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ABSTRACT 

The  Urenui  and  Kiore  formations  consist  of  upper  Miocene,  mid‐  to 

upper‐slope,  deep‐water  deposits which  are  imaged  in  seismic‐reflection  data 

and crop out in the Taranaki Basin, New Zealand. This study integrates multiple 

scales of data  to  interpret depositional architectures, stratigraphic patterns, and 

factors influencing deposition within the Urenui and Kiore formations. Seismic‐

reflection data record an  interval  that  is analogous  to  the outcrop and  includes 

prograding  clinoforms  above  a  large mass  transport  deposit.  In  outcrop,  the 

Urenui and Kiore  formations are a heavily bioturbated  siltstone  sequence with 

sandstone and conglomerate  filled channels preserved at different stratigraphic 

levels.  

Outcrops are divided into three lithofacies based on grain size, including 

(A) siltstone, (B) fine and very fine grained sandstone, and (C) granule to pebble 

extrabasinal conglomerate. Five patterns of  repeated stratigraphic units emerge 

from  the  association  of  these  lithofacies:  1)  Units  of methane‐related  tubular 

concretions are truncated by discrete surfaces and occur without chemosynthetic 

communities.  2)  Slump  deposits  and  channel‐fill  consistently  overlie  tubular 

concretions, which are linked to subsurface methane and frequent mass transport 



 

events. 3) Channel bases are found within Lithofacies A, but Lithofacies B and C 

are restricted to channel fill deposits. 4) Lithofacies A and B deposits consistently 

thin and drape onto contact surfaces instead of displaying onlapping geometry. 

5) Channel fill generally coarsens and then fines upwards. The observations 

indicate that channels have been filled by turbidity currents with little associated 

erosion. Mass-transported sediments and evacuated slump scars created 

conduits for sediment gravity flows and influenced the filling of channels.  

 

INTRODUCTION 

 Slope depositional systems have received increasing study in recent years 

due to rapidly advancing technology, increasing demand for energy resources, 

and the inherent complexity of slope deposits (Shultz et al., 2004; Flint and 

Hodgson, 2005; Shultz and Hubbard, 2005, Romans et al., 2009). Recent research 

driven by basin-specific models has considered slope systems as depositional 

environments with potential for laterally continuous coarse-grained deposits 

(i.e., potential petroleum reservoirs) and complex depositional architectures 

(Adeogba et al., 2005; Shultz and Hubbard, 2005). However, more research is 

needed to address the interaction of mass transport deposits and channel 

conduits (Shor and Piper, 1989; Shultz et al., 2005; Armitage et al., 2009), as well 

as the role of subsurface methane migration and generation in influencing deep-

water architecture (Paull et al., 2005a; Paull and Ussler, 2008).  

Issues of scale persist in studies of deep-water depositional systems 

(Normark et al., 1993). Previous basin-specific studies have utilized a single type 

of data or a group of data with similar scales (Adeogba et al., 2005; Shultz et al., 

2005; Shultz and Hubbard, 2005; Surpless et al., 2007; Armitage et al., 2009). 

Often there is only one type of data available for a slope system (e.g., outcrop, 

seismic, borehole) (Shultz and Hubbard, 2005; Surpless et al., 2007; Armitage et 



 

al., 2009). This prohibits a complete understanding of depositional architecture 

and influences on sedimentation.   

 The Urenui and Kiore formations (Taranaki Basin, New Zealand) provide 

an opportunity to integrate various data sets with a wide range of resolutions to 

study a deep-water slope depositional system. In particular, availability of 

seismic-reflection data in two and three dimensions and the accessibility of 

laterally continuous outcrops allow documentation and interpretation of 

depositional architectures from the bed to seismic-scale. Such high quality data 

allow for a more robust interpretation of this slope system that can be used to 

address lingering general questions about deep-water slope systems. 

Distribution of outcrops and complimentary subsurface data in the Urenui and 

Kiore formations are uniquely applicable to questions of channel initiation, 

progradation, mass-transport processes and the influence of methane in deep-

water slope systems. 

 This first detailed and comprehensive study of the Urenui and Kiore 

formations provides an in depth analysis of depositional architecture, mainly 

from outcrop data. An interpretation of stratigraphic patterns below and within 

channels is provided through measured sections, photomapping, and lithofacies 

analysis. This study documents the stratigraphic occurrence of mass transport 

deposits and methane-related concretions with respect to channel fill in order to 

interpret influences on channel formation and fill within this deep-water slope 

system.   

 

REGIONAL BACKGROUND 

 This study is focused on late Miocene age sediments that were deposited 

in mid- to upper-slope settings in the Taranaki Basin, North Island, New Zealand 

(Fig. 1, Fig. 2). During late Miocene time, development of the Hikurangi 



 

subduction zone and Alpine transpressional fault zone caused a shift in the 

Taranaki Basin from a passive rift setting to a tectonically complex basin which 

included characteristics of a retroarc foreland basin, intra-arc basin, and rift 

setting (King and Thrasher, 1992; King, 2000; King et al., in press a). Active, 

submarine volcanoes and an inland fold-thrust-belt existed during the deposition 

of the upper Miocene Mount Messenger, Urenui, and Kiore formations (King et 

al., in press (a)). Late Pleistocene to Recent tilting and uplift associated with the 

oblique Hikurangi subduction zone to the east of the North Island and 

transpressional Alpine fault zone in the South Island have exposed sediments of 

the Urenui and Kiore formations north of the Taranaki Peninsula (King and 

Thrasher, 1996). These deposits were first described as the Urenui Formation 

(Glennie, 1958; King et al., 1993) and more recently partitioned into the mid-slope 

Urenui Formation and upper-slope Kiore Formation (Vonk and Kamp, 2004) 

(Fig. 2). The Kiore Formation is distinguished from the Urenui Formation in 

outcrop by the more frequent occurrence of conglomerate (Kamp et al., 2004; 

Vonk and Kamp, 2004). Both formations are part of a north-westward 

progradational system, and complete clinoform sets are preserved in broadly 

correlative deposits imaged in offshore three-dimensional seismic-reflection data 

(Fig. 3). 

 Outcrops of both the Urenui and Kiore formations are dominantly 

siltstone, but channel deposits have also been interpreted within siltstone units 

(Glennie, 1958; Van der Sijp, 1959; Faulconbridge, 1994; King et al., 1993; King 

and Thrasher, 1996). Along approximately 20 km of the north Taranaki coast, the 

Urenui and Kiore formations are exposed almost continuously, representing a 

vertical stratigraphic thickness of approximately 900 meters (Fig. 1; Fig. 4) (Hay, 

1967; King et al., 1993; Faulconbridge, 1994; King et al., in press (b)). 

Reconnaissance study of the Urenui Formation led to division of the coastal 



 

exposures into six sections: lower weakly bedded unit; lower channelled unit; 

middle weakly bedded unit; middle channelled unit; upper weakly bedded unit; 

and upper channelled unit (King et al., 1993; Faulconbridge 1994). However, this 

sectioning provided a subdivision of the coastal exposure, but it could not be 

readily applied to any inland outcrops. Although the original subdivision 

attached general depositional settings (channelized vs. non-channelized) to parts 

of the coastal outcrop, it failed to capture depositional patterns in the formation 

and filling of sediment conduits. Despite extensive study within the North 

Taranaki subaerial outcrop and subsurface data (King et al., in press (a, b, c); 

King et al., 1993; King and Thrasher, 1996; Browne and Slatt, 2002; Browne et al., 

2005; Johansson, 2005; and many others), many details of slope deposition 

remain undocumented and questions persist about how sediment was deposited 

in this late Miocene prograding slope system.   

 

METHODS 

 This study focuses on coastal outcrops and two inland quarries (Fig. 4) 

that expose the late Miocene slope system. The lack of vegetation in the quarries 

and on wave-eroded cliff sections allows detailed sedimentological analyses. 

Though the overall thickness and general stratigraphy of the coastal section was 

presented by King et al. (1993), the details of depositional architecture remained 

largely undocumented. The results of this study provide interpretation of 

lithofacies and depositional architecture using fine-scale representative 

measured sections and photomapping of outcrops. Representative measured 

sections are used to divide the outcropping Urenui Formation into lithofacies 

based on grain size. The association of lithofacies, lateral relationships, and 

patterns of sedimentation in this slope channel system are documented by 



 

photomapping. Paleocurrent measurements, photographs, and samples are tied 

to the detailed measured sections and photomosaics. 

 Over 400 m of cm-scale sections were measured during two field seasons 

in January through February 2008 and February through March 2009. Most of the 

coastal outcrops were accessible via land during low tide. The section of coast 

from north of Waitoetoe Beach to Onaero River has no land access points. This 

section was accessed via kayak, weather and wave conditions permitting. Results 

and interpretations from this study provide a revised and more detailed version 

of the King et al. (1993) Urenui and Kiore formation stratigraphy along the coast 

(Fig. 4).    

