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Abstract. Taranaki Basin, New Zealand, is located adjacent to the Australian-Pacific Plate
boundary where the tectonic regime changes from dominantly subduction-related to the north to
transpression-related along the Alpine Fault to the south. During the Neogene, burial and
exhumation varied extensively, in both time and space, in response to subsidence and uplift along
this evolving plate boundary zone. The basin can be divided into two regions: (1) the Western
Platform outside the plate boundary deformation zone where no uplift nor exhumation hasocct jd
and (2) the Eastern Mobile Belt, which lies inside the deformation zone and has been variably
uplifted and exhumed. Exhumation magnitudes for sedimentary deposits of the basin are estimated
from offset porosity-depth trends. The analysis is based on correlating sonic log travel times with
compensated density logs, permitting sonic travel time to be used as a proxy for porosity. Twelve
Western Platform wells are used to define a standard exponential porosity-depth trend with an
extrapolated surface porosity of 50% and an exponential decay factor of 2265 m, valid for
mudstone/shale sections spanning a depth range of 300-3000 m. This curve is a calibration curve
against which offset porosity-depth trends from wells in exhumed regions can be compared to
determine apparent exhumation amounts. Porosity-depth trends for 43 Eastern Mobile Belt wells
are offset 0-2800 m shallower relative to the Western Platform trend but generally are parallel to it.
In the southern region of the Eastern Mobile Belt, net exhumation amounts, which are the sum of
the porosity-depth trend offset and depth to unconformity, range from 850 to 3000 m; most of this
exhumation occurred on discrete contractional structures in late Miocene to early Pliocene time,
probably associated with an increased rate of convergence across the Alpine Fault system to the
south. In the eastern region of the Eastern Mobile Belt, net exhumation progressively increases
from 0 m in the south to 1800 m in the northeast part of the basin, consistent with the 2°-4° SW
structural tilt of onshore strata. The regional and consistent pattern of exhumation in the eastern
region contrasts with the discrete structure-related exhumation in the southern region and is
consistent with models of thermal and flexural uplift.

1. Introduction

In particular, the basin deposits contain

Taranaki Basin is located partially in the deformation zone
associated with the Australian-Pacific Plate boundary (Figure 1)
where the tectonic regime changes from a dominantly
subduction-related back arc and magmatic arc setting to the
north to a transpressive setting related to movement along the
Alpine Fault to the south. The stratigraphic record of the
basin, which has been extensively explored for hydrocarbons,
contains a rich record of its complex Neogene tectonic history.
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past uplift and exhumation events that occurred in response to
the evolving plate interactions. Estimates of past exhumation
variations, in both space and time, should provide valuable
constraints for geodynamic modeling of this area.

Several methods have been used to estimate exhumation

amounts in Taranaki and elsewhere. Probably the most
common method in basin studies employs seismic reflection
sections [e.g., Knox, 1982; Ellyard and Beattie, 1990],

Exhumation amounts are estimated on the basis of amounts of
missing section across faults or over folds, but these estimates
require knowledge or assumptions about the initial thickness
of eroded material.  Also, unconformities with no angular
discordance are common, making them difficult to interpret on
the basis of seismic data. Proxy indicators of past burial
amounts, such as vitrinite reflectance [Sjfcer et al., 1992] and
fission track [Kamp and Green, 1990] data, can provide very
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Location map showing wells used in this study and major faults.
Platform. Area to east and southeast of Western Platform is the Eastern Mobile Belt.

Fault

Stippled area is Western
Inset map shows

position of Taranaki Basin relative to plate boundary zone (outlined by bold dashes). WP is Western Platform;

EMB is Eastern Mobile Belt.
all the Kapuni wells used in this study.

good estimates of exhumation. However, use of these thermal
indicators depends on assumptions regarding paleogeothermal
gradients. Uplifted terraces and other geomorphic features also
give estimates of recent (Quaternary) uplift [Pillans, 1986],
Over longer periods of time, erosion must be taken into
account to deduce absolute uplift of the surface [England and
Molnar, 1990].

The method of estimating exhumation applied in this paper
is based on porosity-depth variations as first described by

Maui Field contains all the Maui wells except Maui-4, and Kapuni Field contains

Magara [1976], Standard porosity-depth profiles for areas
thought to represent noneroded sections of rock that are
presently at maximum burial depths are compared to porosity-
depth profiles from disturbed (exhumed) sections to give
estimates of exhumation. This method has been used in several
regions including the Western Canada Basin [Magara, 1976],
the Beaufort-Mackenzie Basin [Issler, 1992], the Bighorn
Basin [Heasler and Kharitonova, 1996], and the North Island of
New Zealand [Wells, 1990],
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In this paper we utilize offset porosity-depth trends to
evaluate exhumation amounts and patterns in the Taranaki
Basin, New Zealand (Figure 1). Taranaki Basin is ideal for this
type of analysis because (1) it has a region (Western Platform;
Figure 1) that is at maximum burial where no known erosion
has occurred and from which well-constrained standard
porosity-depth profiles can be extracted, (2) it consists of a
dominantly silty mudstone lithology that provides thick
portions of the sedimentary section whose porosity-depth
profiles can be compared to the standard curves, and (3) it is
composed of relatively young (Tertiary) sediments that are
minimally affected by diagenetic effects that alter porosity and
cause problems in porosity studies of older (Mesozoic and
Paleozoic) strata.

