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It was morning, and the new sun sparkled gold across the ripples of a gentle sea . . .

Jonathan Livingston Seagull
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ABSTRACT OF THE DISSERTATION

Lithospheric Bending at Subduction Zones
and
Geophysical Investigations of the Pukapuka Volcanic Ridge System,

Altimeter Gravity Lineations and South Pacific Superswell Depth Anomaly

by
Daniel A. Levitt
Doctor of Philosophy in Earth Sciences

University of California, San Diego, 1996

Professor David T. Sandwell, Chair

The dissertation consists of two unrelated parts. Chapter 2 investigates the flexural response of
subducting oceanic lithosphere worldwide. Chapters 3-5 use satllite altimeter gravity and multibeam
acoustic soundings to investigate anomalous subsidence in the southcentral Pacific, the distribution of
volcanic features on young Pacific seafloor and the devlopment of elongate Pukapuka ridges.

In chapter 2, a global study of trench flexure was performed by simultaneously modeling 117
bathymetric and satellite-derived gravity profiles. A tilt parameter is not required after age correction.
Though bending moment increases by a factor of ten with lithospheric age, systematic mechanical
thickness-age relations are obscured by inelastic bending and accumulated thermoelastic stress. The PSM
and half-space cooling models provide better fit than GDH1 to calculated bending moments and zero-
crossing depths.

In chapter 3, modal depth estimates from a multibeam bathymetry survey of the Pukapuka

volcanic system and an original age model are used to re-examine the magnitude and regional of extent of

XV
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depth anomalies attributed to the South Pacific Superswell. Modal techniques accurately estimate normal
seafloor depth in highly perturbed terrain. ETOPO-5 values in the region are shallower than survey data
suggesting that lithosphere is normal. Low subsidence for seafloor younger than 24 Ma cannot be
explained by a local hotspot or small scale convective rolls, and requires implausible crustal thickness
variation.

In chapter 4, multibeam bathymetry from the Pukapuka volcanic system is tightly fit to a small
circle model which is incompatible with established fixed hotspot model poles. Multibeam bathymetry and
corresponding altimeter gravity at the Pukapuka ridges are closely correlated. Altimeter bumps attributed
to volcanoes in this tectonically complex region are concentrated in gravity lineations troughs. Many small
melting anomalies may interact with lithospheric zones of weakness attributed to tension and boudinage.

In chapter 5, multibeam bathymetry and imagery are used to seek evidence of normal faulting and
to examine the gradation of Pukapuka volcanic features. Elongate summit vents, flank rift zones and a
crestal ridge develop with increasing height. Gradient and form linearity increase with size but azimuths
are persistently near-east-west. Morphologic resemblance to Hawaiian rift zones suggests that internal
structure and eruptive and mass-wasting modes are similar. A tectonic tensional stress is likely to control

azimuthal elongation within the edifice and during melt ascent.
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CHAPTER 1

INTRODUCTION AND ORGANIZATION OF THESIS

The exploration of geological and geophysical processes occuring beneath the world ocean has
expanded enormously with the initiation of ship-board acoustic surveying and the development of a global
satellite altimeter gravity map. In particular, multi-narrow-beam sonar developed in the 1970's has
revealed both the location and morphologic shape and structure of tectonic and volcanic features such as
fracture zones, spreading centers and volcanic chains. Together with a suite of geophysical probing
techniques including marine gravity, magnetics and seismics as well as heat flow and dredge-sample
geochemical analysis, geologists operating in the marine environment have rivaled the geological
sophistication of their continental counterparts. Because sea-going research is expensive, the global
coverage availed by satellite altimeter gravity anomaly maps has critically supplemented existing
bathymetric information in regions where surveying is poor, in the southern oceans and for small features.
In concert, these sources of data continue to elucidate the surficial distribution of volcanic and tectonic
features and their inter-relation.

At the same time, marine geophysical research has been directed upward from a fundamental basis
of only a few cooperative overarching theoretical systems or paradigms (also born in the 1960's and 1970's)
— the plate tectonics hypothesis, that the surface of the earth is composed of lithospheric plates which

respond to stress rigidly and are driven by the negative bouyancy of subducted slabs, the hotspot
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hypothesis, that deep mantle plumes produce volcanic chains recording plate motion directions, and the
half-space cooling model, that lithosphere cools and thickens and seafloor deepens with age. In the last 25
years a number of theories have extended predictions of the mechanical and geodynamic behavior of
oceanic lithosphere. For example, studies of load compensation due to seamounts, subduction zone
bending and at fracture zones has shown that the mechanical thickness of oceanic lithosphere increases
with age, roughly following the cooling model. Also, though the mantle convects on various length scales,
the mantle-plume reference frame has grown to constitute a fixed absolute frame of reference such that the
rotation pole prescribed based on one volcanic chain can be used to predict the age progression and
orientation of other chains on the same plate for the same period of time. Conversely, second order
questions have arrisen where the overarching principles have failed and where additional detail has been
discovered not predicted by these paradigms. For example, careful investigation of radiometric ages from
sequencial volcanic chain edifices has been commonly inconsistent with the monotonic age prediction of
the hotspot hypothesis. Also, many unusual observations in the southcentral Pacific including anomalous
low regional subsidence rates and altimeter gravity lineations has prompted the small-scale convection
hypothesis in order to supply additional heat to the lithosphere. Recently a great deal of emphasis has been
focused, using submersible equipment, on determining the fine scale volcanic processes occurring on the
ocean floor, including factors controling volcano emplacement (at spreading centers and for well surveyed
volcanoes), melt genesis and ascent.

The research presented in this dissertation is essentially a sequence of tests of major paradigms
listed above. The chapter order is chronological. While projects are nearly independent the latter three
(chapter 3-5) share data and scope. From December of 1992 through February of 1993 I participated in two
consecutive legs of the Gloria expedition aboard the R/V Mellvile in the southcentral Pacific. This survey
of the Pukapuka volcanic system comprises the primary source of data for chapters 3-5. Research
undertaken prior to this expedition is presented in chapter 2.

Since the mid 1970's mounting evidence has suggested that the elastic thickness of oceanic

lithosphere, the thickness to a particular isotherm, monotonically increases with the square root of age.
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Confidence in the regularity of this relation has extended to prediction, so that overly thin results are
considered anomalous. Chapter 2 simultaneously models a global set of satellite gravity and ship-sounding
profiles to explore the flexural response to loading at subduction zones, in order to test the relation between
age and elastic thickness as well as proposed perturbations due to inelastic bending and thermal pre-
stressing. A recent re-evaluation of seafloor depths and heat flow has suggested that normal lithospheric
cooling with age (the half-space model), interrupted by a large supply of heat to the base of the lithosphere
(plate model), is better approximated by a shorter distance to the basal isotherm. The bending moments
supported at subduction zone locations are used to test the maximum bending moments predicted for
proposed plate and half-space models.

While the depth-age relation of seafloor is remarkably regular, distinct regions of seafloor exhibit
depth anomalies which are departures from this relation. Shallowing associated with volcanic chains has
been attributed to dynamic uplift and/or thermal rejuvination by a convective heat source in the mantle,
such as a hot plume. The superswell hypothesis was advanced to explain a number of observations, most
importantly, a regional depth anomaly in a bathymetry grid which increases broadly with age even where
there are no hotspots. In chapter 3, a suite of multibeam surveys from a portion of the proposed Superswell
region away from known hotspot tracks are tested for a long-wavlength depth anomaly. Since the surveys
are focused about volcanically perturbed terrain, "normal" seafloor depths are estimated with a mode.

Volcanoes on the young portion of the Pacific Plate, south of the Marquesas Fracture Zone have
been variably attributed to small hotspots, parallel asthenospheric convective rolls and magma escape
through extensional faults. Chapter 4 presents tests of primary predictions of these models for the
Pukapuka volcanic system and other volcanoes on young Pacific seafloor south of the Marquesas Fracture
Zone. First, the close alignment of Pukapuka volcanic features is compared with the orientation predicted
by the 0-18 Ma fixed hotspot absolute rotation pole. Next, the topographic and satellite altimeter signals
of Pukapuka volcanoes are compared in order to test the reliability of satellite altimeter gravity as a proxy

for topography. Finally, I test whether small altimetric bumps attributed to volcanic features are
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preferrably located in peaks or troughs of gravity lineations, respectively predicted by convective and
stretching models.

Finally, in chapter 5 I consider potential factors which influence the remarkably consistent
azimuth and elongation of prism-shaped Pukapuka volcanoes in an area which is expected to have been
subject to anisotropic tension. Normal faults predicted by the extension model are sought in multibeam
bathymetry and sidescan image datasets. Morphologic and structural characteristics and gradational
morphometric systematics with form are used to investigate the potential role of deviatoric stress,
lithospheric thickness and magmatic flux. The resemblance of features to a well studied analog, Hawaiian

flank rift zones, is considered as well as processes occuring within growing edifices and during melt ascent.
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CHAPTER 2

LITHOSPHERIC BENDING AT SUBDUCTION ZONES

BASED ON DEPTH SOUNDINGS AND SATELLITE GRAVITY
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Lithospheric bending at subduction zones based on depth

soundings and satellite gravity

Daniel A. Levitt and David T. Sandwell
Scripps Institution of Oceanography, La Jolla, California

Abstract. A global study of trench flexure was performed by simultaneously modeling 117
bathymetric profiles (original depth soundings) and satellite-derived gravity profiles. A thin,
elastic plate flexure model was fit to each bathymetry/gravity profile by minimization of the L,
norm. The six model parameters were regional depth, regional gravity, trench axis location,
flexural wavelength, flexural amplitude, and lithospheric density. A regional tilt parameter was
not required after correcting for age-related trend using a new high-resolution age map. Estimates
of the density parameter confirm that most outer rises are uncompensated. We find that flexural
wavelength is not an accurate estimate of plate thickness because of the high curvatures observed at
a majority of trenches. As in previous studies, we find that the gravity data favor a longer-
wavelength flexure than the bathymetry data. A joint topography-gravity modeling scheme and fit
criteria are used to limit acceptable parameter values to models for which topography and gravity
yield consistent results. Even after the elastic thicknesses are converted to mechanical thicknesses
using the yield strength envelope model, residual scatter obscures the systematic increase of
mechanical thickness with age; perhaps this reflects the combination of uncertainties inherent in
estimating flexural wavelength, such as extreme inelastic bending and accumulated thermoelastic
stress. The bending moment needed to support the trench and outer rise topography increases by a
factor of 10 as lithospheric age increases from 20 to 150 Ma; this reflects the increase in saturation
bending moment that the lithosphere can maintain. Using a stiff, dry-olivine rheology, we find
that the lithosphere of the GDH1 thermal model (Stein and Stein, 1992) is too hot and thin to
maintain the observed bending moments. Moreover, the regional depth seaward of the oldest
trenches (~150 Ma) exceeds the GDH1 model depths by about 400 m.