  

OVERVIEW OF OUTCROP DATA 

 The Urenui Formation crops out in coastal cliffs from Pariokariwa Point to 

Waiau Stream (Fig. 4). Biostratigraphic data suggest water depths ranging from 

~800 m at the base of the Urenui Formation to <200 m at the top of the coastl 

outcrop (Crundwell, 2004a, _b). Though the Kiore and Urenui formations and 

the underlying Mount Messenger Formation are thought to represent a 

continuous sequence of deposition from the basin floor to upper slope (Fig. 2), 

the contact between the two formations at Pariokariwa Point is erosional (Fig. 5). 

The general 2-5° southward dip exposes approximately 900 m of vertical 

stratigraphy along 20 km of the Taranaki coast (King et al., in press (b); King et 

al., 1993). The Kiore Formation is continuous with the Urenui Formation along 

the coast and continues until volcanic deposits from Mount Taranaki cut out the 

Miocene section south of Waiau Stream (Fig. 4) (King et al., 1993; Vonk and 

Kamp, 2004). Most of the deep-water slope outcrop involves virtually unlithified 

Miocene sediments at beach level. At approximately 10 m height in the cliffs, the 



 

Rapanui wave cut surface truncates the Miocene deposits and is overlain by 

younger deposits.  

The majority of the Miocene Urenui and Kiore formation coastal section 

consists of siltstone. Extensive coeval burrowing has resulted in poor 

preservation of sand laminae and paleocurrent indicators within the siltstone 

(Fig. 6). Trace fossils and paleotonology of this section are well documented and 

correlate with foraminiferal biostratigraphy (King et al., 1993; Faulconbridge, 

1994; Crundwell, 2004a, b). Unique to the siltstone found in the Urenui and Kiore 

formations is the presence of elongate carbonate concretions that are generally 

perpendicular to the stratigraphy. These structures have been called Paramoudra 

(Buckland, 1917) and more recently tubular concretions (Nyman et al., 2006). 

Siltstone of the coastal section is interrupted by six channels with coarser 

grained fill (Fig. 4). All of these channels contain very fine to fine grained 

sandstone. In general, the sandstone is darker than the siltstone in coastal 

outcrop because the higher porosity of the sandstone retains more water. The 

sandstone-rich sections of the Urenui Formation along the coast also contain 

abundant macroscopic, dark, organic material (Fig. 7). Larger samples collected 

from the Wai-iti Channel and Lowe Channel sections can be preliminarily 

identified as wood (Fig. 7A, B). One of these samples has evidence of marine 

(Teredo-like) borings (Fig. 7A).  

The oldest and youngest channels along the coast, Wai-iti and Waiau 

respectively, include conglomerate fill as well as sandstone. Conglomerates also 

occur inland and are described herein from two quarries. Neither quarry can be 

directly correlated with the coastal section, but regional dip suggests that each 

projects stratigraphically below the Wai-iti Channel. The conglomerate units 

exposed in both quarries contain whole oyster shells, and siltstone overlie the 

conglomerate, which supports the interpretation of the quarried sections as 



 

within the Urenui Formation. Similarity of facies in the quarries and inland 

mapping by Browne (unpub.) suggests that both quarry conglomerates were 

deposited within the same approximately 1 km wide channel belt.  

Paleocurrent directions were measured on sedimentary structures within 

the sandstone and conglomerate fill, including ripples, climbing ripples, starved 

ripples, aligned organic material on bedding planes, and long-axis imbrications 

of pebbles. Rose diagram plots show a wide spread of paleocurrent directions 

when all outcrop measurements are combined (Fig. 8). This contrasts with the 

relatively narrow range of paleocurrent directions from each individual channel 

fill deposit (Fig. 8). All combined data indicate a dominant paleocurrent direction 

to the north and northeast, but this observation is likely biased by the large 

number of Waiau Channel measurements as compared to measurements from 

any other section. The spread of paleocurrent measurements from imbrication in 

the Waiau Channel conglomerate may not accurately describe overall transport 

direction because only pockets of conglomerate were organized. Measurements 

from ripples are more reliable and indicate a transport direction to the north and 

northeast. This is similar to the measurements from the quarries which indicate a 

transport direction to the north and northwest but contrasts with the 

measurements from the Mimi and Wai-iti Channels, which indicate 

paleocurrents to the east and south respectively. Clinoforms (Fig. 3) and local 

paleogeographic reconstructions (Vonk and Kamp, 2008) indicate a general 

transport direction to the west and northwest. Deviation of individual outcrops 

may be an affect of local topography.  

 

LITHOFACIES DEFINITIONS 

 Outcrop stratigraphic sections are categorized into three lithofacies based 

on grain size. These lithofacies distinguish between dominantly siltstone 



 

sections, more sand-rich sections involving very fine- to fine-grained sandstone, 

and conglomerates. Each lithofacies was further subdivided to describe 

persistent subtle variations in grain size, bed thickness, and sedimentary 

structures. An interpretation of depositional environment and relation to channel 

deposits is provided for each lithofacies.   

 

Lithofacies A—Siltstone 

Sections of the Urenui and Kiore formations which appear in outcrop to 

be dominantly siltstone are placed into Lithofacies A (Fig. 9). The light grey color 

of the siltstone-rich sequences is clearly recognizable in outcrop, but few sections 

are entirely siltstone. Most of this lithofacies involves millimeter to decimeter 

thick zones of interbedded sandstone and siltstone laminae. Bioturbation, mainly 

due to burrowing organisms (Faulcolnbridge, 1994), is a common feature in these 

deposits, and burrows range from a millimeter to many centimeters in length. In 

bioturbated sections, sandstone laminae are mixed with the surrounding 

siltstone beds, so that original bedding and sedimentary structures are obscured. 

Lithofacies A includes most of the sections previously termed ‘weakly-bedded’ 

by King et al. (1993) and Faulconbridge (1994).   

In reality, a continuum exists between thoroughly bioturbated sections 

and interbedded siltstone and sandstone, and the siltstone-rich sections are 

described as four subfacies. Subfacies A1 (Fig. 9A) is thoroughly bioturbated for 

thickness of decimeters to meters and often includes hardened volcanic ash 

layers within the otherwise massive section (Fig. 6C). Subfacies A2 (Fig. 9B, C) is 

less bioturbated, so that fragments of sandstone laminae are still present and the 

general orientation of bedding can be determined. Subfacies A3 (Fig. 9D, E) 

includes partially bioturbated siltstone which occurs with elongate, subrounded 

tubular concretions. Subfacies A4 (Fig. 9F, G) includes deposits that have been 



 

displaced and distorted due to slumping or mass transport. At least one of the 

subfacies of Lithofacies A is present in each outcrop along the coast and in both 

inland quarries.      

Lithofacies A interpretation 

Bioturbation in Lithofacies A complicates a clear interpretation of the 

depositional environment; however, enough undisturbed bedding fragments are 

preserved to determine how sediments of this lithofacies were deposited. 

Lithofacies A comprises most of the Urenui Formation, indicating that it is the 

‘background’ sedimentation. Sand laminations in the siltstone lack continuity 

due to bioturbation, but they were likely deposited in more laterally continuous 

layers. Dominantly silt-sized grains indicate a non-hemipelagic origin. The 

siltstone Lithofacies A sediments are interpreted to have been originally 

deposited by low density turbidity currents (Bouma, 1962). There is no indication 

from outcrop, such as beds thinning away from the channel margins, gull wing 

morphology, or diverging paleocurrents, which support an interpretation of 

Lithofacies A deposits as overbank sediments. Instead, frequent low density 

turbidity currents transported silt and sand from the shelf to the deep-water 

slope environment, depositing thin layers of silt and sand which were 

extensively bioturbated between events. Variation in the degree of bioturbation 

between these two subfacies may be linked to sedimentation rate.  

 

Lithofacies B—Sandstone 

 Sections of the Urenui and Kiore formations, which appear in outcrop to 

be more than approximately 30% sandstone, are assigned to Lithofacies B (Fig. 

10). The transition between Lithofacies A and B is gradational, so we use an 

approximate cut-off of 30% sand-sized grains. In general, Lithofacies B contains 

less bioturbation than Lithofacies A. The sandstone in all subfacies of Lithofacies 



 

B is very fine- and fine-grained. Medium-sand grains are rarely present. There is 

a gradational change within the sandstone lithofacies, and three sandstone 

subfacies can be described from the coastal outcrop. At least one subfacies of 

Lithofacies B is found in each of the channel deposits in the coastal outcrop and 

in both quarries.   

Subfacies B1 thick-bedded sandstone 

 Thick-bedded sandstone overlain by thin siltstone beds is described as 

Subfacies B1. Individual sandstone beds range from decimeter to meter scale and 

are generally weakly-current structured Tb or Tc turbidite divisions (Bouma 

1962). The limited range in grain size makes grading very difficult to observe, 

and the relative lack of carbonaceous organic material in the sandstone leaves 

other sedimentary structures poorly defined. This subfacies displays much less 

burrowing than Lithofacies A. Each sandstone bed is topped by an 

approximately 2 cm thick siltstone drape. Sandstone beds thicker than 1 m are 

usually amalgamated, and a siltstone bed will often appear in the middle of a 

thicker sandstone bed if traced laterally. Siltstone drapes are absent between 

amalgamated sandstone beds where they have been eroded or loaded into the 

underlying sandstone bed by the subsequent sand-rich flow. Unlike the 

sandstone beds, the siltstone drapes have a fairly consistent and uniform 

thickness. They are interpreted as Te drapes on top of the Ta sandstones. These 

morphologies are displayed in examples from the Wai-iti Channel fill (Fig. 10A) 

and the south channel in the Lowe section (Fig. 10B).  