2. Geologic Setting and Stratigraphy of the
Taranaki Basin

Taranaki Basin is an active-margin basin that lies 400 km
west of the Hikurangi Trench and 200 km above the subducting
Pacific Plate on the western margin of the North Island of New
Zealand (Figure 1). The structural, tectonic, and stratigraphic
history of the region since the Late Cretaceous has been
described extensively [e.g., Pilaar and Wakefield, 1978; Knox,
1982; King and Thrasher, 1992; Holt and Stem, 1994]; we
briefly review the relevant Neogene geologic history below.

An important aspect of Taranaki Basin is that it can be
divided into two principal regions, separated by the Cape
Egmont Fault zone (Figure 1), that have distinctly different
Neogene tectonic histories.  The Western Platform region
(Figure 1) has been relatively quiescent since the late
Paleocene. The Eastern Mobile Belt has been variably affected
by plate boundary deformation that caused significant and
variable erosion amounts in the area.

In the early Neogene (25-35 Ma), development of the
convergent plate boundary to the east caused basin-wide rapid
subsidence of up to 2 km [Hayward and Wood, 1989], In the
earliest Miocene, contraction caused westward overthrusting in
the eastern part of the basin. About 10 Ma the locus of
contraction shifted from the northern and eastern parts of the
basin to the southern and southeastern parts (Southern
Inversion Zone of King [1994]), possibly causing extensive
erosion and exhumation. During Plio-Pleistocene times, with
the exception of the areas to the far south, the Taranaki Basin
generally experienced extension, possibly related to backarc
rifting. The Cape Egmont Fault Zone, a normal fault system
that is active today, formed along reactivated reverse faults.
Late Pleistocene southwest tilting (2°-4°) centered on the south
part of the South Wanganui Basin (Figure 1) affected the
Taranaki Peninsula and adjacent offshore region to the south.
Late Quaternary uplift of beach and river terraces indicates that
rates of uplift on the Taranaki Peninsula have been -0.25 mm
yr'l for the last 100,000 years [Pillans, 1986]. The Western
Platform region has been relatively quiescent with only
monotonic subsidence.

Thick sequences of silty mudstone were deposited during the
Miocene. In Plio-Pleistocene times, uplift and exhumation of
the Southern Alps to the south provided abundant terrigenous
material that was deposited as sandstone and mudstone in the
east and dominantly mudstone and siltstone of the Giant
Foresets Formation in the Western Platform region. Plio-
Pleistocene deposits are relatively thick across much of the
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basin, locally reaching thicknesses of up to 3000 m [Thrasher
and Cahill, 1990],

Maximum sediment thicknesses range from ~4 km on the
Western Platform and in the South Wanganui Basin to the east
to ~8 km locally in the Eastern Mobile Belt (Figure 2). Known
unconformities occur at the top of the Miocene in southern
wells of the Eastern Mobile Belt and at the surface orjust below
the Quaternary volcanic deposits in onshore wells of the
Eastern Mobile Belt. It is important to note that no
unconformities are located in the Western Platform wells, thus
providing an uninterrupted sequence of dominantly Tertiary
fine-grained terrigenous strata.

3. Porosity Evaluation

Porosity generally decreases with increasing depth in
sedimentary rocks under hydrostatic load [Gallagher, 1989;
Heasler and Kharitonova, 1996]. The most commonly used
porosity-depth relation is an exponential function

<Kz) = 4D exp(-z/Z>) Q)

originally proposed by Athy [1930] and later suggested by
many others [e.g., Magara, 1976; Sclater and Christie, 1980;
Korvin, 1984]. Surface porosity is <8 z is depth, and D is an
exponential decay constant. Other porosity-depth functions
have been proposed for shales [Magara, 1978; Selley, 1978;
Falvey and Deighton, 1982; Korvin, 1984; Baldwin and
Butler, 1985; Wells, 1990; Issler, 1992], but they have a form
similar to (1).

Like porosity, travel time (the inverse of compressional
velocity recorded on sonic logs) generally decreases as a
function of decreasing porosity and increasing depth.
Empirical fits to travel time data as a function of depth have
been described as exponential [Magara, 1976; Heasler and
Kharitonova, 1996], In Taranaki Basin, travel times vary
markedly at all depths but display less variability at deeper
depths (Figure 3a). These data are from three different regions
of the basin: Western Platform, east Taranaki, and south
Taranaki. The Western Platform region has been relatively
undisturbed, whereas the eastern and southern regions contain
unconformities on which variable amounts of exhumation have
occurred (Figure 2). We correlated travel times with porosities
determined from compensated formation density (FDC) logs
(Figure 3b). Porosity is determined from the equation

&= (P™ - PTRV/CP™- P) @

where pm is matrix density, prokis density determined from the
FDC logs, and p( is density of the pore fluid. The matrix
density is assumed to be 2700 kg m on the basis of core
measurements, and fluid density is assumed to be 1000 kg m’3.
Using different values of pm (2650-2750 kg m'3) results in -7%
relative variation in porosity values at typical rock absolute
porosities of 30% (+2% absolute porosity units). Travel time
(tt) at each FDC measurement depth was integrated over a 100
m depth interval. Generally, the Taranaki density versus travel
time values plot between the empirical curves of Issler [1992]
for shale and Wyllie et al. [1956] for sandstone (Figure 3b).
There is considerable scatter in the data, probably reflecting
variations in silt content of the Taranaki mudstones. The best
fit third-order polynomial (R =0.95) is

{9 = -74.7 + 0.532(tt) - 9.8*10'41rD + 7.26x 107(739).  (3)
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Figure 2.

Representative cross sections across Taranaki Basin [after King et al., 1991; King and Thrasher,

1996]. See Figure 1 for locations. WP is Western Platform.