Introduction

Analysis of the flexural response of the lithosphere to
loading at seamounts, trenches and fracture zones has provided
estimates of the mechanical thickness (h,) of oceanic
lithosphere as a function of age, generally confirming an age-
thickening relationship [Watts, 1978; Caldwell and Turcotte,
1979] in accordance with lithospheric cooling models
[Turcotte and Oxburgh, 1967, McKenzie, 1967, Parsons and
Sclater, 1977). The base of the mechanical lithosphere,
defined as the depth to which deviatoric stress can be
maintained over geological timescales, is believed to
correspond to a specific isotherm. Estimates of mechanical
thickness have been obtained by modeling flexural behavior
as elastic [Turcotte, 1979], as elastic-plastic with constant
yield strength [McAdoo et al., 1978], as elastic-plastic with
variable yield strength [Goetze and Evans, 1979] and as
viscous [DeBremaecker, 1977). Presently, models employing
elastic and elastic-plastic theory are preferred, though
horizontal stress components are often deemed necessary in
order to optimally reduce data misfit [Parsons and Molnar,
1976, McQueen and Lambeck, 1989). In order to keep the data
analysis simple, the classic approach estimates the thickness
of a thin elastic plate (h,) that approximates the flexural
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behavior of the real lithosphere [Gunn, 1943; Watts, 1978].
These elastic model parameters can then be used to establish
the mechanical thickness (h,,) of an elastic-plastic lithosphere
by assuming a given rheology (McNutt and Menard, 1982;
McNutt, 1984] or lithospheric viscosity [DeBremaecker,
1977].

At many trenches the large curvatures of the flexed
lithosphere cause brittle fracture of the upper lithosphere and
ductile flow of the lower lithosphere so that the estimated
elastic thickness is much less than the true mechanical
thickness; at seamounts, smaller curvatures result in less
fracture and flow so that h, is a good approximation of A,,.
Following the method of McNutt and Menard [1982], true
mechanical thickness values can be estimated based on the
elastic thickness and curvature. Nevertheless, the current
database of thickness estimates displays a distinct bimodality
between h,, values deduced at seamounts and trenches [Wessel,
1992]. One possible explanation of this is that thermal
bending stress due to cooling of the lithosphere with age can
prestress the flat-lying plate so that when it is bent concave
downward (trench) it appears stronger than when it is bent
concave upward (seamount) [Wessel, 1992].

Present published results concerning trench flexure have
been obtained from a composite of mixed data sources
(topography, geoid, and gravity) as well as a variety of
analytical techniques. Having limited computer power,
Caldwell et al. [1976), Caldwell and Turcotte [1979], Jones et
al. [1978], and Turcotte et al. [1978] determined elastic

thickness for topographic profiles by measuring the distance
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between the first zero crossing and the outer rise peak x, after
arbitrarily assigning a baseline local depth. McNutr [1984]
utilized a similar technique on topographic profiles generated
from contour maps. Bodine and Watts [1979] did not estimate
elastic thickness but assumed the base of the elastic layer was
defined by the 500°C isotherm; they then varied the amplitude
of the flexure wj to best match eight topographic profiles.
McAdoo et al. [1978] fitted topographic and gravity profiles
to model-generated flexural deflection curves. McAdoo and
Martin [1984) and McAdoo et al. (1985] generated estimates of
flexural wavelength a and wy, from an ensemble of Seasat
geoid observations. Carey and Dubois [1981] used a finite
clement method with specific point determination on
topographic and seismic data. Judge and McNutt [1991]
utilized a composite topography-geoid-gravity database to
estimate the elastic thickness and plate curvatures at the Peru
and Chile Trenches. A potential problem with their analysis is
the use of highly interpolated topographic profiles where the
interpolation algorithm uses thin, elastic plate flexure theory
to fill the gaps [Smith, 1993]. McQueen and Lambeck [1989]
fitted thin, elastic plate flexure models to 14 topographic
profiles across the major western Pacific trenches where they
specifically included model parameters for regional depth,
regional slope, and first zero crossing location. By
simultaneously minimizing these parameters along with the
standard flexural parameters, they found a very wide range of
acceptable models and suggested that estimates of elastic
thickness from all previous studies are very uncertain.

The purpose of this study is to perform a uniform, unbiased
analysis of global trench flexure by using original
bathymetric soundings combined with a newly constructed
global gravity grid derived from ERS 1, Geosat, and Seasat

altimetry data [Sandwell and Smith, 1992]). Trench outer rise
profiles are obtained from a global database of original
geophysical data [Smith, 1993]. Many (117) profiles are
selected in an effort to sample a range of relevant parameters
such as lithospheric age, geographic location, subduction rate,
slab dip, and slab depth (Figure 1). In order to maximize data
quality and consistency, profiles are located in close
proximity to long, approximately trench-normal bathymetric
tracks. Free air gravity anomalies are extracted from a global
grid of satellite altimetry data [Sandwell and Smith, 1992)
along the topographic profiles. We simultaneously model
trench outer rise topography and gravity using a thin elastic
plate flexure model. but in contrast to previous studies, we also
specifically include regional depth and first zero crossing
position as model parameters. By using an improved seafloor
age model [Roest et al., 1992] we are able to correct the
topographic profiles for regional slope so that this parameter
is not required. Later we interpret these results in terms of
yield strength envelope models.

Stein and Stein [1992] have recently developed a model of a
thinner. hotter lithosphere (GDHI1) than the plate (PSM) and
half-space (HS) models of Parsons and Sclater [1977] in an
effort to explain depth/age and heat flow/age observations for
old oceanic lithosphere. More than 50 of our flexure profiles
cross old lithosphere (100-140 Ma), where the differences in
the predictions of these models is greatest, thus allowing for
discrimination between lithospheric thermal models on the
basis of their respective predicted mechanical properties. We
use the regional depth, the bending moment needed to support
the outer rise, and the mechanical thickness obtained at these
sites to place constraints on the asymptotic lithospheric
thickness.

20°N

20°S

40°S

90°E 120°E

150°E 180°E

Figure la. Global great circle profile location map of Java, Kermadec, Marianas, Philippines, and Tonga

Trenches. End points are presented in Table 1.
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Figure 1b. Global great circle profile location map of Aleutians. Bonin, Japan, and Kuril Trenches. End

points are presented in Table 1.

Flexure Model

In the elastic flexure model (Gunn, 1943; Watuts, 1978], the
thin plate is acted upon by a restoring force g(p,, - p,,)w, where
w is the plate deflection, g is average gravity, and p,, and p,,
are mantle and water density, respectively. If the applied load
comprises a horizontal force P and a bending moment M the
equilibrium equation is [Turcotte and Schubert, 1982]

&M, pdw -
EL+ PEX - o(py-pw=0, M
dx*  dx?
where the bending moment M is related to the negative
curvature of the plate by the flexural rigidity D:

M=Ddw o)
dx?

Parsons and Molnar [1976] demonstrate that the end load is
only an important factor in modeling flexure profiles when it
is a substantial fraction of the load required to buckle the
lithosphere. Tectonic regimes landward of subduction zones
do not show evidence for large compressive stress (~500 MPa)
[{Molnar and Atwater, 1978] and in many cases are sites of
extension and spreading. Furthermore, S. Mueller and R. J.
Phillips  (unpublished manuscript, 1992) found, from
synthetic profile analysis, that inplane stress regime cannot
be reliably constrained by attempting to recover parameters
from best fitting elastic profiles, even with respect to
distinguishing between compression and tension. Therefore
we do not include the end load as a parameter in our flexural
modeling. Under these simplifications and assumptions, a
model for the deflection of the plate in response to an applied
bending moment M, is

w(x) =w, cxp[M} sin [(L—“—)} +5(x-x)+d,, 3)
fod o

where w, is the flexural amplitude parameter, x, is the location
of the load, s is the tilt parameter, d,, is the undeflected depth ,
and ais the flexural parameter (Figure 2). The flexural
parameter is related to the elastic thickness h, by

~ ER i

3(pu-pu) g (1-vY
where E is Young's modulus and v is Poisson's ratio. Later we
will show that the tilt parameter is not needed if the regional
depth versus age relation is accounted for using an accurate age
model.

In order to discriminate between uncompensated
topographic variation due to flexure and unrelated topographic
deflection, we utilize gravity profiles corresponding to the
topographic profiles. Following McAdoo et al. [1978], a
modified Bouguer approximation is used to determine gravity,
and we include the approximate reduction in gravity amplitude
due to upward continuation of a constant wavelength signal
(2nc) from the crust/water interface at a mean ocean depth of d,
as well as the mantle/crust interface at an additional crustal
thickness depth he.  The attenuated gravity anomaly amplitude
is thus obtained by

Ag(x) = 2nGp,w, exp [(—Xax—")] sin[(x—'axa—)—]

. {(__pc-P\.-) exp['—d"-] +(-—-——p'"-pc) exp[——_(d"”k)]’ + Ago )
Prm=Pw @ Prm=Pw «

where G is the gravitational constant, Ag, is the mean

regional gravity anomaly, and p, is a density parameter which

measures the density of the mantle relative to sea water density
(Figure 2).

The overall objective of the modeling is to establish a set of

parameters which sensitively characterize the flexural

“
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Figure 1c. Global great circle profile location map of Antilles, Chile, Middle America, Peru, and Shetland
Trenches. Sandwich profile (113) is not shown for display purposes. End points are presented in Table 1.

behavior of plates experiencing bending at subduction zones.
Therefore we wish to find the smallest number of parameters
which will simultaneously minimize the misfit between the
models (3) and (5) and the topography and gravity data. The
most important issue, however, is not the modeling method
but the selection, quality and treatment of the data.

Data

Bathymetry

A total of 117 projected great circle bathymetric profiles
were obtained for 16 trench-outer rise complexes (Figure 1 and
Table 1). Data were acquired from the Lamont-Doherty Earth
Observatory on-line geophysical database [Smith, 1993]
using GMT software [Wessel and Smith, 1991]. No effort was
made to exclude profiles that had poor trench-outer rise
signatures unless some obvious feature obscured the trench
signature (e.g., aseismic ridges, complete sediment fill, or

indeterminate trench axis location). Later on we use objective
criteria to quantitatively eliminate poorly fit profiles. Within
a particular complex, projected profile endpoint pairs (trench
axis and basin) were selected so that the connecting great
circles were in close proximity to long, continuous, straight,
nearly trench-normal bathymetric ship tracks. All track data
points which fell within a 100-km band of the great circle were
retained and projected onto the great circle line. Typical
bathymetric profiles are continuous and over 800 km in
length, thus constraining mean ocean depth and regional tilt,
and are usually less than 20° from norinality to trench trend,
minimizing cross trend topographic effects.  In order to
correct data for nonnormality, distance values were multiplied
by cos@, the angle between the profile and trench-
perpendicular azimuths.

