a few thin-sections, shells of probable original aragonite were totally leached
away, and the internal walls of the moulds partly lined with isopachous inclusion-rich
acicular cements contemporaneous with the first generation of intrinsic marine cement
(Figure 3C). The presence of geopetal micritic sediments in aragonite skeletal moulds
is another uncommon feature within mud-supported facies, also attributed to sea-floor
diagenesis (Figure 16E).

(b) Mouldic voids may be filled with microquartz-rich geopetal sediments that
percolated from the air-sediment interface, but generally pre-compaction equant
(blocky) and drusy clear spar (PrC) follows dissolution. However, precipitation of
calcite does not always accompany dissolution, and weakly armoured micritic
envelopes may eventually collapse in the meteoric environment, accumulating debris
at the bottom of enlarged pores (Figures 10C, 15E), until sealed by mesogenetic or
telogenetic cements. CL and chemical staining reveal that pre-compaction
precipitation of calcite has been limited, and rarely prevented biomoulds from being
crushed during mechanical compaction, even in the older Opoitian limestones.
Although the formation of a micritic envelope of IMC-HMC during marine diagenesis

is often critical to mould preservation, moulds may also be underlain either by
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insoluble (?)organic matter along shell lamellae, or by spar cements precipitated upon
grains before their dissolution.

(c) In limestone formations of Opoitian to Mangapanian age, the first generation of
cement that fills mouldic voids is commonly of burial origin (PoFC), suggesting that
dissolution was either related to ‘“aggressive” burial fluids, or dissolution occurred
earlier in the marine and/or meteoric environment but cementation was delayed until
after sediments were buried.

(d) A number of points indicate that in some Nukumaruan examples aragonitic grains
survived pre-compaction and burial alteration, until they were exposed to surficial
meteoric waters. For example, fracturing of aragonitic skeletons, which was most
likely compaction-related, occurred before aragonite started to dissolve. Fractures are
filled with clear sparry calcite while dissolution cavities within aragonite skeletons are
spar-free (Figure 16F). Had fracturing occurred after or during dissolution of
aragonite, newly developed intraskeletal porosity would have allowed the diffusion of
diagenetic fluids from the fracture inward, thereby inducing neomorphism along its
margins. Telogenetic dissolution is fabric non-selective. Dissolution surfaces cross-cut
both cements and grains, commonly progressing from uplift-related fractures. Newly
fractured aragonitic shells are leached away, and may or may not be filled with
geopetal sediments, or vadose or phreatic meteoric cements, which in turn overgrow

older burial or pre-compaction interparticle cements (see Figure 18A).

4.6.6. What controls the different modes of Mg-calcite (IMC-HMC) and aragonite
neomorphism?
Diagenetic controls on carbonate alteration, and processes involved in the reaction, are
multifarious and complex, rendering difficult the interpretation of their products in terms
of diagenetic environment and original material (Brand, 1994; Maliva, 1998). The
interpretative approach may be simplified by only considering the major controls on
alteration as reported in previous studies, namely the relative solubility of both inorganic
and organic minerals, the water/rock ratio, and the water chemistry.

Calcite with a low-Mg content, which by definition varies from 0-4 mol%
MgCO,; (Chave, 1954), is the most resistant to dissolution. This relative stability,
however, may be greatly influenced by the particle size, surface ornamentation, and

internal porosity of the carbonate grain or cement (Flessa and Brown, 1983). Solubility
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of calcite increases exponentially with increasing Mg content. Consequently, of all the
calcite species, HMC (>12 mol% MgCO;) is the thermodynamically least stable of the
group at Earth’s surface conditions (Brand, 1994). Aragonite has a solubility that under
ideal conditions overlaps with calcium carbonate of 9-15 mol% MgCO; (Brand, 1994).

In the Te Aute carbonates, most fossils and cements precipitated originally as
LMC show well preserved macro- and microstructures. Only late meteoric processes
have significantly altered LMC minerals. Indeed, uplift-related meteoric dissolution of
LMC, being late in the suite of diagenetic processes recorded by the carbonate system,
can easily be recognized and interpreted. Many skeletal grains and cements are fractured.
Such fractures are commonly solution-enlarged producing voids developed across all
previous fabrics (Figure 18A). In some cases fractures are filled with micrite geopetal
sediment (iron stained or not). The walls of fractures and fossil moulds may also be
covered by non-ferroan equant clear spar with no visible orientation, or by pendant dirty
laminated cement, typically of vadose meteoric origin.