The misfits of FDC porosity to the polynomial have a
standard deviation of 3% absolute porosity. Equation (3) is
similar to the density versus travel time curve of Davis and
Villinger [1992] for a 50-50 mix of mudstone and sandstone
from offshore western Canada (Figure 3b). We acknowledge
that there is no physical basis for the third-order polynomial
fit and that the absolute shape of the porosity-depth trend
would change slightly if another porosity versus travel time
relation (e.g., second-order polynomial) were used. However,
the absolute porosity uncertainty (£+3%) and relative changes
between the standard and offset porosity-depth trends would
not change.

34-

Taranaki Standard Porosity-Depth Curve

FDC porosity for wells from the Western Platform region,
with the exception of high-porosity data from depths of 2.8-
3.4 km, decreases with depth (Figure 4a). The anomalously
high porosity data are from a region of probable overpressure,
which is common at these depths in the Taranaki Basin [King
and Thrasher, 1996] and in many basins around the world. The
best fit (R =-0.96) occurs with a surface porosity of 50% and a
D value of 2265 m, thus leading to the standard porosity-depth
curve for Taranaki mudstones:

<PV =50 exp(~c/2265). (@)
These results are based on data from the 11 Western Platform
wells and one well located just within the Eastern Mobile Belt
(Mangaa-1). We include well Mangaa-1 because it is in a
region that displays no apparent unconformities even though
it is east of the Cape Egmont Fault zone (Figure 1). Computed
sonic porosities for the Western Platform show a good fit to
the standard porosity-depth curve (Figure 4b), thus indicating
that the transformation from sonic-derived travel times to
porosity is well constrained.

The uncertainties in D and ¢ of (4) correspond to -+100 m
and +1% absolute porosity, respectively. However, these
uncertainties give little information about how much regional
variability in porosity versus depth there is from well site to
well site where exhumation is known to be zero and where
porosity may be partly controlled by variations in rock type,
mineralogy, and diagenesis. The good fit of the data for each
well to the average model curve (Figure 5) indicates that there
is little variability in the porosity-depth trends at well sites
across the -200 km wide Western Platform region.
“Bootstrapping” statistical experiments [e.g., Press et al.,
1992], whereby porosity data from each well on the Western
Platform are compared to the data from the other 11 wells,
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Figure 3. Travel time versus (a) depth and (b) compensated
formation density-determined porosity (FDC) for Taranaki
mudstone/shale. In Figure 3a, travel time is averaged from 100
m intervals of industry sonic logs. In Figure 3b, the solid
curve is the best fit third-order polynomial (R = 0.95). The
dashed curves are from other studies for sandstone [Wyllie et
al., 1956], shale [lssler, 1992], and sandstone/shale mix
[Davis and Villinger, 1992]. The Taranaki curve is similar to
the mixed curve of Davis and Villinger [1992] because of a
silty component to the Taranaki mudstones.

show that the uncertainty in the depth given by the standard
curve (Figure 4 and equation (4)) is -150 m for undisturbed
Western Platform wells.

3.2. Deviations From

Depth Curve

the Standard Porosity-

Comparison of the depth offset between porosity-depth
trends in exhumed sections and those of the standard curve
gives estimates of apparent exhumation. Three examples of
porosity-depth trends from Eastern Mobile Belt wells show the
variability of relative porosity-depth trend offset from the

Western Platform standard curve (Figure 6a). The curves
through each of the data sets are of the form
(Hz) =  exp(-z'/D) (5)
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where z' is depth and 49’ is the best fit surface porosity for the
potentially eroded section, assuming D = 2265 m as in the
Western Platform region. Note that these are not best fit
curves for each data set but are model curves. We assume that
compaction rebound is minimal during exhumation of deeper
rocks; compaction rebound tests on deep-sea terrigenous
sediments show that rebound is only a few absolute porosity
percent units [Hamilton, 1976]. Taking the natural logs of (1)
and (5) and setting them equal to each other gives

Az'=z-7'= [I<0) - In<d)]/(1/D) )

where Az' is the average depth offset of the eroded section from
the standard, noneroded section.

Porosity-depth trend offsets were determined for 43 Eastern
Mobile Belt wells (Table 1). The amount of mudstone-shale
section used relative to the total amount of section penetrated
by the well averages -50%, but ranges between 20% and 90%
(Table 1). When the depth of each porosity data point is
corrected by the depth offset (Az) for the corresponding well,
the data show good correlation with the standard porosity-
depth curve (Figure 6b). The correlation of the corrected depths
to the standard porosity-depth curve and the high correlation
coefficients of the model curves for most of the Eastern Mobile
Belt wells (Table 1) suggest that the exponential decay
constant (D) of the standard curve is applicable to the
mudstone-shale sections of the entire basin.

For the three examples shown in Figure 6a the depth offsets
are 270 (Maui-2), 850 (Kaimiro-1), and 2800 m (Fresne-1).
Well Fresne-1 has the largest depth offset of any of the wells in
the Taranaki Basin (Table 1). The porosity-depth trend for
Fresne-1 shows more scatter than the other wells shown in
Figure 6a and has one of the lowest correlation coefficients
(R = - 0.78; Table 1). The scatter in Fresne-1 porosity is
probably due to a higher degree of lithologic heterogeneity
compared to other wells and to the maximum burial amounts of
>3500 m where kerogen breakdown and dissolution of
carbonate material may have caused significant overpressures
and secondary porosity. Also, the greater amount of
overburden removed at this well site may have allowed greater
fracture porosity to form, especially at shallower depths.