Subfacies B2 organic-rich, current-structured sandstone 

 Thinner-bedded, current structured sandstone is Subfacies B2. These beds 

are also very fine and fine-grained sandstones but are thinner and contain more 

carbonaceous material than Subfacies B1. Concentrations of organic material 

(Fig. 10C; Fig. 7C) are present, but most of the organic matter occurs as small, 



 

dark-colored grains which define the plane laminations, ripples, and climbing 

ripples found in the sandstones of this subfacies (Fig. 10D). In general, beds in 

Subfacies B2 are less than 0.5 m and thinner than sandstone beds of Subfacies B1. 

Siltstone drapes are not as frequent as in Subfacies B2. The current structured 

beds are more often truncated and drapped by overlying beds of the same 

subfacies. 

Subfacies B3 thin-bedded sandstone and siltstone 

 Subfacies B3 includes all thin-bedded sandstone and siltstone where 

bioturbation has minimally obscured the original bedding. This facies exists in a 

continuum with Lithofacies A2 and represents a relative increase in sand content 

and decrease in bioturbation. In contrast to Lithofacies A2, bedding is minimally 

disturbed in Subfacies B3, so that individual sand beds can be traced for meters 

along an outcrop (as exposure allows). In the example from the top of the Mimi 

Channel fill at Urenui Beach Camp, sandstone and siltstone occur in discrete 

beds of few centimeters thickness (Fig. 10E). The sandstone beds are current 

structured, most often displaying ripples or starved ripples defined by small, 

dark-colored grains of organic material. Siltstone drapes the sandstone beds and 

generally contains more bioturbation. A slightly different interbedded sandstone 

and siltstone occurs at the top of the Waiau Channel (Fig. 10F).  

Lithofacies B interpretation 

Sediments of Lithofacies B only occur in channel deposits. The presence of 

massive fine-grained sandstone beds and climbing ripple lamination supports a 

low-density turbidity current origin for these deposits. Like Lithofacies A 

sediments, the sandstones of Lithofacies B were deposited from turbidity 

currents (Lowe, 1982) which include few erosional features despite their presence 

within a larger channel. If the flows had responded to confinement, then more 

erosion and onlapping would be observed instead of thinning and draping 



 

geometries and the preserved tops of ripple beds. Lithofacies B was deposited as 

splays despite confinement within a slope-channel system.  

Sediments of Lithofacies B are much less bioturbated than those of 

Lithofacies A, despite the greater amount of carbonaceous organic material in 

Lithofacies B. This difference in bioturbation is likely a result of sedimentation 

rate. The presence of massive sandstone beds and climbing ripples indicates 

rapid deposition (Allen, 1971; Allen & Leeder, 1980), and the presence of this 

lithofacies only within channel deposits also supports the interpreted link 

between bioturbation and sedimentation rate. 

 

Lithofacies C—conglomerate 

 Lithofacies C of the Urenui and Kiore formations  is characterized by the 

presence of granule to pebble clast-supported conglomerate within a fine 

sandstone matrix (Fig. 11).  The conglomerate contains metamorphic clasts and 

intrabasinal clasts from Lithofacies A and B, which vary greatly in size from 

centimeters to meters in diameter. Whole oyster shells and shell fragments are 

present in some portion of each conglomerate. Three subfacies are distinguished 

based on organization and size of extrabasinal clasts. 

Subfacies C1 organized shell hash conglomerate 

 Subfacies C1 is a shell hash conglomerate present in the Wai-iti Channel 

fill (Fig. 11A, B). Granule-sized extrabasinal clasts are mixed with shell hash and 

whole oyster shells (Fig. 11B) (King et al., in press (b)). Intrabasinal clasts include 

sandstone, siltstone, and tubular concretions. This conglomerate is organized 

into layers on the order of a meter thick (Fig. 11A), which contain varying 

amounts of extrabasinal clasts and shell material. Displaced tubular concretions 

are present only in the top layer of conglomerate (Fig 11A).   

 



 

Subfacies C2 disorganized conglomerate 

 The second conglomerate exposed in the coastal outcrop occurs at the top 

of the coastal sequence and has recently been defined as Kiore Formation (Vonk 

and Kamp, 2004). Subfacies C2 (Fig. 11C, D) differs greatly from the Wai-iti 

Channel conglomerate of Subfacies C1. Most of the conglomerate is chaotic, and 

only isolated pockets are organized. The matrix is fine- and very fine-grained 

sandstone, and tubular concretions are absent. Pebble extrabasinal clasts are 

mixed with whole and disarticulated oyster shells, large angular intrabasinal 

clasts, and large rafted fall blocks (Fig. 11C). 

Subfacies C3 imbricated pebble conglomerate 

 Tightly imbricated pebble conglomerate is exposed inland at both Gully 

Rock Quarry (Fig. 11E) and Mangamaio Quarry (Fig. 11F). Elongated, tabular 

pebbles are tightly packed and consistently long-axis imbricated. Layers or 

packages of imbricated pebble conglomerate are generally ~0.5 m thick. Discrete 

layers of pebble conglomerate also contain whole shells and shell fragments. 

Intrabasinal clasts are much less abundant than in Subfacies C2 or C1.   

Lithofacies C interpretation 

Conglomerate units of Lithofacies C have erosional bases and are found 

exclusively in channel deposits. They were from high-density turbidity currents 

(Lowe, 1982), an interpretation which is supported by the long-axis imbrication 

of pebbles, the erosive basal contact present at most conglomerate outcrops, and 

the presence of grain sizes larger than medium sand within a deep-water system. 

The lack of organization in Subfacies C2 conglomerate and the presence of large 

clasts and fall blocks is consistent with its upper slope depositional environment, 

based on paleobathymetric interpretations. It may be a cohesionless debris flow 

deposit (Mulder and Alexander, 2001) rather than a high density turbidite. Like 

Lithofacies B, the conglomerate is interpreted to have been deposited within a 



 

backfilling channel. Lithofacies C sediments are the highest energy deposits 

present in the Urenui and Kiore formations. They represent a significant 

difference in geometry, grain size, flow energy, and possibly source area in 

comparison with Lithofacies A and B.  

 

CARBONATE CONCRETIONS 

 Interpretation of Lithofacies A is complicated by post-depositional 

alteration, including slumping, bioturbation, and precipitation of carbonate 

concretions. The frequent occurrence of tubular concretions below channel 

deposits may indicate a link between concretion and channel formation. 

Establishing the timing and origin of the tubular concretions is important to 

interpret stratigraphic patterns and to infer controls on slope channel deposition 

here. The carbonate concretions have a variety of forms described by Nyman et 

al. (2006). Large, subround, solid concretions occur at Onaero Beach (Fig. 9D) 

both in the cliffs and eroded at beach level. Smaller, elongated tubular 

concretions with open centers or different mineralization in the center occur 

around the larger concretions. Tubular carbonate concretions occur exclusively 

within Lithofacies A in the Urenui and Kiore formations. A second example from 

the Lowe section (Fig. 9E) shows elongate tubular concretions which continue for 

up to 8 m in the cliff exposure. 

Uncertainty exists concerning the origin of tubular concretions. Existing 

literature on tubular concretions from the Urenui Formation and other New 

Zealand localities (Nelson et al., 2004; Nelson and Smith, 1996; Nyman et al., 

2006; Campbell et al., 2008; Nelson et al., 2008) is based on interpretations from 

studies of other ancient outcrops (Irwin et al., 1977; Clari et al., 2004; Aiello et al., 

2001; Conti and Fontana, 2002) which interpret the tubular concretions as the 

subsurface plumbing of a methane-bearing fluid flow system. Studies based on 



 

modern methane vent systems and chemosynthetic biologic communities (CBCs) 

challenge the outcrop-based interpretations and provide alternative hypotheses 

for the formation of the concretions (Paull et al., 2005a, b; Paull et al., 1992; 

Rodriguez et al., 2000; Paull and Ussler, 2008; Paull et al., 2007).     

 Although the objective of this study is not focused on resolving the origin 

of these methane-related concretions, considering the possible origin of Urenui 

Formation tubular concretions may provide constraints on the lithofacies 

associations and interpretation of the stratigraphic patterns. Tubular concretions 

were observed to occur in at least four separate stratigraphic levels in discrete 

units termed Lithofacies A3. Tubular concretions only occur as displaced clasts in 

the Wai-iti and Mimi channel deposits. These two observations indicate that the 

tubular concretions existed in the subsurface during deposition of the Urenui 

Formation in multiple phases. The concretions are frequently truncated by 

erosional surfaces and overlain by slumps and/or channel fill deposits. No 

indicators of the surface expression of a methane system, such as CBCs are 

observed in the outcrops. The tubular concretions in the Urenui and Kiore 

formations have a variety of shapes and sizes. 