In contrast, inferred IMC-HMC marine cements and shells of this mineralogy
show more variably preserved microfabrics and structures. Further, they have been
altered to LMC as revealed by microprobe and X-ray diffraction analyses, and by their
blotchy/cloudy luminescence. In the diagenetic suite, the alteration of IMC-HMC to
LMC is clearly associated with a change of pore fluid chemistry, which is marked not
only by dissolution processes, but also by the precipitation of distinct cement phases.

CL and chemical staining indicate that neomorphism of IMC-HMC mineralogies
is a multiphase history. Although alteration may have started in the pre-compaction
diagenetic history under the influence of marine waters (e.g., Kyser et al., 1998), or with
the ingress of meteoric or mixed marine-meteoric waters that precipitated PrC and
induced dissolution (Figure 12A), it continued and significantly developed under the
influence of post-compaction reducing waters. This is evident from: (1) the occasional
enrichment of echinoderm plates and turbid cements in Fe and Mn (stain pink to mauve;
Figure 3; Table 1); (2) the orange dull luminescence of patches within echinoderm plates
and turbid cements mimics the CL pattern of PoFC (Figures 4, 5); and (3) occasional
dissolution-related microcavities (1-2 pm) within the turbid cements are filled with a
bright orange/yellow cement, which is in lateral continuity with the bright yellow/orange

zone that in places is the first precipitate on the walls of compaction-induced fractures.



The variety of aragonite shell alteration/preservation has been shown by previous
researchers to result from the complex interaction of internal controls, including surface
area and morphology of the dissolving carbonate grain, thickness and integrity of
individual organic envelopes, intraskeletal porosity, and external factors, including
water/rock ratio and fluid chemistry (Sandberg and Hudson, 1983; Haywick, 1990;
Brand, 1994; Maliva, 1998).

The water/rock ratio and the nature of interparticle fluids are especially critical to
the degree and type of aragonite alteration (Figure 17). In addition, flow rates within the
overall diagenetic system are of great importance to the timing of carbonate precipitation
(Brand, 1994). At high flow rates, CaCOj; released from aragonite dissolution will be
transported outside the site of initial dissolution, and may be precipitated somewhere
outside the system if carbonate saturation is achieved. It has been demonstrated that the
complete dissolution and the neomorphism of aragonite to calcite proceed through or
along intervening solution films adjacent to the surface layer of the original carbonate
(James and Choquette, 1990b). The intensity of water/rock interaction determines the
nature of geochemical reactions within the solution film and at neomorphic fronts
(Brand, 1994; Maliva, 1998). High, intermediate, and low water/rock ratio systems
(Brand, 1994) produce distinctive neomorphic fabrics that can readily be recognized
within the Te Aute limestones, hence helping relate fabrics to possible diagenetic
environments.

(a) High water/rock ratio systems (i.e., low water-rock interaction), provided that fluids
are originally undersaturated with respect to aragonite, are characterized by the
development of mouldic and intraskeletal porosity (Figure 17). Moulds may be filled
with fine- to coarse-crystalline calcite, depending on flow rates and saturation levels.
Shallow temperate marine waters can be mildly undersaturated with respect to
aragonite allowing dissolution of the metastable mineral in the marine diagenetic
environment, without implying exposure to meteoric diagenetic processes (Kyser et
al., 1998; Nelson and James, 2000). The emplacement of marine internal sediments
and the precipitation of (inferred marine) turbid cements in skeletal aragonite moulds
provide evidence of aragonite alteration on the sea floor in a high water/rock ratio

regime (e.g., Figures 3C, 16E).
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Starting composition:

-MC Undersaturated fluid with respect
- HMC to aragonite - high water/rock ratio
- Aragonite

Loss of primary mineralogy Retention of primary mineralogy

LMC LMC - HMC - Aragonite

Development of mouldic porosity.
Original microstructures are lost. Calcium
; carbonate released during  alteration
changes the saturation state of the fluid.
Depending on flow rates, carbonate may
precipitate at the dissolution site.