The uncertainties in mean porosity offset (Az} values for
each well are a combination of the uncertainties in the model
fits to the data for both the standard curve from the Western
Platform wells and the offset porosity curves from wells in
areas that have experienced erosion. Estimates of uncertainties
were determined formally using the quotient rule for error
propagation [e.g., Mood et al., 1974, p. 180], If (6) is treated
as the ratio of two independent variables ([In(<t>0) - In(<>d)] and
1/D), then the standard deviation (a) of the Az' values is given

by

SE]= as lw %))l
| (In((0)-In<w)

7

(VO)

where 4ois 50% from the standard porosity curve, D is 2265 m
for all wells, and <48 is determined from (5) for each well (Table
1); 0 [In[<>0)] is £0.05 and o (1ID) is +0.00005 m'1 from analysis
of Western Platform data. The uncertainties (standard
deviation) in Az' values (Table 1) range from -+150 m in wells
with relatively low Az' values to -+850 m in wells with high
Az' values and where the porosity data are more scattered (i.e.,
well Fresne-1; Az-2800 m). Apparent exhumation amounts
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Figure 4. (a) Compensated formation density (FDC)-determined porosity and (b) sonic-determined porosity

versus depth for Western Platform data.
overpressure.

from porosity-depth trend offsets are combined with depths of
known unconformities (see Table 1 and the appendix) to infer
net exhumation amounts.

4. Eastern Mobile Belt Exhumation Patterns

The Eastern Mobile Belt region is divided for purposes of
discussion into two regions: the southern region and the
eastern region (Figure 7). These regions were chosen because
they show large variations in exhumation amounts (Table 1)
and have different geologic histories.

4.1. Exhumation in the Southern Region

The southern region includes the part of the Eastern Mobile
Belt from wells south of and including the Maui-4-Moki-I-
Kea-1 area (Figure 1) and is part of the Southern Inversion Zone
of King and Thrasher [1996]. It is structurally dominated by
east and west dipping, Miocene to Recent age thrust faults
(Figures 1 and 2) that extend to the southwest from the
Taranaki Basin proper to form a set of inverted basins in the
west coast region of South Island [Bishop and Buchanan,
1995; Kamp et al., 1996],

Porosity (%)
0 10 20 30 40 50
0

1000

2000

Depth (m)

3000 |-

4000

Figure 5.

Composite plot of sonic-derived porosity versus depth for 12 Western Platform wells.

High values of porosity at depths of 2500-3500 m are caused by

Maximum Neogene exhumation in Taranaki Basin occurred
in the southern region of the Eastern Mobile Belt.  Net
exhumation amounts vary from about 220 + 150 m in well Te
Whatu-2 to a maximum of 3000 + 860 m in Fresne-1. The
average exhumation amount is 1350 m for the 11 southern
region wells. Erosion was generally from the top of anticline
structures that are associated with thrust faults (Figure 2) and as
such should be thought of as local in nature. Erosion from
discrete structures leads to large variations in exhumation
amounts in short lateral distances. For example, exhumation
decreases -1000 m in the 10 km between Moki-1 and Kea-1
(Figures 1 and 7). Therefore exhumation contours across the
structures are stylized and may not reflect actual exhumation
amounts in the foolwalls of thrusts.

The depth of the unconformity on which the apparent
erosion occurred is -200 m (Table 1 and Figure 2). The
unconformity is overlain by Plio-Pleistocene age sediments
and underlain, in well North Tasman-1, by New Zealand stage
Tongapurutuan (-6-10 m.y.) age sediments. These ages

suggest average erosion rates in the southern region were 325-
650 m m.y.'lassuming that the time represented by the ages of
strata (ca. 4-8 m.y.)

the missing is evenly split between

Tua Tua-1 ‘
Wainui-1

The

porosity scale is offset to show data for each well. The solid curve for each well is the standard porosity-depth
curve for the Western Platform. Well names are listed at bottom of each curve; see Figure 1 for well locations.
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Figure 6. (a) Sonic-derived porosity versus depth for three representative wells from the Eastern Mobile Belt
and (b) the porosity at corrected depths for all Eastern Mobile Belt wells. The dashed curve in both plots is the
Western Platform standard porosity-depth curve. Numbers in parentheses in the legend of Figure 6a are average
depth offsets of the porosity data from the standard curve for each well. Curves through the data are not best fit
curves but are depth offset standard curves. Note the parallelism of the offset data trends to the standard curve.
In Figure 6b, the depth-corrected data were corrected using the porosity-depth offset (Azlin Table 1) for each

well.

deposition and erosion. On top of the growing structure at
Fresne-1, erosion rates were -700-1500 m m.y.'l

Other methods of exhumation estimation, such as seismic,
fission track, and coal rank, also show that the southern
Eastern Mobile Belt has undergone significant exhumation
(Table 2). In general, the relative changes in exhumation
estimates are similar between wells. The seismic reflection
data, however, tend to give relatively high exhumation
amounts relative to those determined in this study (Table 2).
For example, well Cape Farewell-1 has an exhumation estimate
of 15 km from offset porosity trends but >3 km from the
seismic data. Exhumation estimates from seismic data are
determined from vertical fault separation and from the vertical
distance between the projection of apparently undisturbed units
and tops of uplifted structures. Inherent in the estimate of
erosion from the tops of structures as shown by seismic data is
the assumption that relative uplift is equal to the exhumation
amount. This may not be the case because uplift of rocks can
occur without concomitant exhumation if the upper rock
surface is subsea. Therefore the exhumation estimates
determined from seismic data should be considered maximum
amounts, and the true erosion amounts, at least in the southern
Taranaki region, probably are represented better by offset
porosity trends and by fission track and coal rank data because
these data sets are keyed to an erosional datum that is at or
above sea level.