 Geochemical results from prior studies including the Urenui Formation 

must also be considered in order to fully understand the role of tubular 

concretions in this depositional system. Pearson and Nelson (2005) note that 

carbonate content in the tubular concretions is relatively low, indicating that the 

surrounding sediments were compacted at the time that the concretions 

precipitated. Stable carbon and oxygen isotope data from tubular concretions of 

the Urenui Formation display a range from very negative δ 13C and negative δ 18O 

to positive δ 13C and positive δ18O (Nelson et al., 2004; Nyman et al., 2006).     

 

 



 

 

Methane fluid-flow interpretation 

 The most recent published data of stable carbon and oxygen isotope data 

are for the bulbous and pipe forms. The pipe concretions are calcitic with very 

negative δ 13C values and δ 18O values around zero; these are interpreted to have 

precipitated from methane-derived bicarbonate within the sulfate reduction zone 

(Nelson et al., 2004; Nyman et al., 2006). The bulbous concretions are dolomitic 

with positive δ 13C values and δ 18O values; these are interpreted to have 

precipitated from methane-derived carbon dioxide below the sulfate reduction 

zone (Nelson et al., 2004; Nyman et al., 2006). These conclusions are based on 

isotope fields for New Zealand carbonates delineated by Nelson and Smith 

(1996) from reactions described by Irwin et al. (1977).   

 Both types of tubular concretions are interpreted as the subsurface portion 

of a methane fluid venting system via the model proposed by Clari et al. (2004) 

(Nelson et al., 2004; Nyman et al., 2006). In this model, methane fluids actively 

flowed through a zone of sediments and precipitation proceeded from the edges 

of this zone inward to create pipes for further fluid flow (Clari et al., 2004). This 

is similar to the mechanism proposed to explain tubular concretions and 

associated stable isotope data in localities around the world (Aiello et al., 2001; 

Peckmann et al., 2001; Peckmann et al., 2002; Campbell et al., 2008; Campbell et 

al., 2002; Conti and Fontana, 2002).   

 Despite the number of studies that have inferred ancient methane fluid 

flow systems from outcrop tubular concretions, none document the process of 

precipitation of conduits within the sulfate reduction zone or describe the 

process of carbonate precipitation below the sulfate reduction zone. These 

studies of ancient outcrops also contrast with recent results from modern deep-

sea methane systems.    



 

 

Alternative hypotheses 

 Chemosynthetic biologic communities (CBCs) are commonly interpreted 

as indicators of methane fluid venting because they were first discovered along 

mid-ocean ridges (Corliss et al., 1979; Paull et al., 2005b). However, CBCs can 

exist wherever there are adequate amounts of reduced fluids at the seafloor 

(Hovland and Judd, 1988; Paull et al. 2005a). Recent deep-sea studies of the 

Monterey Canyon area suggest that CBCs are frequently associated with recent 

slumping or seafloor erosional excavations that expose sediments containing 

methane (Paull et al., 2005a, b). In areas of recent slumping, the sulfate-methane 

boundary may occur at the surface, and methane and hydrogen sulfide can 

passively diffuse out of the seafloor (Paull et al., 2005b).  

 These insights from modern seafloor studies raise two questions about the 

Urenui Formation tubular concretions and their interpreted relation to methane. 

First, the pipe tubular concretions with very negative ∂13C values (Nyman et al., 

2006) are consistent with known reactions and isotope values of carbonate 

precipitation from methane-derived CO2 (Irwin et al., 1977; Paull et al., 1992; 

Rodriguez et al., 2000), but currently available evidence does not distinguish 

between active and passive methane venting origins.  Paull and Ussler (2008) 

propose that such tubular concretions could develop around burrows as 

organisms dig conduits between the sulfate and methane zones, precipitation 

nucleates around the burrow, and grows outward. This scenario would produce 

tubular concretions with similar shape, size, and isotope values to the Urenui 

Formation tubular concretions without involving active methane fluid venting. 

This mechanism would require an opposite direction of precipitation from what 

has been interpreted by Nyman et al. (2006). Such burrowing would produce 



 

tubular concretions like those in the Urenui Formation which are truncated by 

distinct paleoseafloor-slump surfaces and which are not associated with CBCs.   

 The second set of issues concerns the bulbous tubular concretions with 

positive δ 13C and δ 18O values interpreted by Nyman et al. (2006) to have 

precipitated below the sulfate reduction zone from methane-derived CO2. No 

reaction is known to precipitate methane-derived carbonates below the zone of 

sulfate reduction. In this study, both the depth of precipitation and association 

with methane are questioned for the Urenui Formation tubular concretions. 

Moreover, the available isotopic data do not require the involvement of methane-

derived carbon.  

 The positive ∂13C values in the Urenui Formation tubular concretions are 

inferred to result from microbially-mediated fermentation (CH2O -> CO2 + CH4) 

(Coleman, 1993; Nelson and Smith, 1996; Nelson et al., 2004; Nyman et al., 2006). 

This reaction is known to produce enriched δ 13C values in the pore water CO2, 

but the production of CO2 increases acidity and hinders carbonate precipitation 

(Claypool and Kaplan, 1974; Irwin et al., 1977; Paull et al., 1992). Reactions which 

increase alkalinity and favor carbonate precipitation involve sulfate reduction of 

methane (SO4-2 + CH4 -> HCO3- + HS- + H2O) or organic material (2CH2O + SO4-2 -> 

2HCO3- + H2S) (Paull et al., 1992; Rodriguez et al., 2000). While fermentation 

reactions occurring below the sulfate reduction zone may have contributed 

enriched δ13C to the dissolved inorganic carbon (DIC) in the pore waters, 

precipitation of the Urenui Formation tubular concretions with this isotopic 

signature likely occurred where sulfate was available for anaerobic methane 

oxidation or sulfate reduction. 

 As CO2 with positive δ 13C values migrates from where it was formed by 

fermentation into the sulfate reduction zone, δ 13C values of DIC available for 

methane gas bubble formation and carbonate precipitation will increase (Paull et 



 

al., 2007). This mechanism explains the existence of isotopically heavy bulbous 

concretions adjacent to isotopically light pipe concretions in the Urenui 

Formation. However, current studies cannot distinguish whether the either type 

of tubular concretions formed from active methane fluid flow or post-slumping 

passive erosion.           

  

MASS TRANSPORT DEPOSITS 

 The classification and origin of the numerous intervals of mass transport 

deposits (MTD) in the Urenui and Kiore formations involves considerably less 

debate than the tubular concretions, but MTDs lacks extensive description and 

interpretation. MTD includes slides (undistorted strata transported along a 

discrete plane), slumps (strata transported along discrete planes and internally 

deformed in the process), and cohesive debris flows (Dott, 1963; Mulder and 

Cochonat, 1996; Moscardelli and Wood, 2008). A recent increase in the study of 

MTDs has generated new classification schemes that describe the variety of 

slumped deposits found in subsurface data (Moscardelli and Wood, 2008; 

Tripsanas et al., 2008). Although classifications from seismic-reflection data 

(Moscardelli and Wood, 2008) are generally at too large a scale for comparison 

to outcrop data, elements of the existing classification schemes coincide with 

what has been described in the Mount Messenger Formation (Browne et al., 

2006; King et al., in press (c)) and observations of MTDs from this study.  

Browne et al. (2006) describes three scales of MTDs (Type I, II, and III) present 

primarily in the Mount Messenger Formation coastal outcrop. The largest, 

hundreds of meters thick, Type I MTD is found in seismic-reflection data (King 

et al., in press (c)) of the Urenui Formation offshore (Fig. 3), but the smaller Type 

II and III MTDs as well as other syndepostional instability are frequent in the 

coastal outcrops. 



 

 Slumps occur at multiple scales in the Urenui and Kiore formation 

outcrops and typically include distorted or rotated strata separated by discrete 

surfaces. The largest scale MTD in the coastal Urenui Formation is found below 

the Wai-iti Channel and contains three separate units including foliated siltstone, 

cohesive rotated blocks of siltstone and volcanic ash, and folded siltstones (Fig. 

12A). The only true, cohesive, matrix-supported debris flow deposit observed is 

found in the Waiau Channel fill and is less than a meter thick. The margins of the 

Lowe section south channel contain siltstone conglomerate where the siltstone 

clasts have failed from the adjacent channel wall (Fig. 14A). Most other slump 

deposits occur within a single bed (Fig. 12B) or unit (Fig. 12D) ranging from 

centimeters to a few meters in thickness with minimal lateral extent.   

In the Lithofacies B3 top fill of the Waiau Channel, this includes the 

slumping and distortion of single beds along bedding planes (Fig. 12F) and the 

failure of multiple beds (Fig. 12C). In the Lithofacies B2 mid-Mimi Channel fill, 

syndepositional instability ranges from growth faulting of approximately 20 cm 

of a bed (Fig. 12E) to small-scale failure of a few decimeters of strata (Fig. 12G) 

Small-scale extensional faulting during the deposition of the channel fill is also 

found in the Waiau and Wai-iti channels. Failure of chunks of stratigraphy in 

both the Waiau and Mimi Channels results in deposits with truncated in place 

strata, rotated pieces of displaced beds, and overlying beds of the same facies 

which thin and drape onto the evacuated slump scar (Fig. 12B, E, G).    