Before modeling, gross errors must be corrected in order to
reduce deflection perturbation and density bias. Travel time
errors occasionally arise due to an ambiguity in analog
precision depth recorder (PDR) records [Smith, 1993]. For a
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TOPOGRAPHY MODEL

wix)

M,

GRAVITY MODEL

Ag(x)

Figure 2. Schematic representation of topography (w,, x,,
a. and d,) and gravity (w,, x,, &, and g,) model parameters,
where w, ~ 3.10 w,. See equations (3) and (5) for details of the
model. Combined model (topograv) contains all of the above
parameters and p,. After application of a depth versus age
correction, a regional slope parameter was not required.
Topograv parameters are bold.

given trench profile, this error may result in a DC shift of
bathymetric depths, appearing as a parallel set of depths above
or below the general trend of values. Since these values are
clearly erroneous, they were eliminated from each profile
before any other processing was performed.

Indiscriminate data acquisition usually results in a
nonuniform density of data throughout the profile length
(Figure 3, points): crossing tracks result in dense sampling,
while course changes and jumps result in data gaps. In order to
reduce the biasing effects of erratic densities upon the
modeling, a filter was applied to the raw data set. The median
value within a 2-km moving window was retained at a 1-km
spacing, and importantly, gaps were not filled with dummy
values [Wessel and Smith, 1991]. A robust median filter was
employed instead of a mean filter so as to minimize the
weighting effects of outliers. The filter generally reduced the
quantity of data by an order of magnitude while retaining the
short-wavelength topographic variations (Figure 3).

The two-way travel time from which depths are determined is
a function of the velocity structure of the water column, which
is in turn a function of salinity, temperature, and pressure.
Smith [1993] reports that these variations in the velocity are
ignored and a nominal velocity is arbitrarily assigned to all
bathymetric data, resulting in 5% inaccuracies. These nominal
depths can be corrected to a first approximation by utilizing
tabulated regional depth-related correction factors, or Carter
[1980] tables. The filtered profile data were Carter-corrected,
having minimal effect for shallow and middepth data, and
significant effect with respect to deep-water values.

Thick layers of sediment on the basement topography
adversely influence estimates of model parameters in (3). A
uniform thickness layer of sediments will reduce the estimate
of d,, while extreme (>400 m) variations in sediment
thickness will affect the o estimate, particularly where near the
outer trench slope and outer rise. We have not accounted for
sediment thickness mainly because sediment thickness data are
not available along most of the profiles. Moreover, later we
show that where sediment thickness is highly nonuniform, the
gravity and bathymetry data will yield inconsistent models
that are eliminated from further analysis.

It is known that ocean bottom depth increases with age
[Parsons and Sclater, 1977]. Lithospheric ages may vary by
tens of millions of years along trench profiles, resulting in
age-related depth variation of hundreds of meters, particularly
for "young" profiles. In order to minimize this effect, an age-
related depth correction was applied to the Carter-corrected
profiles. Ages were assigned to every point on a given profile
based on a two-dimensional interpolation of an age grid [Roest
et al., 1992]. Then each point was corrected for age effects by
subtracting the appropriate age formula [Parsons and Sclater,
1977]. For points younger than 20 Ma, we deduct a predicted
depth dyge:

dyge = 2500 + 350 V¢ (6)

where tis age in Ma. For points older than 20 Ma the
correction formula is

duge = 6400 - 3200 ex (-' ) o
2 p 5238 @

While this depth-age relationship is known to be variable
throughout the ocean basins [Cochran, 1986, Hayes, 1988;
Marty and Cazenave, 1989], it is only the first-order depth
variations that influence the flexural modeling, since
interregional anomalous subsidence will not result in
significant differential depth correction within a particular
profile. An example of the age correction is shown in Figure
3, top curve; the age correction brings the entire profile to
near zero depth.

Local perturbations along profiles due to the presence of
seamounts and aseismic ridges were reduced by clipping the
topographic highs above a uniform depth. Though such
correction often improves the apparent quality of a profile,
results obtained from profiles in which topographic noise is
substantial must be considered poor.

Gravity

Gravity anomalies were extracted from a global gravity grid
[Sandwell and Smith, 1992] which is derived from a
combination of ERS 1, Geosat, and Seasat altimeter profiles
using the method of Sandwell [1984, 1992]. For areas south of
30°S, where the density of Geosat profiles is relatively high,
the satellite-derived gravity anomalies have a precision of 5.5-
7 mGal [Sandwell, 1992; Neumann et al., 1993]. In
midlatitude areas, where the track density is worse, the
anomalies are less accurate, especially at short waveléngths.
However, since gravity amplitudes at trenches usually exceed
100 mGal and generally have wavelengths greater than the
satellite track spacing (< 60 km), we believe that they are
sufficiently accurate.

10
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Figure 3. Raw. filtered. and age-corrected plots of the

Middle America | profile data (84). One-kilometer window.
median filter data are shifted | km downward from raw data for
presentation.  Age-corrected data are displayed with reference
to zero depth.

Flexural Modeling

Age-corrected topographic profile data and gravity were
modeled by fitting them to the topographic model (3) and
gravity model (5), respectively. We develop a misfit formula
which minimizes the difference between observed data and
predicted values in order to obtain a best fitting parameter set
for six model parameters: w,, p,, &, X,. d,, and Ag,. (Below
we discuss the rationale for not using a slope parameter in the
topographic model.) Note that this is a nonlinear parameter
estimation problem in both x, and o so a standard linear least
squares approach cannot be used and there may be local minima
that do not correspond to the global minimum. The
minimization algorithm we use is the downhill simplex
method [Nelder and Mead. 1965], implemented in Matlab
[Mathworks, 1993]. This is a multidimensional minimization
that requires only function evaluations without derivatives.
The downhill simplex method is started with an initial
multidimensional point, defining the initial simplex. The
method then takes a series of steps (reflections, expansions
and contractions within parameter space) until a tolerance
limit is reached in the change of the function value or the
change in the magnitude of the parameter vector. The
algorithm locates the first local minimum which satisfies the
tolerance criteria. Therefore it is critical to determine the
sensitivity of minimum misfit estimates to the initial
parameter set. If the minimum obtained by the simplex
minimization scheme varies substantially for reasonable
starting guesses, then the method may be considered
inappropriate, as the method and not the data is constraining
the best fit model parameters.

The downhill simplex method can accommodate almost any
reasonable type of minimization so we have devised a function
to simultaneously optimize topography and gravity fits.
First, in order to reduce sensitivity to seamounts and other
large topographic features. the sum of the absolute residuals
(data - model). rather than rms misfit is calculated. Second.
since we wish to model outer rise profiles with distant, seaward
portions of profiles serving only to constrain the undeflected
profile depth, the data were assigned a weight that decreases

linearly with distance from the trench axis. Third, the
residuals are normalized by the absolute deviation of the data
from the mean (the "linear” variance) . The total misfit is

N N
et [§ st
(1+A)Li=t Ou i=l

where the linear variances of the deflection o,, and gravity Oag
are given by

48, - Ag(x) } ®
Oag

N N
0o=Y hwi-dl  oa=3 lAgi- agd. ©)
i=l i=1

N is the number of data points, w(x;) and Ag(x;) are the model
topography and gravity, w;and Ag;are the observed
topography and gravity, and A is a parameter that scales the
weight of the topography relative to the weight of the gravity
data: later we will set A to O (topo), 0.4 (topograv), and oo
(grav). The L, norm misfit parameter Y is a measure of the
improvement of the six-parameter model over a two-parameter
model, d, and Ag,,.

Prior to the complete analysis, we tested whether or not a
regional topographic slope is needed to obtain reliable fits to
the topographic profiles. McQueen and Lambeck [1989] have
suggested that regional topographic tilt, due to poor depth/age
correction, thermal swell, or dynamic uplift, has a significant
effect on elastic fit models, which, if left unaccounted for,
results in poor and biased estimates of model parameters. We
used a least squares minimization on the topography data so
that established statistical tests could be utilized (e.g., F test).
In the majority of cases. the models displayed good visual fits
to the data, regardless of presence or absence of free tilt. We
believe the lack of significant tilt in most of our profiles is due
to the improved age model provided by Roest et al. [1992). In
most cases where both models converge on similar outer rise
dimensions, the fractional misfit yielded by the free-tilt model
is marginally lower than that obtained by a fixed-tilt model.
However. sensitivity to the relevant parameters is sacrificed.
Figure 4a shows a typical profile obtained at the Aleutian
Trench, containing a medium-sized outer rise, nearly no
regional tilt. and relatively noise-free topography. The fixed-
and free-tilt models appear to fit the topography equally well
(Figure 4a) and result in similar flexural parameters (no tilt,
59.5 km; tilt, 62.2 km) and similar flexural amplitudes (no
tilt, 1.53 km; tilt, 1.72 km). The modest positive tilt
accommodates a gentle slope seaward of the trench and outer
rise. Plots of fractional rms misfit as a function of a for the
best fit model (Figure 4b) demonstrate that there is a slight
decrease in misfit for the free tilt model ( < 1%). However, the
increase in the width about the minimum of the misfit curve
(dashed) confirms the loss in sensitivity of the free-tilt model
to the flexural wavelength [McQueen and Lambeck, 1989].
Furthermore, the mutual dependence of the model parameters
implies that the tilt term is altering the wavelength value.

In contrast to this Aleutian Trench profile which has low
tilt, we also selected a profile at the Middle America Trench
which displays moderate tilt (Figure 4c). In this case, the free-
tilt model provides an improved fit to the data (Figure 4d) and
results in a shorter flexural parameter (no tilt, 56 km; tilt, 30
km) and a lower flexural amplitude (no tilt, 0.85 km; tilt, 0.26
km). Because the tilt is large relative to the amplitude of the
flexure, the fixed-tilt model probably provides a poor estimate
of the flexural parameter. Conversely. while the free-tilt model
provides a better fit to the data (improved misfit by >10%) it
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Figure 4. (a) Best fit RMS models for the Aleutian | profile (1). Solid line corresponds to a zero, fixed-slope
model. Dashed line corresponds to a free-slope model. (b) Best fit RMS misfit values for a range of flexural
parameter values (&) for the Aleutian 1 profile (1). Solid line corresponds to a zero, fixed slope model. Dashed
line corresponds to a free slope model. (c) Same as Figure 4a for the Middle America S profile (88). (d) Same as

Figure 4b for the Middle America 5 profile (88).

probably estimates slopes well and the flexural parameters
poorly.

In general, a tangible improvement in model misfit is
necessary in order to justify the substantial decrease in
sensitivity to the parameters of interest. An F test comparing
the variances of both models fails to justify the use of the
additional tilt parameter at the 90% confidence level even for
the most tilted profiles. Considering the loss in sensitivity to
the parameters of interest and minimal improvement in misfit
we chose not to include the tilt parameter. In addition, the
gravity anomaly profiles provide the additional information
needed to reduce the error caused by our fixed-tilt assumption.