In the vadose environment, water collects at
grain contacts where metastable skeletons
are neomorphosed, with retention of some
.,  microstructures. The resulting texture is a
a4 mosaic of coarse calcite crystals. In
o,,-:)@.«. macropores and at the comer of grains,
intraskeletal porosity develops. Short times
of residence of the fluids at these sites do
not permit calcite precipitation, and a
“Swiss-cheese” texture is produced.

In partly closed diagenetic micro-
environments, original mineralogv relics
may be preserved in neomorphic caleite.
Typically, in the phreatic environment
alteration occurs through concomitant
dissolution and precipitation. Aragonite
relics once encased in neomorphic LMC are
retained. barring the removal of the
surrounding LMC.

Retention of pristine aragonite
entombed within coarse LMC
crystals

primary microstructures

Partial alteration starting at
grain margin or along lamellae.
Microstructures are retained

In conditions of high water-rock interaction, Pristine aragonite
exchange rates with the external bulk aquifer
are low to null. As a result, microstructures
and primary geochemical signatures of the
dissolving phase are retained within the
precipitating carbonate, and pristine aragonite
is preserved away from the slow-moving

’ Low water/rock ratio
neomorphic front.

Figure 17- A model summarizing the various neomorphic fabrics of aragonite
bioclasts in relation to inferred water/rock ratio systems. The starting composition
of the ambient fluids is assumed to be the same in all systems. Although of
probable great influence on the degree of alteration, and subsequent fabric
development, the micro-architectures and geochemical signatures of pristine
aragonitic skeletons, likely to differ from one taxum to another (Haywick, 1990),
have not been integrated into this model. See text for discussion.

206




Fabric-selective dissolution that post-dates marine diagenesis and pre-dates
mesogenesis is classically attributed either to the replacement of marine pore ﬂuid§
by meteoric waters (James and Choquette, 1990b), or by the mixing of meteoric and
marine waters (Smart er al., 1988). Mouldic porosity, which is assumed to have
originated in either of these environments, is present in all studied limestone
formations. Differences lie in the degree of calcite precipitated within the moulds
before the diagenetic system evolves in terms of hydrologic regime. Cementation
varies from null to complete occlusion of moulds, but on average is poor in older
limestones (Opoitian to Mangapanian) before burial and moderate in Nukumaruan
limestones. Two scenarios can be envisaged to explain little or no cementation: (1)
the dissolving solid did not change the saturation state to the point where calcite
precipitation could commence - previous studies have demonstrated that sediments
originally composed of calcitic components (LMC) could be exposed to meteoric
influence for a prolonged period of time without being significantly cemented (James
and Bone, 1989); (2) high flow rates through the system transported CaCO; away
from the site of dissolution and thus prevented or slowed cementation.

(b) Intermediate water/rock ratio systems are characterized by the development of a
chalky appearance in fossils (Brand, 1994). Carbonates formed in these systems retain
part of the microstructures and geochemical signature of the precursor aragonite
(Figure 17). Haywick (1990) suggested that the chalkification process compounds
aragonite dissolution by increasing both the intraskeletal porosity and permeability.
Alteration of aragonite across a chalky zone is thought to occur in the phreatic zone,
and result, through concomitant dissolution and precipitation processes, in
neomorphosed aragonite fabrics being poorly preserved (translucent brownish shells)
in coarse cross-cutting mosaic calcite spars (James and Choquette, 1990b). The
Matapiro Limestone (Nukumaruan) and the Te Waka Formation (Waipipian-
Mangapanian) provide the best examples of aragonite replacement by coarse calcite
crystals with little to moderate retention of original microstructures (Figures 16G to
16J). Horizons, where complete replacement occurred, are well cemented by coarse
non-ferroan mosaic spar, which in turn provide evidence of a well-oxidized phreatic
meteoric diagenetic environment. In mud-supported horizons and in moderately

cemented horizons bearing evidence of residence in the vadose meteoric environment,
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replacement may be incomplete. Typically, aragonite relics are either entombed in
large calcite crystals, or are partly dissolved without displaying calcite cementation
(Figures 16C, 16J). Aragonite relics once encased in neomorphic LMC are isolated
from diagenetic solutions, and thus will be retained unless the surrounding LMC is
remobilised (Sandberg and Hudson, 1983). All transitions either within the same thin-
section or within single shells are common in those horizons, suggesting possible
alternation of contrasting water flow and water/rock ratio conditions.