 There were likely multiple triggering factors for this variety of 

syndepositional deformation and scales of MTDs within the Urenui and Kiore 

formations. Slumped deposits are an inherent part of slope depositional settings 

and may be triggered by a variety of autocyclic or extrabasinal forcing factors 

(Mulder and Cochonat, 1996; Moscardelli and Wood, 2008). Existing discussions 

attribute the larger Taranaki Basin MTDs to regional tectonics such as volcanic 



 

seismicity, the bed-scale deformation to local autocyclic factors, and the 

intervening scales to fluctuations in sea level (Browne et al., 2006; King et al., in 

press (c)).       

STRATIGRAPHIC PATTERNS 

 Five main stratigraphic associations between lithofacies, tubular 

concretions, and MTDs repeatedly occur in the Urenui and Kiore formations. 

These patterns most often involve the lateral and vertical relationship of multiple 

subfacies, but surfaces between units of the same lithofacies are also important. 

Patterns in lithofacies associations are vital to understanding how sediments 

were partitioned and deposited within this slope channel system. Five 

associations described here include:   

(1) Tubular concretions of Lithofacies A3 and overlying slumped siltstones 

of Lithofacies A4 occur below channels of the coastal outcrop, including Wai-iti 

Channel (Fig. 13), Lowe Channels (Fig. 14), Mimi Channel (Fig. 15), and Waiau 

Channel (Fig. 16). Units of tubular concretions are directly overlain by slumped 

units below fill deposits of Wai-iti Channel (Fig. 13) and Waiau Channel (Fig. 16).  

Tubular concretions occur below the Mimi Channel (Fig. 15) and Lowe Channels 

(Fig. 14) without intervening MTDs; here, tubular concretions are truncated at 

the channel base.  

(2) Initial channel fill of Lithofacies A or Lithofacies B thins and drapes 

onto the channel base instead of displaying onlapping geometry.  This thinning 

and draping geometry occurs frequently along with other indicators minimal 

erosion, such as preserved tops of ripples and starved ripples. Thinning and 

draping geometry is best illustrated in the Wai-iti Channel fill (Fig. 13), where 

thick-bedded sandstone beds of Lithofacies B1 thin onto the margin to become 

Lithofacies B3. This same thinning and draping geometry occurs with Lithofacies 

A2 and B3 at the base margin of Mimi Channel (Fig. 15) and within Lithofacies A 



 

at the base margin of Waiau Channel (Fig. 16). Thinning and draping also occurs 

in Lithofacies B1 sandstone beds of the southern Lowe Channel which is only ~30 

m in diameter.     

(3) Channel fill observed along the coast tends to initially coarsen upward 

and then fine upward.  The Wai-iti Channel (Fig. 13) and Waiau Channel (Fig. 

16) begin with Lithofacies A partially bioturbated siltstone with sandstone 

laminae. Sand content increases up section in the Wai-iti Channel fill to 

Lithofacies B2 and B1, into which conglomeratic fill is incised before the fill 

returns to sandstone. In the Waiau Channel, conglomeratic fill is incised into 

Lithofacies A2 initial fill and is overlain by interbedded sandstone and siltstone 

of Lithofacies B3. In all examples described here, erosional boundaries are found 

primarily below the conglomerate. In Gully Rock Quarry (Fig. 17) and 

Mangamaio Quarry (Fig. 18), the apparent base of the channel is overlain by a 

sequence that fines upward over tens of meters from conglomerate to sandstone 

to siltstone.  It is possible that the upward fining trend and underlying 

concretions are not seen because the true base of the channel is not exposed.       

 (4) Tubular concretions occur in units without associated seafloor 

communities and are almost always truncated by a discrete surface that may 

have been a slump scar. An interval of siltstone outcrop exists between the 

southern and middle channels of the Lowe section where two units of Lithofacies 

A3 are separated by a surface (Fig. 19). This surface completely segregates two 

units of tubular concretions so that no concretions cross the surface, which may 

represent a bedding plane or a slump scar. Similar surfaces truncate siltstone 

units with tubular concretions at Waitoetoe Beach and Onaero River. In 

Lithofacies A at Onaero Beach (Fig. 20), tubular concretions are truncated at a 

surface that is draped by a thin, silt-rich shale layer. Tubular concretions are not 

present in the layers above the shale. If the tubular concretions represent a fluid 



 

migration system, then the existing stratigraphy of the shale layer may have 

acted as a seal or baffle to fluid flow.   

(5) Slump deposits and other signs of syndepositional instability occur 

frequently. The abundance of slumping and syndepositional movement of strata 

in the outcrop section signals that destabilization is a key influence on 

sedimentation in this slope system. Lithofacies A3 deposits are exposed 

throughout the coastal section, but every coastal outcrop shows evidence of some 

syndepositional destabilization. Slump scars and slumped units are overlain by 

beds of similar lithology that thin and drape relict topography. It follows that 

this geometry and process would occur at a larger, channel scale, too. The bases 

of channels in the coastal outcrop are controlled by underlying MTDs or slump 

scars, and channel deposits also fill existing topography. The spread of 

paleocurrent data (Fig. 8) coincides with a system in which local filling of 

topography dominates sediment transport but may be a result of channel 

sinuosity. Though the general down-slope transport direction in the late Miocene 

was to the northwest (King et al., in press (b)), individual channel deposits may 

yield very diverse paleocurrent directions.  

 Tubular concretions must also be carefully considered here because of the 

abundance of tubular concretions in the Urenui Formation and the appearance of 

the tubular concretions associated with channels. The origin of tubular 

concretions, though still debated, plays a crucial role in the interpretation of 

stratigraphic patterns. Both potential interpretations are linked to slumping. 

Active migration of methane through the subsurface would likely trigger 

frequent destabilization, MTDs, and slump scars. However, slumping occurs 

frequently in this sequence without associated concretions. While this study 

cannot definitively reject either interpretation, the frequent presence of tubular 

concretions truncated at a concave surface and the conspicuous absence of CBCs 



 

in the entire formation make the burrowing hypothesis more likely at this point. 

Thus, we conclude that slumping is the main factor in channel formation.      

CARBONACEOUS MATERIAL  

 Beginning with King et al. (1993), a low oxygen environment has been 

proposed for the coastal section from Waitoetoe Beach through Onaero Beach, 

including the organic-rich Mimi Channel fill. The dominance of Bolivina barnwelli 

(Verhallen, 1991) (>90% specimens) in foraminifera samples from the Mimi 

Channel fill is the primary support for this low oxygen hypothesis, but intervals 

without foraminifera, reductions in diversity of foraminifera samples, laminated 

carbonaceous beds, iron-stained strata, general absence of macrofossils, and 

limited bioturbation are also cited (King et al., 1993; Crundwell, pers. comm.). 

King et al. (1993) interpreted sections of the Mimi Channel fill that have 

laminations and carbonaceous material as sapropels similar to those described 

from the Mediterranean due to water mass stagnation and oxygen depletion 

during sea level shifts of the Miocene (Cita and Grignani, 1982; Jonkers, 1984).   

 Observations and interpretations from this study contradict the initial low 

oxygen hypothesis. The laminated sediments rich in carbonaceous material are 

Tb parallel laminated beds that are part of the turbidite channel fill. Unlike the 

sapropel interpretation, the recognition of Tb beds does not require a restricted 

basin like the Mediterranean or a stagnant water mass. In fact, the presence of 

high velocity parallel laminations and rippled beds indicate a rapidly moving 

turbidity current. Lithofacies B2 deposits are less burrowed than the Lithofacies 

A background siltstone, but numerous large (approximately 1 cm diameter) 

burrows are present (Fig. 6D). There must have been macrofauna to create the 

burrows and sufficient oxygen levels to support these organisms. The decrease in 

bioturbation can be explained by the increased sedimentation rates in the 



 

Lithofacies B channelized deposits as compared with the smaller events of 

Lithofacies A.          

 The presence of iron-stained strata in the Mimi Channel fill is likely a 

post-depositional diagenetic alteration. This is common throughout the Urenui 

Formation coastal section, especially in channelized deposits. Similar iron-

staining occurs in outcrop of the Wai-iti Channel fill, which is not interpreted as 

a low oxygen depositional environment.   

 The dominance of Bolivina barnwelli in some samples and absence of 

foraminifera in other samples from the Mimi Channel fill may be explained by 

turbidity current transport. Turbidity currents may have passed through an 

oxygen depleted zone where low oxygen species would have been entrained. 

Sorting of grain sizes in stratified turbidity currents may also sort foraminifera 

tests incorporated into the flow (Bandy, 1964; Ingle, 1967; Brunner and Normark, 

1985). Because the Mimi Channel fill sediments were all low density turbidity 

currents, grain-grain interactions which could damage or destroy foraminifera 

tests would have been minimized. This process could place indicators of a low 

oxygen environment in a zone of the slope that was well oxygenated. The 

abundance of turbidites in channel fill and background sedimentation results in a 

relatively higher abundance of transported fauna in most intervals of the Urenui 

Formation. Based on the evidence from this study, it is unlikely that the Mimi 

Channel fill or any other section of the Urenui Formation coastal outcrop was a 

low oxygen environment. 