Results

The bathymetry and gravity data were fit to formula (8) with
A values of 0, =, and 0.4, which correspond to fitting
topography (topo), gravity (grav), and combined topography-
gravity (topograv) with a respective topography-gravity
weight ratio of 2.5 / 1, which reflects our emphasis on original
depth soundings over gridded altimeter gravity. The
bathymetry data set is characterized by higher precision and
superior short-wavelength resolution to the gridded and
interpolated gravity even south of 30°S, where unclassified
altimetry allows for increased resolution. The topographic

modeling is limited to the parameters, w,, x,, d,, and «, the
gravity modeling is limited to the parameters w,, x,, Ag, and
@, and the combined modeling contains the parameters w,, x,,
d, Ag, o, and p,. Table | lists the best fit modeling
parameters (w,, d,, &, and p, only) and misfit values for
topograv with misfits and 10% alpha ranges (for alpha range
discussion, see below; complete data for the three fitting
schemes are available on microfiche!). The simplex
minimization algorithm generally required several hundred
iterations for reasonable starting values. Restarts with varied,
though similar, initial values yielded consistent results with a
nominal precision, set by the tolerance limits, of the
parameter value. One hundred and nine of the original profiles
were successfully fit to some extent by at least one of the
procedures.  Figure 5 shows the model fitting to the
topography and gravity of all of the profiles used in the study.

Though the models provide fits to all of the profiles, the
utilization of the parameterization for flexural analysis
requires a mechanism by which bad or suspect data can be
eliminated. Visual inspection only provides a qualitative,

I'Supplementary data are available with entire article on microfiche.
Order from American Geophysical Union, 2000 Florida Avenue, N.W.,
Washington, DC 20009. Document B94-004; $2.50. Payment must
accompany order.
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Figure 5. Topography and gravity data for 117 profiles modeled in the study. Profiles are arbitrarily shifted
vertically for presentation. For topography (shown at left), solid lines correspond to the best fit model for
topograv (A = 0.4) and dashed lines correspond to the best fit mode! for topo (A = 0). For gravity (shown at
right), solid lines correspond to the best fit model for topograv (A4 = 0.4) and dashed lines correspond to the best
fit model for grav (A = o). Profiles are numbered according to the numbering scheme of Table 1. TG, G, and T
mark profiles that were "successfully” modeled by topograv, grav, and topo, respectively.

approximate discrimination regarding adequacy of fit and
precision of parameter estimation. In an effort to
quantitatively evaluate fit, three semiobjective criteria were
established that, in general, coincided with our intuitive
expectations:

1. Acceptable profiles must have a misfit of less than 0.5,
which means that the addition of the flexure parameters reduces
the variance by 50% with respect to the model with just a mean
depth (and/or gravity) as a parameter.

2. In an effort to determine the sensitivity of the model to
the flexural parameter (@), the fitting procedure was performed
for each profile by varying a fixed alpha value until a 10%
increase in misfit had resulted, establishing conservative
“error bars" for flexural wavelength. The 10% alpha range must
not exceed 0.7 of the alpha value.

3. For topograv fits only, profiles were kept when the
modeled density contrast p, was within the range 1700-2600
kg m3. When both gravity and topography were modeled, the

density contrast parameter was usually about 2200 kg m3
corresponding to an uncompensated outer rise with a mantle
density of 3200 kg m3. Lower densities indicate that the
outer rise consists of partially compensated topography (i.e.,
profile 102, Figure 5, p, = 902 kg m'3), while higher densities
may reflect areas of thick sediment cover that reduces the
topographic signal but preserves most of the gravity signal.
A primary asset of the topograv approach is the ability, unlike
in previous studies, to discriminate between fits to flexural and
nonflexural topography.

In this manner, 37 topograv, 47 topo, and 108 grav profiles
were considered acceptable for further analysis of flexural
behavior (Figure 5). The validity of the flexural modeling
technique for the inversion of systematic variations of elastic
thickness, flexural rigidity, applied moment, and other
bending parameters is greatly limited by the presence of short-
and long-wavelength bathymetric noise. By averaging nearby
profiles, we have greatly diminished the weight of
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Figure §. (continued)

uncorrelated, short-wavelength features. Nevertheless, the
bathymetry retains a sensitivity to nonflexural long-
wavelength, bathymetric features (non-age-related regional tilt
and swell, irregular sediment deposition, outer rise shaped
nonflexural topography), which limit the accuracy of
parameters inferred based on fitting topography alone.
Satellite altimeter gravity modeling reflects the effect of
deeper structures [McQueen and Lambeck, 1989] and is less
dependent on surface deformational effects.

Figure 6 shows the flexural parameter values obtained from
the topograv modeling procedure against the grid-derived age
at the first zero crossing, along with the 10% alpha ranges for
each of the topograv data points. To a limited extent, the fact
that the three flexural parameter estimates coincide, falling
consistently within the topograv 10% range, confirms a
correlation between the two data sets and establishes the 10%
range as conservative with respect to the true wavelength
value. The flexural parameter a displays a positive age
correlation (Figure 6), particularly with respect to the gravity
parameter set. However, the a obtained by the gravity
modeling usually exceeds the o obtained from the topographic
modeling. This behavior has been noted by McAdoo and
Martin [1984] and by Judge and McNutt [1991] and has been

attributed to attenuation of short-wavelength noise (i.e.,
seamounts) by the gravity representation.

The topograv modeling approach allows for the rejection of
profiles for which the topography and gravity modeling
schemes yield divergent parameter values. Eighteen profiles
that were adequately fit by the topography and gravity
modeling separately were not fit by the combined model.
Where topo and grav flexural parameter values were
substantially different (see profiles 11, 50, and 111), the fit to
the combined data set was moderately poor and the 10% alpha
range was large, reflecting a compromised fit over a wide range
of flexural parameter values. The wavelength sensitivity
criterion effectively removed the vast majority of profiles for
which the flexural parameter values differed by more than 15
km (mean o grav /o topo = 0.88, s.d. = 0.19, for quality
topograv fits). In our modeling scheme, the estimated « is
usually closer to either the topo or grav estimates rather than
lying between the two. Moreover, the model generally favors
a fit to the topographic wavelength because the topography
data are more heavily weighted (mean « topograv / a topo =
1.07, s.d. = 0.13, for quality topograv fits). Even where
separate topographic and gravity modeling yielded similar
flexural parameter values, profiles were rejected where the

17
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mantle-water density contrast parameter was outside the
acceptable range (usually below 1700 kg m-3; for example,
profiles 36 and 58). In these cases, the flexural amplitude
parameter (and the bending moment value. below) is highly
suspect because the model may be fitting nonflexural
topography.

Profiles which could not be adequately fit by modeling
topography alone were successfully fit in the combined
modeling scheme. Where the topo misfit value was marginally
unacceptable, a well-fit gravity model with a similar ¢ value to
the topo model and a reasonable p, value, could diminish the
total misfit in the combined topograv model (see profiles 99
and 104). Where a small outer rise and/or a substantial
bathymetric noise component allowed for an inadmissible
wide-ranging flexural parameter value, a well-fit gravity model
with similar a value to the topo model and a reasonable p,
value could reduce the 10% o range to within acceptable limits
in the combined topograv model (see profiles 10 and 96). A
primary asset of a joint topography-gravity minimization
scheme with misfit, wavelength sensitivity, and density
contrast quality criteria is that it limits acceptable model fits
to those for which the flexural parameter and amplitude are
consistent for both the topography and gravity data sets. The

! I
400 600 800

Distance (km)

1
[ 200

(continued)

parameter sets obtained by simultaneous modeling are
therefore more suitable for depth, moment and mechanical
thickness analysis than those obtained by modeling
topography and gravity alone.

Discussion
Depth Versus Age

The value of d,,, the depth at the first zero crossing, should
be approximately zero, assuming a perfect age correction. The
mean value of d,, is approximately +112 m with a standard
deviation of about 268 m for the topo and topograv modeling
schemes. Furthermore. there is no apparent age relation for
the depth parameter (correlation coefficient of 0.17). Thus the
Parsons and Sclater [1977] age correction has adequately and
unbiasedly corrected the depth at least with respect to the DC
offset. The low degree of slope evident in the vast majority of
profiles further affirms that age related tilt has, for the most
part, been adequately corrected. These depth versus age results
are shown in Figure 7 (after adding the previously subtracted
PSM depth) where we have plotted the modeled ocean depth at
each trench-outer rise versus the age of the scafloor at the first

18



R EEREEEEEEEEREEENEE RN NN I IR NI N NI R AR B

LEVITT AND SANDWELL: LITHOSPHERIC BENDING AT TRENCHES

Wy (ki)

! 1

: I 1l ! i
0 200 400 600 800

Distance (km)

Figure S.

zero crossing seaward of the trench axis. Also shown are depth
versus age relations predicted by the Parsons and Sclater
[1977] plate cooling model (PSM, solid curve), the half-space
cooling model (HS. dashed curve) and the GDH1 model (dotted
curve) of Stein and Stein [1992] (i.e., a plate-cooling model
having a hot and thin lithosphere). For ages less than 70 Ma
the data are equally scattered about all of the models. In many
cases the estimated depth is less than all model depths; this
bias is to be expected since we have not accounted for sediment
loading. Between 80 and 100 Ma the PSM model fits best,
while between 110 and 130 Ma the GDHI model fits best. One
advantage of our analysis over previous depth versus age
studies is that since we model the trench/outer rise signature,
we are able to estimate seafloor depth on very old seafloor near
the trench axis. Several of our estimates are for 130 Ma
seafloor where we tind that the PSM model fits better than the
GDH1 model; a sediment correction would increase the depth
estimates and improve the fit to the PSM curve. Next, we show
that the lithosphere of the GDHI model is too hot and thin to
maintain the bending moment needed to support the observed
outer rise topography at older subduction zones (> 100 Ma).

Cravity Anomaly (10?mCal)

[ 200 400 600 800
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(continued)

Bending Moment Versus Age

The flexural amplitude (w,) values for the three modeling
schemes range from several hundred to several thousand
meters. For comparisons with previous studies [Caldwell et
al., 1976; Caldwell and Turcotte, 1979; Jones et al., 1978;
Turcotte et al., 1978], the theoretical elastic plate relation
between the amplitude parameter w, and the nominal height of
the outer bulge wy, is

wo=ﬁexp(4l)wbz3.10wb< (10)

Usually, the model amplitude values w, and the values
obtained by visual inspection of the profiles wjroughly
correspond after scaling. Also, our values generally conform
to those obtained by the previous studies at the same trenches.
However, it should be noted that visual estimates of w;, are
very sensitive to the value of reference depth d, used. In many
previous studies [Caldwell et al., 1976; Caldwell and Turcotte,
1979; Jones et al., 1978; Turcotte et al., 1978; Judge and
McNutt, 1991), d, was chosen visually prior to flexural
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modeling. We believe our misfit method is better because w,
and d, are estimated simultaneously.

As noted by Goetze and Evans [1979], the bending moment
needed to support the outer rise can be estimated by simply
integrating the excess topography times the mantle/water
density contrast p, times the moment arm: -

M(x,) =J w(x) Po (x - x,) dx (1

where w(x) is the excess topography and x, is the location of
the moment. Although, in theory, a model fit is not needed to
estimate this moment, topographic noise causes this integral
to be unstable. The thin elastic plate flexure model provides a
smooth fit to the observations that can easily be integrated to
estimate the moment at x,:

M(,=-"‘—2"ia2w(,. (12)

where p,, is set to 2200 kg m™3.