(c) In a diagenetic environment with relatively low water/rock ratio (i.e., high water-rock
interaction in a closed system), neomorphosed aragonite grains retain their skeletal
microarchitecture and primary geochemical signature (Figure 17) due to the isolation
of solution films at the neomorphic front from the bulk interparticle waters (Brand,
1994; Maliva, 1998). The resulting fabrics comprise neomorphic calcites with small
crystal sizes, and pristine aragonite crystallites adjacent to the latter (Haywick, 1990;
Brand, 1994; Maliva, 1998). In the Te Aute carbonates, such fabrics accompany
vadose diagenetic products, including pendant and meniscus spar cements. In the
vadose zone, the average water/rock ratio is expected to be low due to the presence
of air in the pores (Longman, 1980). Depending on the flow rates of meteoric waters
through the sediments, and whether they reach the point of saturation, precipitation
may or may not occur. Pristine aragonite with a “Swiss-cheese” texture, which is
present in coarse-grained poorly-cemented horizons with calcite cements located at
grains contacts or on the underside of grains, may originate from these conditions,
though limited periods of exposure to undersaturated fluids could also produce such a

fabric (Figure 17).

4.7. Bioactivity: biological alteration and encrustation

4.7.1. Bioerosion

Bioerosion of skeletal grains is a conspicuous diagenetic feature in cool-water
carbonates, and may represent the main diagenetic process affecting sediments prior to
entering the burial realm (Nelson et al., 1988b; Young and Nelson, 1988). Bioalteration
may be an important source of carbonate mud production, and as such is a factor of
great importance to porosity loss in coarse skeletal sediments (Farrow and Fyfe, 1988).
Bioerosion comprises a wide spectrum of processes, specific or indiscriminate, which

occur on a wide variety of scales. On a microscale the mechanism involves infestation of
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the carbonate host by endolithic algae, fungi, and bacteria. From petrographic data,
endolith bores may be restricted to the outer margin of the infested grains, or penetrate
grains at various levels, depending on the grain size and fabric, type of borers, and grain
mineralogy. In some examples (e.g., Mason Ridge Formation), skeletal grains, which are
densely microbored and/or micritized at their outer margin (Figure 18E), commonly
bathe within homogeneous micrite. By contrast, walls of intraparticle pores free from
infilling mud lack evidence of infestation by microborers (see Chapter 2, Figure 6D).
This suggests that infestation started after sediments had been stabilized, and that pore-
filling material hosted microborers. Thus, microboring and later stage micritization
occurring in the early stages of diagenesis are most likely of marine origin.

Bores of endoliths may be filled with iron oxides, clays, authigenic glauconite
(Figure 18C), and micritic sediment or micritic cement. The last named is related to
environments where precipitation of cement occurs (see Section 4.5). Where
precipitation of cement does not occur, endolithic bores weaken grains and enhance the
potential for the dissolution of skeletons (Alexandersson, 1978; Smith et al., 1992;
Freiwald, 1998).

Macroborings on a thin-section scale (Figure 18D), mostly of molluscan
skeletons (infaunal bivalves and oysters), involve gastropods, polychaetes, and clionids.

Bioalteration fabrics and attributes, including the occurrence of micro- and
macroboring features, the number of grains affected, the intensity of host infestation
(density of bores), and the thickness of micritic envelopes, were used in the course of the
petrographic study in order to assess the degree of destructive diagenesis within samples
at the thin-section scale. Fossiliferous and pebbly rudstones, and coarse skeletal-rich
grainstones appear to be most prone to bioalteration, the former involving principally
gastropod, polychaete, and clionid spo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>