4.2,  Exhumation in the Eastern Region

The eastern region comprises the part of the Eastern Mobile
Belt located east and north of the Maui-4-Moki-1-Kea-1 area
(Figures 1 and 7). This region includes the following
subregions, which are defined on the basis of fault patterns and
styles after King and Thrasher [1996]: the Northern Graben,
Southern Graben, Tarata Thrust Zone, and the northeast part of
the Southern Inversion Zone.

Exhumation in the eastern region increases from the
southwest to the northeast (Figure 7). In the southern part of
this region, in a swath that extends southeast from the Maui
Field to the Kupe/Toru/Tahi region (Figure 1), exhumation
amounts are generally <400 m (Figure 7). To the northeast and

on the Taranaki Peninsula, exhumation amounts steadily
increase to a maximum of 1800 m at well Tatu-1 (Figure 7).
Coal rank measurements [Suggate, 1959] from three wells (or
coal fields adjacent to the well locations) imply a similar
increase in exhumation from southwest to northeast across the
Taranaki Peninsula.  These estimates were determined by
comparing coal rank values to the coal rank versus maximum
depth of burial curve of Sykes et al. [1992] for Taranaki coals.
In wells Toko-1, Puniwhakau-1, and Tatu-1, exhumation
amounts from the offset porosity trends of this study are 640,
1360, and 1840 m, respectively (Figure 7), whereas
corresponding coal rank-derived amounts are 400, 900, and
1800 m. Thus exhumation estimates from offset porosity
trends and coal rank measurements show consistent trends.

The unconformity on which the apparent erosion recorded
by the offset porosity trends occurred is either at the present
erosional surface or buried 100-200 m by late Quaternary
volcanic deposits from Mount Taranaki (Figure 2 and Table 1).
The rocks under the unconformity are late Miocene-early
Pliocene to the northeast and late Pliocene along the southern
onshore region and offshore to the south. Therefore maximum
age of erosion on the unconformity is late Pliocene in the
southern areas and late Miocene to the northeast. It is likely,
however, that the same erosional episode that began in the late
Pliocene is responsible for exhuming the Miocene rocks and
that any younger rocks that may have been present have since
been removed by erosion. This scenario is supported by a
continuous 2°-4° southwest tilt [King and Thrasher, 1996] of
the middle Miocene to Pliocene strata on the onshore part of
the basin, but it does not specifically exclude a component of
late Miocene erosion that may have been associated with
erosion in the southern region (see below).

Assuming a late Pliocene age (2 Ma) for the start of erosion,
the average erosion rates have been 100-200 m m.y. 1for the
southernmost onshore and offshore region, -400 m m.y."l for
the middle of the Taranaki Peninsula, and -900 m m.y.'1for the
northeast area where exhumation has been greatest. Late
Quaternary uplift rates based on uplifted marine terraces are
-250 m m.y.lalong the southern Taranaki Peninsula coast and
increase to -500 m m.y.'1 toward the middle of the peninsula



Table 1. Eastern Mobile Belt Porosity Data

Well Name

Cape Farewell-1
Cook-1
Fresne-1
Kea-1
Maui-4
Moki-1
Motueka-1
N. Tasman-1
Surville-1
Te Whatu-2
Tasman-1

Awakino-1
Cape Egmont-1
Kaimiro- 1
Kapuni Deep-1
Kapuni-12
Kapuni-9
Kiore-1

Kupe South-4
Kupe-1
Manutahi-1
Maui-1

Maui-2

Maui-6
McKee-1
Mokioa-1

New Plymouth-2
Okoki-1
Onaero-1
Pukearuhe-1
Puniwhakau-1
Stratford- 1
Tahi-1

Tariki-1

Location3

EMB South
EMB South
EMB South
EMB South
EMB South
EMB South
EMB South
EMB South
EMB South
EMB South
EMB South

EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern
EMB Eastern

Depth Fit
Interval,
mbsf

91-1291
442-1942
117-2417
374-2074
566-1966
571-1971
197-1397
382-1182
540-1040
259-2259
191-1291

538-1738
692-2392
491-2091
391-1991
191-2891
1000-2100
97-457
532-3032
61-2961
298-1348
682-3382
306-1861
159-2359
394-1694
692-1992
295-2195
568-3368
294-2294
195-1295
95-1195
190-2990
289-1289
393-2093

Well
Depth,
mbsf

2808
2529
2420
3003
3781
2491
1465
2614
2140
3401
1521

2838
2427
4989
5651
3614
3789
533
3784
3643
1389
3392
3425
3087
3894
3742
4447
4176
3584
3134
2141
4965
1665
3181

Percentb
Section,
%

43
59
95
57
37
56
82
31
23
59
72

42
70
32
28
7
29
69
66
80
76
80
45
71
3
35
40
43
56
35
51
56
60
53

Az,

1480
730
2800
280
1020
960
1280
1250
1420
200
1240

1460
290
850
240
430
300
870
160
-150
380
170
270
280
760
140
770
1070
820
1340
1360
620
370
850

Unconfon
Depth,

mbsf

Total
Erosion,
m

1480
830
3000
280
1320
1260
1480
1450
1620
220
1440

1460
390
1050
340
530
400
870
160
-150
380
170
270
280
860
140
870
1070
820
1340
1360
820
370
850

49,

%

26.0
36.2
14.3
44.2
319
328
284
28.8
26.7
453
29.0

26.2
44.0
34.4
45.0
414
439
34.0
465
535
423
463
44.4
441
35.7
47.0
35.7
312
34.8
27.7
27.4
381
42,4
34.4