  

FEEDER SYSTEM 

 Although the feeder system for the Urenui and Kiore formation deposits 

is largely eroded or poorly exposed, slope deposits contain clues to the shallower 

components of the system. The repeated occurrence of oyster shells, extrabasinal 



 

conglomerate, wood, and other carbonaceous material in the channel deposits 

indicates a shallower contemporary region with developed river and estuary 

systems. Vonk and Kamp (2008) mapped shelfal shell beds and coal deposits 

inland which are absent in the coastal section, and time equivalent facies of these 

deposits were likely the source of the shells and organic material. River drainage 

systems are inferred by Vonk and Kamp (2008) and must have been the source of 

extrabasinal conglomerate for the Urenui and Kiore formation channel fill 

deposits. Estuaries are likely more prevalent than recognized in existing 

paleogeographic maps because oyster shells occur in each channel conglomerate.   

 Most of the channel deposits identified in this study, especially those with 

conglomeratic fill, are likely fed from turbidity currents generated from failure of 

deltaic sediments. It is not clear whether all turbidites in the Urenui and Kiore 

formations have a direct link to fluvial systems. Vonk and Kamp (2008) map a 

paleo-longshore drift from south to north. This may have winnowed 

fluivial/deltaic sediments on the shelf, resulting in the narrow grain size range 

and consistent deposition of small background turbidites (Lithofacies A) in the 

Urenui and Kiore formations.           

  

INFLUENCES ON SEDIMENTATION 

 Sea level has been proposed as the main control on deposition for the 

sequence that includes the Mount Messenger, Urenui, and Kiore formations 

(King et al., 1993; Vonk and Kamp 2008; King et al., in press (a, b)). Although sea 

level cycles undoubtedly affected slope deposits in the Taranaki Basin, it is 

difficult to attribute individual channels or MTDs to shifts in sea level when no 

sea level curve exists for the Taranaki Basin and the coastal sequence lacks high 

resolution age control, such as radiometric dates. Interpretation of most sequence 



 

and parasequence boundaries is highly subjective in the Urenui and Kiore 

formations because most contacts are subtle differences between siltstone units.   

Other potential influences on Taranaki Basin sedimentation and 

depositional architecture are discussed in recent publications (King et al., in press 

(a, b, c)) and are supported by evidence presented in this study. Forcing factors, 

which likely occurred simultaneously, include tectonics, sediment supply, 

autocyclic controls, climate, and subsurface methane generation. Several 

potential influences on sedimentation are related to the complex tectonic setting 

of the late Miocene Taranaki Basin. Onshore uplift in likely source areas related 

to the fold-thrust-belt and transpressional faulting (Kamp, pers. comm.) would 

have influenced erosion rates and therefore sediment supply. Offshore volcanoes 

may have ponded sediment gravity flows within the basin and were a likely 

source of seismic triggers for large MTDs related to channel formation. Smaller 

MTDs (Fig. 20) do not require triggers other than autocyclic local instabilities 

(King et al., in press (c)), but may be related to oversteepening due to high 

sediment supply.  

Autocyclic influences such as upstream fluvial-deltaic cycles, are most 

strongly supported by the data from this study. The link established in this study 

between the slope system and an upstream fluvial system suggests that delta 

lobe switching or flood cycles may influence patterns of sedimentation such as 

the periodic occurrence of channel deposits. Channel fill coarsens and then fines 

upward on a large scale, as suggested for hyperpycnal flows and river-related 

turbidity currents (Mulder and Syvitski, 1995; Mulder et al., 2001; Mulder et al., 

2003). This origin is more likely for the finer-grained Lithofacies A and 

Lithofacies B channel fill deposits but may also explain the mid-channel 

erosional contact below the conglomerate (Mulder et al., 2003) and be linked with 

slope failure.   



 

The presence of methane in the subsurface most directly impacted 

Lithofacies A3 through the formation of tubular concretions. Although it remains 

unclear whether these tubular concretions formed from methane fluid flow or as 

a result of temporarily altered subsurface methane gradients, at least some of the 

concretions are directly linked to methane. Whether methane fluid flow caused 

MTDs or slumping triggered precipitation of concretions is also unclear, but the 

availability of methane in the subsurface was a unique and critical influence on 

deposition in the Urenui and Kiore formations. Either proposed explanation for 

the concretions involves MTDs.   

The link between tubular concretions and MTDs may have influenced the 

location of channel deposits.  Previous studies have demonstrated that MTDs can 

influence and provide channel conduits in the existing topography of evacuated 

slump scars (Shultz et al., 2005) or depressions on the tops of MTDs (Shor and 

Piper, 1989; Shultz et al., 2005; Armitage et al., 2009). This study provides 

evidence of both types of MTD-influenced conduits in the Urenui and Kiore 

formations. Because of this link, the triggering mechanisms for MTDs, such as 

tectonics, sediment supply, etc. (Mulder and Cochonat, 1996; Moscardelli and 

Wood, 2008), are indirect influences on channelized sedimentation.     

  

ANALOG SLOPE SYSTEMS 

 This study involves many types of data at multiple scales and is 

applicable to other slope settings. Analog deep-water slope depositional systems 

are examined and used to evaluate conclusions about the Urenui and Kiore 

formations. No one analog system could encompass all the complexities of the 

Taranaki Basin setting and late Miocene deep-water slope stratigraphy. The Eel 

Canyon system (modern; offshore northern California), the northwest African 

slope (modern), and the San Clemente Beach outcrops (ancient; southern 



 

California) are introduced here as partial analogs. The modern Eel Canyon 

system offshore northern California provides a partial analog because it is also a 

fine-grained slope environment linked to a fluvial system (Mullenbach et al., 

2004).  In the Eel Canyon, fluvially-sourced sediments are deposited in the 

canyon through seasonal, storm-induced turbidity currents (Puig et al., 2004; 

Mullenbach et al., 2004) and possibly through hyperpycnal plumes from the Eel 

River (Mulder et al., 1995).  This feeder system is similar to that proposed for the 

Urenui and Kiore formations.   

 Although there are few basins with a tectonic evolution closely similar to 

the Taranaki Basin, the setting offshore northwestern Africa provides an 

appropriate analog for the complex seafloor topography which existed during 

deposition of the late Miocene deep-water sequence. The northwest African slope 

apron is a fine-grained system where the distribution of facies is influenced by 

the presence of offshore volcanoes and pre-existing topography (Wynn et al., 

2000). Although such complex seafloor topography is known to have existed 

during deposition of the Urenui and Kiore formations, this analog aids in 

hypothesizing lateral distribution of facies that cannot be reconstructed from 

outcrop data alone.    

 The San Clemente Beach outcrops of southern California also expose 

deep-water slope channel-fill deposits in beach cliffs (Camacho et al., 2002).  

Similar techniques, such as photomapping and paleocurrent data, are used to 

analyze this Miocene outcrop. The Taranaki Basin outcrops are more laterally 

extensive, including multiple channels, but are vertically truncated in ways 

which the San Clemente Beach outcrops are not. This analog is much more like 

what is documented and interpreted for the quarry channel than the coastal 

outcrops. Like the Urenui and Kiore formations, the slope channels have no 

associated levee deposits.   



 

 

 

CONCLUSIONS 

 This study documents many new sedimentological details of the Urenui 

and Kiore formations from laterally continuous coastal cliff outcrops to provide 

insights on channel formation in a deep-water slope system and develop a multi-

scale view of a slope system. In particular, subtle differences and contacts within 

siltstone units are recognized and lead to new interpretation of channel deposits, 

background sedimentation, and tubular concretions. The partitioning of the 

outcrop data into three lithofacies based on grain size allow documentation of 

repeated stratigraphic patterns, depositional architecture, and influences on 

sedimentation in this late Miocene slope system. The abundance of outcrop and 

subsurface data available for this fine-grained slope system and its location 

within a complex tectonic setting allow this study to be used as an analog of 

other tectonically complex, fine-grained deep-water slope systems.   

 

FUTURE RESEARCH PLANS—SUBSURFACE DATA 

 Two- and three-dimensional seismic-reflection surveys in North Taranaki 

and adjacent offshore region are available for this study through GNS and open-

file sources (Fig. 21). The offshore Pohokura 3D survey covers a minimally 

faulted area offshore and slightly to the south of the North Taranaki coastal 

outcrops (King et al., in press (c)). The quality and continuity of this survey will 

allow for mapping of large-scale architectural elements and provide a three 

dimensional analog for the outcrop study.    

 Distinction of the Urenui and Kiore formations in subsurface data is 

complicated because both formations are defined along the coast based on 

lithology. Formation tops were picked in wells by different companies on 



 

unavailable but unquestionably differing criteria. Detailed formaniferal 

stratigraphy is available in the Taranaki Basin, but boundaries of the Urenui and 

Kiore formations do not correspond to documented biozones (Crundwell, pers. 

comm.). Thus, neither formation can be correlated directly from the coastal 

outcrop to subsurface data.  At best, a generally time equivalent interval can be 

defined and used as an with the outcrop data.     