A plot of this moment (for topograv) for the 37 trench
profiles that pass all three editing criteria versus age is shown
in Figure 8. Bending moment values are presented in Table |

1 1
0 200 400 600 800
Distance (km)

(continued)

together with their associated curvature (K,) values (see (2)).
For ages less than 60 Ma, in the Middle America, Peru, Chile,
and Aleutian Trenches. the bending moments are, in most
cases, less than 10'7 N and at greater ages, bending moments
have a wide range up to a maximum of 3x10!7 N. This
maximum bending moment provides an upper limit on the
overall strength of the oceanic lithosphere in response to
bending [Turcotte et al., 1978; Goetze and Evans, 1979]. Our
results are in general agreement with previous studies which
show a rapid increase in maximum bending moment with
increasing age [McNutt and Menard, 1982; McAdoo et al.,
1985]. However, our study uses a much larger data set and
spans a much wider range than previously reported. These
bending moment data can be used to constrain models of the
thermal and mechanical properties of the oceanic lithosphere.
At high curvatures, the large fiber stresses cause brittle
failure and ductile flow in the upper and lower lithosphere,
respectively. The lithosphere is said to be moment saturated
when the plate continues to bend without an increase in
applied moment: it is nearly moment saturated when the
curvature of the plate exceeds about 5x10°7 m-!. The vast
majority of our model profiles exhibit curvatures which exceed
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107 m!. and many are moment saturated (Table 1). Thus these
near-maximum moments can be compared with theoretical
maximum moments calculated from models of lithospheric
strength versus depth. To estimate these saturation moments.
we used the yield strength envelope formulation of Brace and
Kohlstedt {1980] with zero pore pressure and a dry olivine
rheology from Kirby [1983]. This combination provides a
maximum strength lithosphere for a given thermal profile. At
a given lithospheric age the temperature versus depth profile
was calculated for three models, the Parsons and Sclater [1977]
cooling plate (PSM) and half-space (HS) model and the GDH1
model of Stein and Stein [1992]. We calculated the yield
strength versus depth for both tension and compression and
then imposed a stress versus depth profile corresponding to a
large curvature with zero horizontal, inplane end load. After
limiting the imposed stress to be less than the yield stress
envelope. the depth of the nodal stress was adjusted iteratively
so the end load was zero. The final saturation bending moment
is
-
M= Ao(z-z)dz. (13)

where Ao is the deviatoric stress, z is depth. z,, is the nodal

L 1
0 200 400 600 800

Distance (km)

(continued)

stress depth. and /1 is the plate thickness. Saturation bending
moments versus age for each of the three thermal models are
plotted in Figure 8 along with the moments estimated from the
profiles. The observed bending moments should not exceed
the saturation bending moment. Except for three estimates
between 24 and 45 Ma both the HS and the PSM models
provide an upper bound on the observations. In contrast,
about one half of the observed moments in the 120-150 Ma
age range exceed thec GDHI model. We conclude that the
lithosphere of the GDH1 model is too hot and thin to maintain
the observed outer rises seaward of many subduction zones,
especially outer rises on older lithosphere (> 100 Ma).

Mechanical Thickness Versus Age

The flexural parameter o displays a positive age correlation
(Figure 6), particularly with respect to the gravity parameter
set. Best estimates of « arc used to calculate the corresponding
effective elastic thickness (Table 1) using (4). Unlike most
previous studics |Caldwell et al., 1976; Caldwell and Turcotte,
1979: Carey and Dubois, 1981; Jones et al., 1978; McAdoo et
al., 1978], our individual estimates of h, have considerable
scatter and do not constrain a particular isotherm increasing as
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the square root of age. The scatter is not likely to be caused by
the utilization of a combined modeling scheme since there is
substantial scatter within the topo and grav best fit « values.
Nevertheless, these values agree, in general, with the compiled
list presented in Table lc of Wessel [1992], particularly for the
topo modeling scheme (A = 0), with noteworthy exceptions of
the Aleutian Trench, for which our values are lower, and the
Kuril Trench, for which our values are higher. We believe the
scatter in our results and the poor agreement with the simple
square root of age increase reflects uncertainties inherent in
estimating flexure parameters, such as bathymetric noise and
non flexural topography [McQueen and Lambeck, 1989] as
well as inelastic bending and accumulated thermoelastic stress
[Wessel, 1992].

As discussed in the previous section, the moderate-high
curvatures observed for a majority of profiles indicate that a
significant proportion of the plate is behaving inelastically.
For these trenches, the true mechanical thickness (i.e., the
depth to the nominal isotherm where materials are no longer
capable of sustaining stress over geologic periods) is greater
than the elastic thickness estimate. Following McNutt and
Menard [1982], mechanical thickness estimates are obtained
from the elastic thickness and curvature. According to S.

Mueller and R. J. Phillips (unpublished manuscript, 1992),
using this conversion method with curvatures obtained at the
first zero crossing of the best fitting elastic profile results in
an underestimation of the mechanical thickness by 10% for 50
Ma lithosphere and by 8% for lithosphere older than 90 Ma.
This error does not exceed 10% even at near-full saturation.

The variation of mechanical thickness estimates (Table 1),
for topograv, with age is shown in Figure 9 along with
mechanical thickness-age curves (750° isotherm) obtained by
the half-space (HS), plate (PSM), and GDHI1 models.
Mechanical thickness increases rapidly over the age range of
10 to 60 Ma and then flattens over the range 80 to 150 Ma.
While mechanical thickness estimates appear to confirm that
lithospheric cooling results in thickening of the mechanical
lithosphere with age, the wide scatter of the data do not allow
for discrimination between the three thermal models, or even
the determination of the isotherm which may define the base of
the lithosphere.

Limitations of the Modeling

The high scatter exhibited by the flexural parameter,
effective elastic thickness and mechanical thickness values
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highlights the limitations of trench flexural modeling.
According to Wessel [1992], the underlying problem with 4,
versus age data is that the estimated quantities have far more
degrees of freedom than lithospheric age alone. At trenches,
complications due to inelastic processes, inplane stress,
unbending history and thermal stress history cannot be
constrained adequately and are affected by unknown factors
such as vertically integrated rheology, load size, local and
regional stress history and thermal history.
Curvature-induced inelastic processes result in progressive
failure in the plate and a variable flexural rigidity throughout a
given profile. Though our profiles were adequately fit by a
simple elastic model, several profiles exhibited fits with a
systematic error. For example, in profile 68, the landward
slope from the outer bulge is steeper than the model predicts,
whereas the seaward slope is more gradual than the model
predicts, implying that rigidity is diminished as the plate
migrates across the outer rise. According to Judge and McNutt
[1991], values of elastic thickness found by assuming
constant rigidity along profiles can be considered weighted
averages of the true elastic thickness along the length of the
profile. Our flexural rigidity and effective elastic thickness
data correspond closely to the values near the trench and outer
rise due to our fitting-weighting scheme. Nevertheless.
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(continued)

curvatures obtained by Judge and McNutt [1991] using variable
rigidity were approximately 1.6 times the curvatures calculated
assuming constant rigidity. Therefore our h,, values may
underestimate the true mechanical thickness for high curvature
profiles where inelastic processes result in variable rigidity.

Regional in-plane stress, both compressive [Bodine and
Watts, 1979] at the Bonin Trench and Southern Marianas
Trench and tensile [Judge and McNutt, 1991] at the Peru Trench
and Chile Trench, has been invoked to explain flexure and
seismicity observations. S. Mueller and R. J. Phillips
(unpublished manuscript, 1992) fit elastic models to synthetic
profiles with various inplane stress histories and were unable
to recover the appropriate value of inplane stress. Moreover,
the imposition of compressive stress before and after bending
did not change the effective elastic thickness determined,
though 5 km uncertainty was introduced. Conversely, regional
tension tended to make lithosphere appear substantially
weaker and thinner. Unfortunately, regional stress fields in
the vicinity of trench flexure are still poorly constrained by
intraplate focal mechanisms [Wiens and Stein, 1984; Bergman
and Solomon, 1984; Bergman, 1986].

Wessel [1992]. in an effort to explain the bimodal nature of
h,, versus age data at seamounts and trenches, evaluated the
combined effects of flexural bending stresses and thermal
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bending stresses due to depth-dependent, temporally integrated
cooling of the lithosphere. Constructive interference beneath
seamounts drives the plate to premature failure, therefore
giving the impression of a relatively weaker plate.
Conversely, thermal stresses at trenches are largely relieved
by the opposite flexural bending stresses and the plate appears
to be stronger [Wessel, 1992]. The result of this stress
superposition for 30 Ma lithosphere is a 5-20%
overestimation of h, at trenches and a 10-40% underestimation
of h, at seamounts for curvatures less than 4x10"7. Wessel
[1992, Figure 12b] provides bias estimates for trenches and
seamounts over a range of ages and curvatures. Approximately
10 profiles in the present study suggest an overestimation bias
which exceeds 10% (Figure 9). Notably, profiles 10
(Aleutians), 96, and 101 (Peru), which lie significantly above
the general h,, trend at 30-50 m.y., are lowered by about 30%,
back to the expected value. The corrected mechanical
thicknesses demonstrate an approximate agc”2 correlation,
though substantial scatter still prohibit resolution of the best
fitting lithospheric basal isotherm model.

Conclusions

A global survey of trench profiles, from depth soundings
and satellite gravity grid data, demonstrates that the majority

of subducting plate profiles contain an outer rise, in response
to a bending moment applied by the subducted plate. These
profiles can be quantitatively fit, after high-resolution age
correction, using a simple elastic model with no required tilt.
A modeling scheme which simultaneously fits gravity and
topography is utilized to exclude models which poorly
constrain the flexural parameter and flexural amplitude due to
nonflexural deformation in topographic modeling and deep
structure in gravity. In accordance with previous
investigations, elastic thickness values exhibit a discrepancy
between topographic and gravitational modeling values;
gravitational elastic thicknesses exceed those obtained by
topographic modeling. Parameter values obtained from a
combined data set fitting scheme, are selected for goodness of
fit, sensitivity of fit to the flexural parameter and approximate
noncompensation. A primary attribute of the combined
topography-gravity modeling scheme is that the best fitting
models are restricted to those for which the flexural parameter
and amplitude are consistent for both the topography and
gravity data sets.

The value of the depth parameter at the first zero crossing
was obtained from the modeling procedure, yielding depth
determinations at the oldest possible location prior to
subduction. Though we have not accounted for sediment
loading, we find that between 80 and 100 Ma and 135-145 Ma
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Menard [1982] with respect to model ages at the first zero crossing from a two-dimensional interpolation of an
age grid [Roest et al., 1992], with predicted model thicknesses according to the HS (dashed), PSM (solid), and
GDH1 (dotted) thermal models with base depth corresponding to the 750° isotherm. Trench symbol assignment
is identical to Figure 7. Circled points correspond to values corrected for thermal stress bias [Wessel, 1992].

the PSM model fits best, while between 110 and 130 Ma the
GDHI model fits best. A sediment correction would further
establish the superior fit of the PSM over the GDHI model to
the depth parameter.