Correlation

Coefficient

-0.85
-0.81
-0.78
-0.97
-0.92
-0.87
-0.89
-0.82
-0.86
-0.96
-0.89

-0.88
-0.95
-0.97
-0.98
-0.87
-0.94
-0.78
-0.86
-091
-0.95
-0.95
-0.99
-0.98
-0.96
-0.91
-0.97
-0.92
-0.97
-0.86
-0.79
-0.97
-0.97
-0.88

n

dn<>0)"  alaz]’
Well,

% m
0.1 400
0.1 270
0.3 860
0.1 220
0.1 300
0.2 450
0.1 370
0.2 390
0.1 270
0.1 150
01 360
01 390
01 270
01 210
0.0 150
01 220
0.1 190
0.0 190
0.2 360
0.1 300
0.0 140
0.1 270
0.0 140
0.1 210
0.1 190
01 170
0.1 240
0.2 430
0.0 180
01 400
0.2 540
01 270
0.0 140
01 300

9/¢'0g
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[Pillans, 1986]. In addition, late Quaternary-Recent age faults
have vertical slip rates of 100-400 m m.y. 1in the offshore

F39(NOTOIN°IY—2 B region (Cape Egmont Fault Zone; [Nodder , 1993]) and 200 m
m.y.lonshore (Inglewood Fault [Hull, 1996]). Therefore late
Pliocene to Recent erosion rates determined from offset
porosity trends agree with the late Quaternary vertical uplift
rates.

0 0000O0O0COODO The late Miocene unconformity on which 1000-3000 m of
exhumation occurred in the southern region is present at some
of the southern well sites in the eastern region (wells of the
Kapuni, Kupe, Tahi, and Manutahi areas in Figure 1), which are
part of the Southern Inversion Zone of King and Thrasher
[1996], This unconformity is presently buried to depths of
>1000 m under Plio-Pleistocene deposits across the southern
part of the eastern region (Figure 7). Porosity-depth trends for
wells in this area show that there are no apparent breaks in the

0000O0OOSOO O porosity-depth trends, which indicates that the erosion on this
unconformity was less than its present burial depth (<1000 m).
Interpretation of seismic data [King et al., 1991] suggests that

G h , the middle to late Miocene section is relatively thin on top of

o Qi m Q #é‘ E) = the Manaia Fault Zone (Figure 1) hanging wall structures and
that growth of structures was below sea level and must have

occurred during middle to late Miocene time [King and

Thrasher, 1996]. Even though the vertical throw on the

Manaia Fault is >2000 m in the vicinity of the Kapuni and

Kupe structures (e.g., section B in Figure 2), the amount of

relatively thin late Miocene section removed by erosion is

only -500 m. This erosion occurred late in the Manaia uplift

history as the structure emerged above sea level and the

X§ 0 00O0O0O0O0O O erosional wave base. Farther north, Miocene rocks are at the

surface or are unconformably overlain by Quaternary volcanic
rocks, so that if the late Miocene unconformity did exist
farther north, it has been removed by the late Pliocene
& %v erosional event. The decrease in exhumation on the late
) Miocene unconformity from the southern region (3000 m in
Fresne-1) to the north (-500 m in Kapuni/Kupe area) suggests
that any erosion on this unconformity even farther north
onshore probably would have been small. Even though we
cannot rule out Miocene erosion to the north and east on the
peninsula, the lack of late Miocene structures similar to those
of the Southern Inversion Zone [King and Thrasher, 1996]
suggests that most of the exhumation observed in the northern

AT well porosity-depth trends occurred on the late Pliocene
XE E@ l# % *gt @ unconformity.

Q

5. Discussion

The exhumation patterns recorded by the offset porosity-
depth trends (Figure 7) for the southern and eastern regions of
the Taranaki Basin occurred at different times and were caused

E § 5 EE 5 R by different rock uplift mechanisms. They partially record
B R WEW BRW w g spatial and temporal variations of rock uplift in this region
Q@ ®@®OOOWOMEKOW Q @X ¥ adjacent to the Australian-Pacific plate boundary.

S5 Wwww S S S &/ Late Neogene exhumation in the southern region is from the

tops of inversion anticlines whereby older extensional basins
were later exhumed by contractional tectonics. These
structures extend farther south in the west coast region of South
@ Island where coal rank data [Suggate, 1959], seismic
% é interpretations [Bishop and Buchanan, 1995], and combined
fission track, vitrinite reflectance, and thermal history
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Figure 7. Net exhumation patterns in Taranaki Basin. Values are in meters and contours are in 500 m
increments. Heavy dashed lines are boundaries between the Western Platform and the southern and eastern

regions of the Eastern Mobile Belt.

Stippled regions are areas where Plio-Pleistocene sediments are >1000 m
thick [Thrasher and Cabhill, 1990; King and Thrasher, 1996].

Exhumation amounts for the Kapuni, Kupe, and

Maui fields are averages of the values in Table 1 for the wells in those fields.

analysis [Kamp et al., 1996] indicate exhumation amounts of 2
km or more.

The southern region structural inversion and related rapid
uplift and exhumation were probably caused by the
reorganization of the southern end of the Hikurangi subduction
zone presently located east of North Island of New Zealand and
Taranaki Basin [King and Thrasher, 1996]. About 10 Ma a
counterclockwise rotation of the Hikurangi subduction zone,
associated with the southward migration of the Australia-
Pacific pole of rotation [Stock and Molnar, 1982], caused
renewed contraction across most of the southern Taranaki
Basin and the west coast region. Also associated with this
reorganization was accelerated convergence and rock uplift
across the Alpine Fault to the southeast.  Thus the area
northeast of the Alpine Fault, as far north as the southern
Taranaki Basin, and to the south and southeast along the

Alpine fault was a broad region of horizontal contraction. In
most of the southern Taranaki Basin this contraction caused
localized uplift and erosion along discrete structures that lasted
until ~5 Ma; however, the structure at the location of well
Cook-1 (Figure 1) and those farther south onshore are still
active [King and Thrasher, 1996].