 In the area of the Pohokura 3D survey, this analogous interval includes a 

large MTD overlain by prograding clinoforms (Fig. 3).  The coastal outcrop 

roughly correlates with the prograding clinoform interval since the MTD does 

not extend into the outcrop area (King et al., in press (c)).  Though outcrop 

channels cannot be directly correlated with conduits in this survey, similar and 

complimentary questions can be addressed with the subsurface data.  In 

particular, the 3D survey can help to determine whether channel shapes 

appearing in two-dimensional views (Fig. 22) are continuous conduits, more 

isolated scour features, evacuation surfaces, or discontinous depressions created 

by underlying deposits.  Methodology will include the mapping of the bases of 

potential conduits, mapping of the top of the large MTD (Figs. 3, 22), and 

generation of horizon slices, proportional slices, and interval extractions.  This 

study will be a crucial analogue to the detailed but dominantly two-dimensional 

outcrop.   

 

FUTURE RESEARCH PLANS—ASH DATING 

The presence of volcanic ash layers within the outcrop sequence (King et 

al., 1993) provides an opportunity to produce radiometric age constraints and 

calculate sedimentation rates. Persisting ambiguity and the lack of age-correlated 

bio-events in the Urenui Formation have limited the resolution of estimated 

sedimentation rates (Crundwell, 2004a, b), which are important in understanding 



 

the sedimentary system. Prior attempts to radiometrically date the ash layers in 

the Taranaki Basin utilized K-Ar methods (Hansen, 1996).  These results did not 

correspond to established lithostratigraphic relative ages or age estimates from 

biostratigraphy.  

Radiometric dating of volcanic deposits has been greatly advanced by the 

development of the 40Ar/39Ar dating method (Harrison and McDougal, 1999).  

The large uncertainties associated with conventional K-Ar dating are reduced to 

~5% in the 40Ar/39Ar method (Harrison and Zeitler, 2005), creating new potential 

to retrieve reliable ages in the Taranaki Basin. Similar analytical errors U-Pb 

dating methods using a Sensitive High Resolution Ion Micro-Probe (SHRIMP) 

with zircon grains produce similar analytical errors (Williams, 1998).   

These two methods can applied to the Taranaki Basin outcrop sequence to 

produce the most precise age constraints possible for the deep-water sequence. 

Analytical error associated with the estimated age of the formations (8-10 Ma) 

(Crundwell 2004a, _b) may prohibit multiple unique ages and sedimentation 

rates from being generated from within a single formation, so this study 

incorporates the entire deep-water outcrop sequence.  In the coastal outcrop this 

includes volcaniclastic deposits of the Mohakatino Formation, laterally 

continuous sandstone-rich Mount Messenger Formation, and the siltstone-

dominated Urenui Formation. The 40Ar/39Ar and U-Pb dating methods should 

allow calculation of the Taranaki Basin late Miocene deep-water sedimentation 

rate, which can be independently compared to biostratigraphic data.  

Individual ash beds in the Urenui, Mount Messenger, and Mohakatino 

formations were documented and sampled during two field seasons in January 

through February 2008 and February through March 2009 (Fig. 23). In general the 

ashes are phenocryst-rich, lack abundant quartz and contain feldspar and 

ferromagnesian minerals (Fig. 23B).  The individual beds of ~2-20 cm thick are 



 

interpreted as ash-fall deposits from single events, as opposed to ash-flow or 

sediment gravity flow deposits, due to the lack of current structures other than 

occasional normal grading, and occurrence of pumice in some samples (Sparks, 

1976; Sheridan, 1979; Wright and Smith, 1980; Fisher, 1984).  Ash beds occur in 

stratigraphic clusters of three to ten ash layers individually less than 5 cm thick 

and separated by less than one meter of bioturbated siltstone (Fig. 23A, C).  The 

clusters are typically present in siltstone lithofacies in the Urenui Formation and 

are more difficult to distinguish in the sandstone and volcaniclastic deposits of 

the Mount Messenger and Mohakatino formations, respectively.    

 Samples were collected within each cluster of ash layers by choosing the 

thickest, least bioturbated, and most accessible layer. After locating the sample 

within a measured section, the overlying and underlying layers were removed, 

and more than one kilogram of fresh ash layer was hand-selected to avoid 

strongly altered samples. This method minimized contamination from other 

units located stratigraphically above or below the sample layer.  In the mineral 

separation lab at Stanford University, ash samples were crushed, sieved to 0.5-1.0 

mm grain size, separated magnetically with the vertical and horizontal Frantz, 

and separated by density with LMT (lithium polytungstate) heavy liquids to 

remove feldspar. SEM analyses of feldspar aliquots from the ash samples 

indicated that the vast majority of feldspar is intermediate composition 

plagioclase. Plagioclase grains were hand-picked and will be irradiated for 

40Ar/39Ar dating (Harrison and Zeitler, 2005 and references therein) and will be 

analyzed in the Noble Gas laboratory at Stanford University.  Zircon grains will 

also be separated from ash samples and analyzed with the SHRIMP (Williams, 

1998) at Stanford University.  

Precise ages from 40Ar/39Ar and zircon U-Pb dating will provide revised 

age constraints and allow sedimentation rates to be calculated. Previous 



 

estimates of sedimentation rate within the Urenui Formation have been limited 

to lower resolution than the surrounding formations due to the paucity of age 

correlated bio-events, and estimates of sedimentation rates are very high  

(Crundwell, 2004a, b). Radiometric ages from this proposed study are anticipated 

to increase the resolution of sedimentation rates within the coastal section. Ash 

ages may provide a method of correlation between inland outcrops and the 

coastal outcrop, which has been challenging through sedimentological and 

biostratigraphic data alone. Precise and accurate ages within multiple parts of the 

outcrop sequence may also aid in the identification of faults and structurally 

repeated section. 
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Figure 1. Location of the study area in the Taranaki Basin onshore and offshore the 

western North Island, New Zealand (modified from King and Thrasher, 1992). The 

yellow line marks the location of the coastal cliff outcrop section. The purple line 

represents the approximate location of Fig. 2. The red box is the area represented in 
Fig. 21.       
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Figure 2. General chronostratigraphy of the North Taranaki Graben (modified from 

Vonk and Kamp, 2008). The mid-slope Urenui Formation and upper-slope Kiore 
Formation are part of a late Miocene progradational system moving sediment to the 
northwest.  Sand is deposited at various intervals in the slope setting.    
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Figure 3. Dip seismic-reflection line from the Pohokura 3D offshore survey.  

Prograding clinoforms of the Urenui Formation are imaged above a large mass 

transport deposit (MTD) in this area. Continuous, high-amplitude reflectors of the 

sand-rich Mt Messenger Formation and volcaniclastic Mohakatino Formation appear 

below the MTD.     
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Figure 4. Stratigraphy of the Urenui and Kiore formations 
(left) measured from coastal cliffs of north Taranaki (below; 

modified from King et al., 1993). The sequence is 

dominantly siltstone interupted by six coarser, channelized 

intervals. Overall dip is approximately 2-5o SW. Named 
intervals on the measured section (left) correspond to  
outcrop locations on the map (below). Exposures at two 

inland quarries are also included in this study. 
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Figure 5. Contact of the Mt Messenger and Urenui formations. In the coastal outcrop, the contact between the Mt Messenger 
Formation and the Urenui Formation occurs at Pariokariwa Point. A merged set of photos from the second cove north of 
Pariokariwa Point is shown uninterpreted (above) and interpreted (below). A normal fault juxaposes Mt Messenger 
Formation sandy Pukearuhe facies (dashed line). A shift to the dominantly siltstone lithology of the Urenui Formation 
occurs above an erosional contact (solid black line) which truncates beds of the underlying Mt Messenger Formation (full 
arrows). Person circled for scale.    
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Figure 6. Bioturbation in the Urenui Formation coastal outcrop. (A) Small chondrites 
burrows are found in virtually all siltstone sections of the Urenui and Kiore 
formations. This example is from the coastal outcrop south of Wai-iti Stream. (B) Some 
burrows, like this example from Waitoetoe Beach, can be traced for up to 1 m length. 
(C) Burrows may be filled with volcanic ash like those found south of Wai-iti Stream. 