The moderate and high curvatures present at a majority of
profiles imply that a substantial component of stress relief is
occurring by inelastic processes so that the effective elastic
thickness values substantially underestimate the true
mechanical thickness. Bending moments calculated at the first
zero crossing were compared with the saturation moment
predicted by the half-space and plate cooling models of
Parsons and Sclater [1977] and the GDH1 model of Stein and
Stein [1992). Since approximately one half of the observed
moments at trenches older than 120 Ma exceeded the saturation
moment, we conclude that the GDH1 lithosphere is too hot and
thin to maintain the observed outer rises seaward of many
subduction zones. Mechanical thickness estimates were
obtained from the elastic thickness and curvature values but
scatter in the data, due to bathymetric noise and poor
constraint of complicating factors (inplane stress, unbending
history, and remnant thermal stress), precludes discrimination
between the half-space, plate, and GDH1 cooling models.
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CHAPTER 3

MODAL DEPTH ANOMALIES FROM MULTIBEAM BATHYMETRY:

IS THERE A SOUTH PACIFIC SUPERSWELL?
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Abstract

A region west of the southern East Pacific Rise (SEPR), between the Marquesas and Austral Fracture Zones has
previously been found to exhibit anomalous depth—age behavior, based on gridded bathymetry and single-beam soundings.
Since gridded bathymetry has been shown to be unsuitable for some geophysical analysis and since the area is characterized
by unusually robust volcanism, the magnitude and regional extent of depth anomalies over the young eastern flank of the so
called ‘South Pacific Superswell’ are re-examined using a mode-seeking estimation procedure on data obtained from several
recent multibeam surveys. The modal technique estimates a representative seafloor depth, based on the assumption that
bathymetry from non-edifice and cdifice-populated seafloor has a low and a high standard deviation, respectively. Flat
seafloor depth values are concentrated in a few bins which correspond to the mode. This method estimates a representative
seafloor value even on seafloor for which more than 90% of coverage is dominated by ridge and seamount clusters, where
the mean and median estimates may be shallow by hundreds of meters. Where volcanism-related bias is moderate, the mode,
mean and median estimates are close.

Depth-age results indicate that there is only a small anomaly ( < 200 m) over 15-35 Ma Pacific Plate seafloor with little
age-dependent shallowing, suggesting that the lithosphere east of the main hot-spot locations on the ‘superswell’ is normal.
An important implication is that. in sparsely surveyed areas, depths from ETOPO-S are significantly different from true
depths cven at large scales (~ 1000 km) and thus are unsuitable for investigations of anomalies associated with depth-age
regressions. We find that seafloor slopes on conjugate profiles of the Pacific and Nazca Plates from 15 to 35 Ma are both
slightly lower than normal, but are within the global range. Proximate to the SEPR, seafloor slopes are very low (218 m
Myr~!/) on the Pacific Plate (0-22 Ma) and slightly high (~ 410 m Myr~'/?) on the Nazca Plate (0-8 Ma): slopes for
older Pacific seatloor (22—37 Ma) are near normal (399 m Myr~'/%). Scafloor slopes are even lower north of the Marquesas
Fracture Zone but are highly influenced by the Marquesas Swell. We tind that the low subsidence rate on young Pacific

. scafloor cannot be explained by a local hot-spot or a small-scale convective model exclusively and a stretching /thickening

model requires implausible crustal thickness variation ( ~ 30%).

Kevwords: South Pacific: superswells; multichannel methods: bathymetry; hot spots
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1. Introduction

A fundamental principglR of the plate tectonics
paradigm is that the depth of ocean floor is con-
trolled by the thermal evolution of a boundary layer,
the lithosphere, as it is transported from the mid-oc-
eanic ridge [1]. Two primary types of models have
evolved to describe the relation between lithospheric
cooling and contraction and the observed monotonic
decrease of heat flow and increase of basement depth
with crustal age [2]. In the half space model [3.4], the
lithosphere is the cold upper boundary layer of a
cooling half space, so that depth and heat flow vary
with an age'/? and age™'/?, respectively. In the
plate model [5,6] lithosphere is treated as a cooling
plate with an isothermal lower boundary. Due to
additional heat input to the base of the lithosphere by
hot-spots [7] or by some type of small-scale convec-
tion [8] the depth and heat flow curves flatten out
with age with a best-fitting asymptotic old-age plate
thickness of 125 km and a basal temperature of
1350°C [9].

Over the past 20 years attention has focused on
depth anomalies, those areas of the seafloor which
have shown departure from the expected depth for a
given age [10]. Several investigators have noted a
correlation between broad. anomalously shallow re-
gions, termed swells, and the location of prolific,
hot-spot-related volcanism [11-16]. For the majority
of mid-plate swells, the presence of positive geoid

. and gravity anomalies suggest that a large part ot the

swell topography is compensated by thermally reju-
venated lithosphere [15].

In a seminal paper, McNutt and Fischer [17]
advanced the superswell hypothesis in order to rec-
oncile a number of unique observations in the
south-central Pacific which are inconsistent with a
standard hot-spot rcjuvenation model [17], including
a 250-1000 m shallow depth anomaly covering the
majority of French Polynesia. corresponding to a
ncgative geoid anomaly [18]; elastic thicknesses be-
neath seamounts and islands typical of much younger
lithosphere [19]; high spreading rates [20]; and a
disproportionately large number of hot-spot volcanic
chains.

The superswell is defined by a regional depth
anomaly distribution [17]; based on bathymetric data
acquired from the 5 digital SYNBAPS bathymetry

[21] averaged to 0.25° and corrected for the varia-
tions of sound speed in water, sediment loading and
seafloor age, using the standard thermal-plate model
[9]. The superswell hypothesis relies heavily on rec-
ognizing a depth anomaly which has a magnitude
and spatial distribution inconsistent with the simple
superposition of anomalies attributed to the individ-
ual hot-spots identified in the region [17,18]. Since
the anomaly extends well eastward of the hot-spot
tracks region, to young lithosphere west of the south-
ern East Pacific Rise (SEPR), McNutt and Fischer
[17] proposed that the asymptotic lithospheric thick-
ness in this area is less than normal (75 km) and the
asthenosphere is hotter than normal (1385°C). They
also noted that the depth anomaly terminates at the
Marquesas Fracture Zone (FZ). This abrupt termina-
tion indicated that the cause of the anomaly is related
to the lithosphere or uppermost mantle, rather than
thermal and/or chemical buoyancy from a deep
mantle plume. They suggested that the anomaly was
related to small-scale convective instabilities in the
low-viscosity zone at the base of the lithosphere.
While the superswell model may effectively ex-
plain additional anomalous observations, such as low
mantle seismic velocities and low elastic-plate thick-
nesses (note contrary elastic thickness observations
[22.23]). the first-order conclusion is that there is a
regional depth anomaly which is independent of the
effects of overlapping hot-spots, thickened crust and
sedimentary aprons. This hypothesis is critically de-
pendent upon the quality of the bathymetric data
acquired over the young seafloor just east of the
hot-spot tracks (Fig. 1): first, because the observation
of anomalously shallow depths in this area is largely
responsible for the long-wavelength (presumably
age-dependent) anomaly: and, second, because the
anomaly attributed to the difference between a 125

" km thick plate with a 1350°C basal isotherm and a

75 km thick plate with a 1385°C basal isotherm [17]
would be very small in this region (less than 300 m
for 40 Ma lithosphere). We show here that ETOPO-3
(which is equivalent to SYNBAPS in ocean areas) is
inappropriate for estimating depth anomaly patterns
at intermediate wavelengths (hundreds of kilometers)
in this poorly surveyed region.

The depth—age rclationship on the flanks of the
SEPR adjacent to the superswell has been investi-
gated using single beam acoustic data [24]. Depth
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soundings from a suite of near-parallel tracks were
stacked (arithmetic mean) after matching isochrons
and removing sections of bathymetry that were obvi-
ously perturbed by seamounts and ridges. For young
seafloor (0-5 Ma) between 9°S and 22°S, Cochran
[24] finds a pronounced asymmetry in seafloor slope:
the western flank has a scatloor slope of 200-225 m
Myr~ '/ and the castern flank, 350-400 m Myr™'/?
(since there are alternative processes to thermal sub-
sidence which affect the final observed seafloor slope,
‘subsidence rate’ is strictly defined as the process of
seafloor deepening with age, while ‘seafloor slope’
refers to the observed change in depth with age for
adjacent seafloor sections). By an age of 5 Ma the
west flank is 300 m shallower than the east tlank.
The youngest seafloor west of the SEPR is already
characterized by unusual depth—-age behavior even
near the SEPR axis. Since the rise axis in that area is
anomalously deep to start with (2625-2872 m), there
is no anomalously shallow seafloor on the western
flank. The main anomaly is the very high seatloor
slope and deep seafloor on the eastern flank [24].
Proper assessment of the westward extension of
the region of low seafloor slope is limited by the
paucity of data and by an abundance of large
scamounts. Seamounts on normal seatloor generally
account for about 0.5% of the normal crustal volume
[25] (i.e., 30 m of extra crustal thickness). However,
on the west flank of the SEPR (6°S-23°S) and in the
Tiki Basin (15°S—21°S) scamount population density
is much greater than normal [26,27], especially near
the SEPR between 15°S and 19°S on 0-6 Ma crust,
where the volume of volcanoes and flows is up to
120 m of extra average crustal thickness [28]. On a
pair of recent cruises (GLOR3B-04MV) we found
that the unusually high seamount abundance also
cxtends much further to the west-northwest, along
the Pukapuka chain [29]. Major ridges along this
chain consist of individual segments that are 40 km
long, <10 km wide and range in peak amplitude
from 800 m to over 4000 m. Four of the seven tracks
used by -Cochran [24] west of 128°W, in the area
where a 500 m shallowing is inferred, cross these
major ridges, resulting in substantial shallowing bias.
In addition to the problems with the single-beam
coverage in this area, gridded bathymetry, which is
bascd largely on these few tracks, will also have the
bias causcd by the volcanic ridges as well as the

many other problems associated with the ETOPO-5
dataset [30]. The purpose of this paper is to apply a
mode estimation technique (histogram) to multibeam
data (Fig. 1) in order to establish the correct seafloor
depth between the SEPR and the Tuamotus plateau.
These results are compared with similarly obtained,
depth—-age profiles on the conjugate section of the
Nazca Plate and on the Pacific Plate north of the
Marquesas FZ and are also compared with the global
variation in seafloor slope [31]. Deviations from
expected subsidence behavior are used to place reli-
able constraints upon the amplitude and regional
extent of the superswell depth.