Although  the late  Miocene-Pliocene  exhumation
documented in the southern region extends partly into the
southern part of the eastern Taranaki region, almost all the
exhumation recorded by the eastern region wells probably
occurred since the Pliocene. The overall exhumation pattern
progressively exposes Pleistocene rocks in the south to
Miocene rocks farther north onshore, which is consistent with
the regional 2°-4° southwest structural dip. The uniformity of
the structural tilt and consistency of the exhumation pattern
suggest that both were caused by the same rock uplift event.
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Table 2. Southern EMB Erosion Estimate Comparisons

Well Erosion Estimates, km

This Seismica  Fissionb Coalc

Study Track Rank
Cape Farewell-1 15 >3.0 - 24
Cook-1 0.8 19 - -
Fresne-1 3.0 >2.0-3.5 3.0 -
Kea-1 0.3 0.7 : -
Moki-1 13 - -
Motueka-1 13 2.0 : -
N. Tasman-1 15 14 0.7-1,3 1.7-19
Surville-1 1.6 1.7-2.6 1.5-25 10
Maui-4 13 1.0-14 - 14-1.7
Tasman-1 14 2.0 — —

aKnox [1982], Ellyard and Beattie [1990], and King etal. [1991],
b Kamp and Green [1990].

cSykes et al. [1992].

The northeast increasing erosion pattern in Taranaki Basin is
consistent with the erosion amounts based on coal rank data
for most of western North Island (Figure 8). The broad and
consistent exhumation pattern suggests that the erosional
event was regional in nature, which contrasts with the more
localized exhumation patterns in the southern Taranaki Basin.

Thermal uplift and flexural tilting are two mechanisms that
can be invoked to explain the regional tilt and relative
subsidence of the eastern Taranaki-South Wanganui basins.
Exhumation increases toward the southern apex of the Central
Volcanic Region on North Island (Figure 8). This region is a
Pliocene-Recent age magmatic arc and associated rift basin
characterized by thin crust, high heat flow, and crustal
extension [Stem, 1987]. The coincidence of the trend of the
Central Volcanic Region-South Wanganui Basin and the
exhumation patterns (Figure 8) suggests that the tilt and
subsequent erosion on western North Island may be associated
with rift-flank and thermal uplift of the southern apex of the
Central Volcanic Region. Even though thermal uplift can
explain the regional exhumation patterns, it does not explain
the overall subsidence that was occurring at the same time in
the South Wanganui Basin where more than 3000 m of Plio-
Pleistocene sediments were deposited. Deep seismic reflection
and gravity data show that the South Wanganui Basin and
eastern parts of the Taranaki Basin are underlain by thick (42
km) continental crust [Stem and Davey, 1990; Holt and Stern,
1994] that may be associated with late Tertiary subduction and
crustal thickening [Stem and Davey, 1990]. In contrast to the
thermal uplift interpretation, three-dimensional flexural
modeling results suggest that the overall subsidence and tilting
patterns in the South Wanganui Basin region can be explained
by the slab pull force of the down going slab on the overriding
plate [Stem et al., 1992]. These models show crustal down
warping in the region of South Wanganui Basin and
synchronous uplift to the north and northeast. Although the
exhumation patterns for the eastern Taranaki region of our
study and the extrapolation farther north and northeast from
coal rank data cannot differentiate between these two possible
uplift mechanisms, they should place valuable constraints on
further geodynamic modeling of this complex plate boundary
region.
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6. Conclusions

In this study we utilized a basin-wide comparison of
compensated density and sonic travel time logs to develop a
well-constrained transformation equation between travel time
and porosity for Taranaki Basin mudstone/shale sequences.
Travel time then can be used as a proxy for porosity where no
other porosity information is available. In the Western
Platform area, where no known exhumation has occurred, a best
fit porosity-depth trend was developed from 12 wells over a
depth range of 300-3000 m. This trend displays an
exponential decrease in porosity with depth with an
extrapolated surface porosity of 50% and an exponential decay
constant of 2265 m.

Porosity-depth trends for the Eastern Mobile Belt are
parallel to the Western Platform standard porosity-depth trend
but are offset in depth from 0 to 2800 m. In the southern part
of the Eastern Mobile Belt, net exhumation amounts (sum of
offset porosity-depth  trend and depth to erosional
unconformity for each well site) range from 850 to 3000 m.
This exhumation occurred in late Miocene to early Pliocene
time in most of southern region well locations on discrete
structures that formed when older basins were inverted to
produce uplifted and eroded contractional structures.
Contraction in this region of the Taranaki Basin was probably

Figure 8. North Island map showing exhumation amounts
from coal rank determinations. Exhumation amounts at each
site are determined from the coal rank versus maximum depth of
burial curve of Sykes et al. [1992] using the coal rank values
from Sykes et al. [1992] and Edbrooke et al. [1994]. Contours
are in 0.5 km increments and are the same as those in Figure 7,
except for the 2.0 km contour derived from the coal rank data.
CVR is Central Volcanic Region.
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caused by counterclockwise rotation of the Hikurangi
subduction zone and related increase in convergence rates
along the Alpine Fault system located to the south and
southeast.