(D) Burrows are also found where sediments are rich in carbonaceous material. The 
escape burrow in this photo is from the mid-Mimi Channel fill.    
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Figure 7. Photographs of carbonaceous material in the Urenui Formation coastal 
outcrop. (A) Carbonaceous material is concentrated with siltstone drapes in the 
Wai-iti Channel fill. Preserved wood within this layer has borings and distorts 

overlying layers. (B) A similar piece of wood was found within a siltstone layer in the  

Lowe section south channel. (C) Small grains of carbonaceous material are 
concentrated in current-structured sandstone sections like those in the mid-Mimi 
Channel fill.         
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Figure 8. Rose diagrams of paleocurrent measurements from outcrops of the Urenui 
and Kiore formations. Combined data from all outcrops considered in this study 
yields a 360o spread of paleocurrents. The dominance of the north and northeast 
directions in the plot of all paleocurrent data can be attributed to the large number of 

measurements from Waiau Channel. Each individual channel deposit has a much 
narrower range of paleocurrents.    
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Figure 9. Lithofacies A examples. (A) Massive siltstone of  Subfacies A1 is thoroughly 
bioturbated. (B) Segments of sandstone laminae are visable through bioturbation in 
this Subfacies A2 example from Pariokariwa Point. (C) Subfacies A2 from Wai-iti 
channel fill contains wisps of thin sandstone laminae. (D) Subfacies A3 contains 

partially bioturbated siltstone and sandstone laminae occuring with tubular 
concretions.  A large, round tubular concretion in the cliff exposure is seen in the 

center of this photo, and smaller, elongated tubular concretions appear around it. (E) 
Subfacies A3 also includes elongated tubular concretions which continue for many 

meters in the Lowe section. (F) Subfacies A4 includes slumped siltstone. This example 
from the Lowe section shows a foliated texture. (G) Folded siltstone from below 
Wai-iti Channel fill is also included in Subfacies A4.  
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Figure 10. Lithofacies B. (A) Thick-bedded sandstone with thin siltstone drapes from 
Wai-iti Channel fill is Subfacies B1. Mica filled burrows originate from the top of the 

amalgamated sandstone layer. (B) Subfacies B1 from the Lowe section. (C) Current 

structured sandstone with organic material from Wai-iti Channel is Subfacies B2. (D) 

Subfacies B2 from the mid-Mimi Channel fill.  (E) The top Mimi Channel fill from 

Urenui Beach Camp is interbedded sandstone and siltstone of Subfacies B3. (F) The 

top of Waiau Channel fill contains more siltstone but is also Subfacies B3. 
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Figure 11. Lithofacies C examples. (A) Subfacies C1 from Wai-iti Channel fill is 

organized into layers with tubular concretions at the top. This example is a fall block. 
(B) Shell material is abundant in Subfacies C1. (C) Subfacies C2 from Waiau Channel 
fill is chaotic and contains large intrabasinal fall block clasts. (D) Whole shells are 

present in Subfacies C2 with pebble extrabasinal clasts. (E) Tightly packed, long-axis 
imbricated extrabasinal pebble conglomerate is present at Gully Rock Quarry and 
classified as Subfacies C3. (F) Subfacies C3 is also exposed in the Mangamaio Quarry.
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Figure 12. Photographs of syndepositional deformation in the coastal outcrop. (A) 
Foliated siltstone, cohesive rotated blocks of intraformational deposits, and contorted 
siltstone form a seismic-scale mass transport deposit (MTD) below Wai-iti Channel.   
(B) A single bed is slumped in the mid-Mimi Channel fill. (C) The interbedded 

sandstone and siltstone from the top of Waiau Channel fill includes outcrop-scale 

syndepositional slumping. These slump conduits are draped by subsequent fill.  

Backpacks circled for scale. (D) Siltstone is contorted in a large slump layer filling the 

middle Lowe Channel. (E) The mid-Mimi Channel fill also includes syndepositional 

growth faulting. (F) In the top Waiau Channel fill, beds in an entire unite are rotated.  

(G) The depression left by this slump in the Mimi Channel is filled by draping beds.    
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Figure 13.  Wai-iti Channel outcrop. The overall vertical sequence of channel formation and fill includes Lithofacies A3, A4, 

A2, B2, C1, B2, and B1. (A) Multiple units of mass transport deposits (MTD) are separated by surfaces (dashed lines) below 

the channel fill. The middle unit contains faulting and rotated blocks of siltstone with ash beds.  These MTD units truncate 

tubular concretions. (B) Initial channel fill was siltstone Lithofacies A2 which drapes the underlying MTD. Sandstone fill 

grades from B2 to B1 vertically and from B1 to B3 laterally as individual beds thin and drape onto the underlying siltstone. 

Conglomerate is inaccessible in the cliff but is visable in multiple large fall blocks at beach level. Air photograph (B) 

courtesy of GNS Science.       
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Figure 14. Channels from the Lowe section. (A) The most southern channel is 
filled with Lithofacies B1 and is approximately 30 m in diameter. Both sides 

of the base contact are exposed (solid lines). A person is circled for scale. (B) 

The middle channel of the Lowe section is filled with Lithofacies B1, 

Lithofacies A4, and Lithofacies A2. Internal contacts are shown with dashed 

lines. A 1.5 meter stick with 10 cm increments is marked for scale. (C) Only 

the base of the northen channel in the Lowe section is exposed in the coastal 

outcrop. Sandstone of Lithofacies B1 overlays a sharp contact with 

Lithofacies A3 siltstone at the channel base (solid line). A person holding a 

1.3 m walking stick is circled for scale.    

A

B

C

A3

B1

A3

A2 B1
A4

A2

A3

B1



silt vf sdf sd

10 cm

50 cm

100 cm

150 cm

clay clay

10 cm

50 cm

140 cm

100 cm

f sd

vf sd

silt

A3

B3

A2

B2

Figure 15. Photographs and representative measured sections from Mimi Channel. Tubular concretions of Lithofacies A3 are 
found below the Mimi Channel and are trucated by the channel base. Fill deposits include siltstone of Lithofacies A2 
overlain by sandstones of Lithofacies B3, B2, and B3. The initial siltstone fill drapes the channel base.  Overlying sandstone 

and siltstone beds thin and drape onto the siltstone layer and do not show an onlapping geometry.  The three sandstone 
lithofacies are shown as two representative measured sections (Lithofacies B3) and a photograph (Lithofacies B2) including 
beds which drape a truncation surface. All Lithofacies B fill of Mimi Channel has sedimentary structures defined by small, 

dark-colored grains of organic material. The Rapanui wave cut platform is approximately 10 meters above beach level. The 
small cave has been eroded by wave action and does not follow a depositional boundary.    
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Figure 16. Waiau Channel. 
Scale is circled 1.5 m stick. (A) 
The base contact is within 
Lithofacies A. (B) Initial fill is  

Lithofacies A2 (rep. section) 
mixed with A4. (C) The base 
conglomerate contact is 
erosional. (D) Undercut 
internal contact. (E) 
Lithofacies B3 thins and 
drapes chaotic conglomerate.
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Figure 17. Channel fill deposits from Gully Rock 

Quarry. A sharp, stepped contact with a more lithified 

rind exists between the siltstone of Lithofacies A2 and 

the C1 conglomerate (right). A 1.3 m walking stick with 

10 cm increments is circled for scale. The initial 

conglomerate fill is many meters of cut-and-fill weakly 

current structured sandstone and imbricated 

conglomerate. This is exposed well in one of the 

working quarry faces (above). A person is circled for 

scale. Many meters of poorly exposed sandstone with 

infrequent conglomerate beds overlay this face and is 

approximated in the measured section (left).           
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Figure 18. Channel fill deposits from Mangamaio Quarry. (A) Measured section 

approximated from Mangamaio Quarry exposures. (B) The channel at Mangamaio 

Quarry has a stepped contact between the siltstone Lithofacies A2 and imbricated 

pebble conglomerate Lithofacies C3.  A 1.5 m stick with 10 cm increments is shown for 

scale. (C) Above the conglomerate, channel fill includes siltstone (currently vegetated) 

and sandstone.    
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Figure 19. Merged photographs from Onaero Beach. Tubular concretions of Lithofacies A3 are truncated by a surface 
draped with a thin silt-rich shale. Slumped siltstone of Lithofacies A4 is found above the shale draped surface and contains 
no tubular concretions. It is unclear whether the surface truncating the tubular concretions (Nyman et al., 2006) was a seal 
for methane migration or represents a slump scar from slope destabilization. The carbonate tubular concretions are more 
resistant to weathering than the surrounding siltstone, so may concretions are still present on the beach. A 1.5 m stick 
marked in 10 cm increments is circled for scale.     

Figure 20. Merged photographs from the Lowe section of coastal outcrop. A surface is visible between two units of siltstone 
with tubular concretions (Lithofacies A3). Concretions of the lower unit are truncated by the surface, and no concretions 
cross the boundary. No different lithologies are apparent at this boundary. It is unclear whether this surface is a bedding 

plane, a paleoseafloor, or a slump scar evacuation surface.    



Figure 21. Distribution of open file seismic-reflection data from onshore and offshore 

the northern Taranaki Basin. The Pohokura 3D survey used in this study is outlined in 

red offshore.  
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Figure 22. Strike seismic-reflection line from the Pohokura 3D survey. Large filled 

conduits are imaged within the prograding clinoform section (dashed green lines). 

The MTD leaves topography which may provide conduits for later sediment gravity 

flows.  This data used as an analog in outcrop interpretations.  



Figure 23.  Volcanic ash layers in the Urenui 
Formation.  Location in the coastal outcrop 
section is shown with red arrows (left).  One 
sample was also collected from Gully Rock 
Quarry.  (A) The ash layers are 2-10 cm thick and 
occur in clusters.  Rock hammer is shown for 
scale.  (B) The ash deposits include large feldspar 
and ferromagnesian phenocrysts.  (C) The 
intervening silt beds are easily distinguished by 
grain size and color.           
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