2. Data
2.1. Bathymetry

Multibeam data were culled from 8 survey legs
(GLOR3BMV, GLOR04MV, WESTOIMV,
WEST04MV, ARIAO02WT, RC2608, TUNEO2WT
and PPTUO3WT). The first 7 comprise the majority
of the swath coverage between the Marquesas and
Austral FZ's (Fig. 1). GLOR3BMV and GLOR04MV
bathymetry are from our recent survey of the Puka-
puka Ridge System. Legs designated WT and RC
use an older generation of SeaBeam, having 16
beams spanning a swath 2/3 times the ocean depth
and legs designated MV use a newer SeaBeam2000
system, with 121 beams mapping a much wider
swath of 3.4 times the ocean depth at ~ 100 m
resolution for normal ocean depths. Travel times for
pings are converted to bathymetry using a local
sound velocity profile measured with expendable
bathothermographs (XBT). Bathymetric data are
cleaned and merged with continuous-time Global
Positioning System satellite navigation and pro-
cessed using MB-system software [32]. Since inter-
ference by pinger bursts during periods of dredging
operation result in crroncous bathymetry, all records
for which ship specd is Iess than 3 km /h were edited
from the day files.

The speed-tiltered ping record files were grouped
into six independent datasets (Fig. 2) and gridded at
200 m cell size in order to even out the data density
while prescrving the characteristic high resolution of
multibeam data: gaps were not filled with interpo-
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lated values. The first E-W dataset consists mainly
of GLOR3BMV-GLOR04MV cruise multibeam
data; it is supplemented by RC2608 and TUNE02WT
in the immediate vicinity of the cruise track (within
approximately 70 km). The second E-W dataset
consists of only the WESTOIMV transit data and,
thus, it does not follow any particular topographic
features. The third and fifth E-W datasets consist of
WEST04MV data, which samples both the west
(third) and east (fifth; not shown) tlanks of the
SEPR, along a line of latitude 16°45'S. The fourth
E-W dataset consists of the ARIAO2WT cruise data;
it is used to constrain seafloor depth just north of the
Austral FZ. The sixth E-W dataset, PPTUO3WT
(Fig. 1), is used to constrain seafloor depth north of

the Marquesas FZ, the reported boundary of the
superswell [17]. All together, the first 4 datasets
cover the eastern flank of the superswell and thus
provide a regional view of the depth. The depth
anomaly in this area, based on ETOPO-5 data. ranges
from 250 m at 125°W to 400-600 m at 135°W
(contours in fig. 2 from McNutt and Judge [18]). The
last two datasets constrain seafloor depth on the
nearby non-superswell conjugate Nazca Plate and
north of the Marquesas FZ on the Pacific Plate.

2.2. Magnetics

Ages were determined along the multibeam
bathymetry datasets using a suite of selected mag-

Pitc. N ¢
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Fig. |. Mercator map of the northeastern section of the South Pacific Superswell [17.18] showing multibeam (thick lines) and single beam
(thin lines) surveys. Also shown are portions of the East Pucific Rise (solid) in the east. the Murquesas and Austral Fracture Zones. the Tiki
Basin and the centers of major local hot-spot swells (Austral, Marquesas. Pitcairn. Society and Tuamotus). The dashed rectangles delineate
boundaries of data used for a comparison of single-bcum bathymetry und ETOPO-5 (see below). Note that. while there appeuars to be
substantial single-beam coverage of seafloor bathymetry south of the Murquesas Fracture Zone on proposed “Superswell” seatloor. much of
the region is characterized by unusually pervasive volcanism. which may bias seafloor depth estimation (see below).
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netic anomaly profiles in the region (except for
datasets 5 and 6, see below). Magnetic profiles from
legs amphl, aria2, c1306, cnO11, gecsj, gecsk, ggl34,
¢g192, kk717, kk723, v1905 and vicn8 (not shown)
were acquired from the Lamont—Doherty Earth Ob-
servatory on-line geophysical database [30] and legs
glor3b. glor04 and westO4 were acquired from the
SIO-GDC. Magnetic anomaly picks (Fig. 2) along
the multibeam tracks were mostly made from the
individual surveys: in some portions of the survey
ambiguous magnetic information was supplemented
by interpolation between nearby magnetic profiles.
Anomaly picks were straightforward for datasets
1, 2, 3 and 4 (on the Pacific Plate south of the
Marquesas FZ) over the majority of the track lengths.
From the ridge crest to anomaly 5A (11.8 Ma in a
revised timescale [33]) the isochrons correspond
closely to previous anomaly picks {24,33.34]. Com-
plicated seafloor spreading history [24,34,35] in the
carly—middle Miocene (12-20 Ma) obscures much

10°S

of the anomaly pattern between anomaly SA and
anomaly 7 (~ 122°W-128°W). However, the mag-
netic anomaly pattern recorded from the recent
glor3b, glor04 and west04 tracks confirms magnetic
anomaly picks locally from 5A through 6AA. These
picks result in a period of uncharacteristically slow
spreading (~ 30 km/Ma) between anomalies 6AA
and 7. Nevertheless, only moderate error (a few
hundred thousand years, equivalent to a depth error
on the order of a few tens of meters) is likely to be
introduced by accepting these picks instead of as-
suming uniform moderate spreading (~ 60 km /Ma)
over this interval. From anomaly 7 to 16, the mag-
netic signature is clear; isochron locations based on
the magnetic data are clear and correspond closely to
previous studies [29,36]. Therefore, ages are well
constrained over the older section of the survey,
where the proposed superswell-related depth anomaly
is expected to be greatest.

Anomaly picks on the conjugate section of the

\\\\\\\\

20°S

140°W 130°W

120°W

Fig. 2. Mercator map showing S E-W multibeam transect datasets on the west flunk of the East Pucific Rise: 1 = the GLOR3B-04MV:
2 = WESTOIMV: 3 = WESTO4MV-west; 4 = ARIAO2WT dataset (thick lines). Multibeam data from WESTO04MV-eust (dataset 5) und
PPTUO3WT are located cast of the SEPR and north of the Marquesas FZ. respectively. and are not shown on the map. Contours correspond
to depth unomalies assuming a 125 km thick lithospheric plate digitized directly from fig. 2 of McNutt und Judge [18]. Short dushed lines
represent isochron locations based on anomaly picks from a suite of local magnetic profiles and age culibration is based on a revised

magnetostratigraphic timescale [33].
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Nazca Plate (for dataset 5) were obtained directly 91°W-100°W (near the Mendana FZ), and we sus-
from [36] and Cande [pers. commun., 1995]. Al- pect that the track crosses an undocumented fracture
though the magnetic signature is unclear from zone near 106°W, the interpolated age trend is nearly
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constant from the spreading axis at 118°W to 39 Ma
at 79°W, near the Nazca Ridge. A comparison of a
digital age database [37] and our aforementioned
picks on conjugate sections of the Pacific and Nazca
Plates south of 10°S reveals an approximate corre-
spondence (within 2 Ma) over the profile length.
Since little new magnetic information is available on
the Pacific Plate north of the Marquesas FZ, age
determination for dataset 6 (on the Pacific Plate
north of the Marquesas FZ) was obtained directly
from the digital age database [37].

Magnetic anomaly picks were correlated with a
new magnetostratigraphic time scale [33]. The new
time scale contains several significant modifications
in the ages attributed to isochrons, mostly due to
changes in calibration points. Most importantly, age
estimates for the subdivisions of the Paleogene have
changed considerably. Ages attributed to anomalies
9-19 may be 2-4 Myr younger than most previous
time scales. making depths of 25-35 Ma seafloor
appear approximately 50-70 m shallower. Once ages
are established for control points corresponding to
the anomaly picks, ages are estimated at other points
along each dataset (except for dataset 6, as noted
above) by cubic spline interpolation. Errors related to
splining are small (a few ten thousand years) in
comparison to the timescale variation, because the
greatest separation of control points is about 3 Myr
(except for dataset 5) and because spreading rate can
be expected to remain reasonably constant in be-
tween.

3. Mode estimation

The standard parametric approach to evaluating
distribution density assumes that the data are drawn
from a known distribution, such as the normal distri-
bution (Gaussian, with mean w and variance o). In

this case, the mean is used to estimate the most
likely value of the data. There are several complicat-
ing factors which affect the distribution of seafloor
depth, causing it to be poorly fit by a Gaussian or
even Poisson distribution function. Thus, the most
likely seafloor depth is best estimated using a simple
non-parametric approach: the histogram. Althoughs
other estimation techniques, such as the naive esti-
mator and the kernel estimator [38], are, perhaps,
more precise and mathematically rigorous, the his-
togram is employed here due to its shorter computa-
tion time and ease of interpretation.

We developed an automatic procedure for estimat-
ing unperturbed ‘true’ seafloor depth in areas con-
taining numerous seamounts and ridges, based di-
rectly on the flatness of the unperturbed sections and
the ruggedness of the disturbed sections, using a
binning procedure. Seafloor depth data from the
seamounts and ridges will have a low, broad his-
togram while the data from the flat surrounding
seafloor will have a tall, narrow histogram. We
assume that the tallest bin corresponds to the ‘true’
seafloor depth in a given area. The method estimates
the ‘true’ seafloor depth in areas where less than
20% of the seafloor contains flat bottom values (see
below). Estimation sensitivity should, in theory, in-
crease with decreasing section area or bin width,
although in practise it is limited by ‘real’ topo-
graphic noise. '

3.1. Means, medians and modes

An example of the modal method from an area of
rugged topography. is shown in Fig. 3a, a section of
seafloor from dataset 1. The section contains an
elongated ridge terminating at about 136°34'W and a
tall seamount centered at 136°57'W. Fig. 3b and ¢
show 50 m wide bin histograms of the bathymetry
recovered from 0.2° wide north-south strips, cen-

Fig. 3. (a) Shaded contour map of SeaBeam2000 data acquired during survey legs GLOR3B-04MV (dataset 1: between 137°00'W and
136°12' W) and gridded with 200 m grid cell dimensions. Shading ranges from —4900 to — 3500 m in depth. (b) Histogram of depths in
strip 1 of data (between 136°42'W and 136°30' W) in 50 m bins. Note that the bin populations are normalized by the total number of data
vulues and that the displayed bin range is from —3000 to — 3000 m. The small difference between the mean. median and mode estimators
suggests that the mean and median are adequate for nearly flat seafloor. (c) Histogram of depths in strip 2 of data (between 137°00'W and
136°48 W) in 50 m bins. The large difference between the mean. median and mode estimators suggests that the mean and median are biased

estimators of seafloor depth over highly perturbed terrain.
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tered at 136°36'W and 136°54' W, respectively. Strip
1 is representative of mostly flat seafloor, with per-
turbations due to the toe of the ridge to the east, a
small seamount in the south and the downward slope
of the large seamount in the west. The distribution of
depths at this location (Fig. 3b) has a small standard
deviation (155 m) and is only slightly skewed to
shallow values, so that the mean (—4499 m), the
median (—4559 m) and the mode (—4600 m) are
fairly close. In this case the median is an adequate
estimator of the ‘true’ seafloor depth, although it
may be consistently biased to shallow values. Depths
along strip 2, only 30 km to the west, have a
completely different histogram, reflecting the pres-
ence of a large (3 km high) seamount (Fig. 3c). The
histogram of depths shows a multimodal distribution
which is extremely long-tailed. The standard devia-
tion is large (820 m) because the seamount is tall and
highly sloped. The seafloor depths estimated by the
parametric mean (—3557 m) and median (—3754
m) are very different from that obtained by the
non-parametric mode (—4450 m), which approxi-
mately corresponds to the intuitive expectation for
the unperturbed scafloor depth and is also close to
the value of the scafloor depth in strip 1. In this
example, the “true’ seafloor depth was estimated
even though flat seafloor (in the southeast corner of
strip 2) covered less than 10% of the swath.