In the eastern region of the Eastern Mobile Belt, net
exhumation amounts increase from near zero along the
southern onshore areas and just offshore to as much as 1800 m
in the northeast part of the basin. This progressive northeast
increase is consistent with a monoclinal 2°-4° SW tilt of
Miocene to late Pliocene strata onshore. The regional and
progressive pattern of exhumation in the eastern region is
consistent with models of both thermal uplift and back arc
flexural uplift patterns related to Plio-Pleistocene subduction
zone plate interactions but contrasts with the discrete,
structurally dominated exhumation patterns in the southern
region.

Appendix: Generalized Exhumation and Burial
Scenarios From Porosity Information

The apparent offset of porosity at various depths from the
standard porosity-depth curve does not necessarily give the
absolute amount of exhumation that may have occurred
[Magara, 1978; Hillis, 1993]. Porosity offset is simply the
sum of all periods of exhumation and burial at that location and
is dependent on the number and depths of unconformities
(paleo or present-day erosional surfaces). If the depths of
unconformities are known, then the offset of porosity-depth
trends can be used to infer absolute amounts of (or at least to
place bounds on) exhumation and burial. Simply measuring
offset of porosity trends and inferring exhumation amounts
from them can lead to severe underestimates. In the following
we describe generalized cases of burial/exhumation, where
erosion is assumed to occur at sea level.

Varying periods of burial and erosion (Figure Ala) may lead
to different porosity-depth trends (Figures Alb-Alf)- The
resulting porosity-depth curve at t is not displaced from the
normal porosity-depth curve (Figure Alb) because there has
not yet been a period of erosion. It is wells like these, such as
those on the Western Platform, with no periods of erosion that
are used to derive the standard porosity-depth curve.

At t2in the burial history the rock column has experienced
an amount of exhumation £ equal to the amount of porosity-
depth curve offset (Az' in Figure Alb) with an unconformity
depth (zw) of zero. If zinis not zero (Figure Ale and time f4in
Figure Ala) and if the depth range of the fitting function used
to determine Ihe displacement of porosity-depth data from the
standard porosity-depth curve is below the unconformity, then
the net exhumation amount is not the porosity-depth offset but

is the sum of the offset and the depth of the unconformity
below sea level:

£’=Az +zn (AT)
Well Maui-4 in the southern part of Taranaki Basin (Figure 1)
is an example of this scenario.

At time ty zwunis greater than the previous erosion amount,
and the porosity-depth curve falls back onto the standard curve
upon which it would continue down with further burial. In this
case, only a maximum bound can be placed on the exhumation
amount, namely, exhumation E is less than or equal to the
depth of the unconformity. This composite exhumation/burial
scenario could lead to the erroneous interpretation of zero
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Figure Al. (a) Schematic burial/erosion versus time and (b)-
(f) porosity versus depth trends to illustrate porosity-depth
trends for different example burial/lexhumation histories. In all
plots the t values represent different times in the history, Azlis
the offset amount of porosity-depth trends, and zwn refers to
depths of unconformities. In Figures Alb-Alf, the bold dashed
curve is the standard porosity-depth trend and the solid curves
represent offset porosity-depth trends. Horizontal zig-zags are
unconformities. See text for discussion,

exhumation when in fact there may have been substantial
erosion prior to the most recent burial. Kupe Field wells in the
southeastern part of Taranaki Basin (Figure 1) are examples of
this scenario.

It is common that a borehole encounter more than one
unconformity, each of which may contribute to the net offset
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of the porosity-depth curve. The actual amount of exhumation
recorded by the porosity offset for a particular unconformity or
set of unconformities depends on the depth range of the fitting
function relative to the depth of the unconformities. If the
depth range is between two unconformities, then the offset of
the porosity-depth curve is related only to erosion on the upper
unconformity. If the depth range is below the lowest
unconformity, then the porosity-depth offset is related to the
combined erosion on the two unconformities. If the depth
range is solely above the top unconformity, then the porosity-
depth offset contains no information about erosion on the
unconformities. Ideally, the depth range should be chosen to
lie between known unconformities in order to distinguish
exhumation amounts on each.

Figure Ale illustrates the porosity-depth offset and
unconformity depth relations for two periods of exhumation
with a burial event in between at time f5that is greater than the
previous maximum burial. At time t6 the depth to the upper
unconformity (zu®) is zero and the exhumation amount (E ) on
the upper unconformity is equal to the offset on the porosity-
depth curve (Az'2in Figure Ale). If further burial occurs, then
the exhumation amount is computed as the sum of offset
porosity-depth curve and depth of unconformity, as in (Al)
above. Since the maximum burial amount at time fSwas greater
than the previous burial amount, there is no break in the
porosity-depth curve at the lower unconformity, and the
exhumation amount on the lower unconformity is less than the
second burial amount plus the porosity-depth trend offset (E <
41, + Az'2. However, if the maximum burial during the second
burial period (time t4) was less than during the first burial
period with uplift and exhumation shown by a dashed line
between times tA and t6, then a break in the porosity-depth
curve will occur at the deeper unconformity and the exhumation
amount there will be E = Az', + zu, + Ev where AZ', is the
offset of the porosity-depth curve below the lower
unconformity (Figure AlIf).

In summary, though porosity-depth offset gives apparent
exhumation amounts, each must be evaluated in terms of the
numbers and depths of known unconformities as well as the
depth range of the porosity data used to determine the porosity-
depth offset. In many cases, such as where older
unconformities are eroded through or where burial is greater
than previous exhumation amounts, only limits can be placed
on the actual net exhumation amount. In these special cases,
other geologic evidence is required to refine the net
exhumation amount.
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