3.2. Bin resolution and dataset size

The automated selection of the modal bin depends
on two adjustable parameters: the depth resolution
used for the bins and the size of the area included in
the histogram. Our goal is to estimate a representa-
tive depth for the seafloor which is suitable for
depth—age regression, to retain intermediate wave-
length depth—age variation. As shown in Fig. 3b, the
modal estimation of seafloor depth is particularly
cffective when the seatloor is mostly tlat, but seafloor
generated at faster spreading ridges contains abyssal
hills, which consist of elongate, ridge-parallel topog-
raphy at 1-10 km spacing and ~ 100 m of relief.
Abyssal hills are observed along the multibeam sur-
veys with an amplitude of 50-200 m and a wave-
length of one to tens of kilometers. To minimize
errors associated with abyssal hill-related multi-
modes. the bin width in this area should be greater

than or equal to the typical abyssal hill relief. Fur-
thermore, variable sedimentary deposition, on the
order of a few tens of meters. throughout the survey
areas is likely to limit further depth estimation reso-
lution. Based on trial and error, a 50 m bin is used,
although some fine tuning of the result was obtained
by calculating the mean of all data within 100 m of:
the modal bin.

A second related issue regarding modal depth
estimation is the size of the area to include when
constructing the histogram. For a given bin width, as
the survey area becomes more populated with con-
structional features, it becomes increasingly likely
that the bin which represents the seafloor depth will
be mislocated. Once again, trial and error suggests
that, for 0.2° wide datasets, 98% of the estimates
corresponded to the intuitive expectation of the value
(the remaining 2% estimate an anomalously tall bin
from the tail), while that percentage decreased dra-
matically as window size is decreased. This dataset
windowing size is optimal for dataset 1, which fo-
cused on the Pukapuka Ridges, as well the other
datasets, which were obtained from ‘average’
seafloor, because of its relatively increased coverage
(three swaths of wider SeaBeam2000). Intra-window
subsidence should not substantially bias the depth
estimation since, for an average spreading rate of 70
km Myr™! and a subsidence rate of 350 m Myr~'/2,
the subsidence-related change in seafloor depth
should only be of the order of tens of meters over the
5-36 Ma survey age range. However, .estimates may
reflect roughness attributed to abyssal hill relief at a
wavelength approximately equal to the window size.
While the short wavelength (tens of kilometers)
roughness inherent in this windowing scheme will be
useful for considering the respective amplitude of
abyssal hill fabric and surficial volcanics as they
affect the various seafloor depth estimators, it is not
likely to bias the overall depth—age regression trends
significantly.

4. Results

The seafloor depth estimates along dataset [, in
the vicinity ot the Pukapuka Ridge System, illustrate
the advantages of non-parametric techniques in de-
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termining an unbiased seafloor depth value. Mode-
estimated values for the 0.2° wide window are al-
most universally deeper than values estimated by the
mean and median (Fig. 4). Over the interval from
117°W to 137°W, the average modal depth (—3922
m) is 81 m deeper than the median value and 165 m
deeper than the mean. The sharp peaks observed in
the mean and median estimators (Fig. 4) correspond
to a large topographic feature within the window.
Conversely, the ruggedness of the mode estimation is
nearly uncorrelated, at short wavelength, with the
mean and median variation and with the location of
ridges and seamount clusters and is almost entirely
attributed to abyssal hill relief. While the short-wave-
length variation in the mode is generally less than
100 m, the mean frequently varies by several hun-
dred meters, due to the great volume of perturbing
volcanics. Areas in which the mode—mean difference
is consistently large, from 117°W to 121°W, from
125°W to 127°W, from 129°W to 130°W, and from
134°W to 139°W, correspond directly to areas which
are observed to contain the largest concentration of
prominent volcanic features [29].

Since the mode corresponds to the unperturbed
seafloor depth, the integrated volume of volcanic
material can roughly be calculated by subtracting the
volume below the mode, attributed to abyssal hill
topography, from the volume above the mode. For
dataset 1 the average columnar height is 150 m,

roughly equivalent to about 2.5% of the volume of
the crust. This large value is not surprising, since the
primary goal of GLOR3B-04MV was to survey a set
of continuous prominent ridges.

The other seafloor depth estimation datasets (2-5;
not shown) do not purposely encounter high concen-
trations of volcanoes so that the mean, median and
mode values are very close. The selected mode
values for datasets 2 and 3 are very close to the
dataset 1 values for nearby locations, confirming the
improved depth estimation availed by the mode esti-
mator over rugged terrain. Most importantly, these
results suggest that, where there is sufficient swath
coverage, the mode estimation technique can provide
a more accurate (deeper) and reliable depth value
than the mean and median in areas of robust volcan-
ism, as in dataset 1, and an equally accurate and
reliable depth value in areas of flat seafloor. The
amount of extrusive volcanic material averaged over
the length of these surveys is equivalent to a marginal
fraction of crustal volume (< 0.5%). Accurate quan-
titative estimation of the small volume of the diffuse
distribution of volcanics for these surveys is likely to
be highly sensitive to the distribution of abyssal hill
scarps relative to the dataset cutoff locations and the
area of non-volcanics sampled. Thus, an automatic
procedure is only possible by elimination of non-
volcanic data points and finer-scale seafloor bottom
determination [28].
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Fig. 4. Estimated depths (mode. median and mean) and ETOPO-3 depths for 0.2 wide (E-W) strips of the combined GLOR3B-04MV

dataset (1) near the Pukapuka Ridges (see Fig. 1).
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5. Discussion
5.1. Modal depth versus age

The modal depth estimates can be compared with
the expected depth based on the standard plate cool-
ing model [9] (PSM; Fig. 5a-f). Fig. 5a—d shows the
variation of modal and the ETOPO-5 depths (both
corrected for a representative, uniform 50 m thick
sediment layer), with age on the EPR west flank
south of the Marquesas FZ (datasets 1-4), in com-
parison with the PSM predicted depth. Seafloor prox-
imate to the EPR axis (datasets 3 and 4) is deeper
than the prediction of the standard model [9]. Al-
though older seafloor (0-38 Ma) generally subsides
monotonically nearly as fast as the rate predicted by
the standard model; a shallowing depth anomaly
gradually increases from O m, near 10 Ma, to over
200 m, near 22 Ma, in a region characterized by
rough bathymetry and complexities in the magnetic
anomaly pattern. which have been associated with
the Miocene reorganization of the spreading center
[24.34,35,39]. Importantly, the depth anomaly dimin-
ishes to zero just prior to rising sharply at the toe of
the Tuamotus Plateau.

The GLOR3B-04MYV survey (dataset 1) obtained
multibeam bathymetry in close proximity to a set of
volcanic ridges. which are confined to the trough of
a set of gravity lincations [29]. The dataset 2 and 3
modal values corroborate the main depth—age regres-

~ sion features of dataset | (Fig. 5b and c¢): more than

95% of the synchronous estimates fall within 50 m

bounds for the three datasets. Thus, the depth—age
trends observed in the Pukapuka Ridge survey data
are not the result of a deepening bias by a bathymet-
ric trough or as a flexural response to the load of
volcanic ridges. Dataset 4 modal values, ~ 200 km
to the south. show a similar depth-age relationship.

Taken together. these depth—age profiles demon-
strate that the depth anomaly proposed for the young
section of the superswell region is of the order of
200 m or less. The improved depth estimation method
of multibeam soundings and the shift in age at-
tributed to the recently revised magnetostratigraphic
calibration of Cande and Kent [33] are the most
likely explanations for the failure of the present
study to verify large depth anomalies (> 500 m)
[17,18.24].

5.2. Gridded depth versus age

The existence of an age-dependent anomaly over
the superswell [17] is based on the sediment-cor-
rected, gridded bathymetry (McNutt and Fischer [17],
fig. 3). Our depth-age results (Fig. Sa—c), approxi-
mately match the gridded bathymetry up to 30 Ma
but at older ages (30-37 Ma) our depth estimates are
progressively deeper, by 200-400 m, where we sur-
veyed a sequence of large seamounts and guyots
[29]. From 28 to 37 Ma the gridded bathymetry
appears to reflect an affinity for the —4000 m
contour (before 50 m sediment correction), suggest-
ing that the overly shallow ETOPO-S bathymetry is
the result of splining sparse seamount-derived con-
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Fig. 5. Mode esumated (solid) and ETOPO-5 (short dash) depths for 0.2° wide (E-W) strips obtained from six datasets used in this study
plotted as a function of age (see text). corresponding to datasets |-6. Datasets |-+ are on the Pacific Plate south of the Marquesas FZ.
dataset 6 is north of the Marquesas and dataset S is on the conjugate section of the Nazca Plate. The plate-model depth is shown for
comparison (long dash). The area where there are no clear magnetic anomaly picks is shaded in (e). Note the age range difference in (f).
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tour maps. which are unrepresentative of the ambient
seafloor depth.

The tendency for the various digital bathymetry
databases to show bulges and excessive tlatness,
particularly at integral multiples of the 500 m con-
tour interval, has becen noted [30]. It has been at-
tributed to the fact that ship soundings were not
directly used in gridding — they were prepared by
digitizing contours from GEBCO charts and by grid-
ding the coordinates of these contours. Fig. 6 shows
a comparison of ETOPO-3 (which includes SYN-
BAPS) with all ship soundings obtained from the
SIO-GMT database [30] within two adjacent and
parallel 2° wide E-W corridors from 125°W to
135°W (see Fig. 1). The gridded bathymetry and ship
soundings show an increasingly shallow anomaly in
the gridded database from 125°W to 130°W. How-
ever, for the western portion of the area (130°W-
133°W), the gridded data are increasingly shallow,
by up to 300 m, in comparison to sounding data. The
smooth, age-related anomaly observed over this
young section of the proposed superswell (> 500 m)
is mostly the product of flatness in a gridded
bathymetry database which does not adequatcly rep-
resent the seafloor depth. Whatever anomaly exists
(~250 m), tapers off to near zero just prior to

encroaching upon the thickened crust and sedimen-
tary aprons of the Tuamotus plateau [40)].

5.3. Anomalous subsidence and the ‘superswell’

A depth anomaly of the order of 100 m is within
the global range of variation of seatloor slope [31]
Furthermore, the depth anomaly attributed to the
spreading segment on the Pacific Plate between the
Austral and the Marquesas FZs is similar in magni-
tude to those observed on the Pacific Plate north of
the Marquesas FZ (Fig. 5f) and on the conjugate
section on the Nazca Plate (Fig. Se), so that the
depth anomaly is not bounded by tectonic elements
such as fracture zones and spreading axes. The
depth—age trend on the west flank of the SEPR is
similar to the conjugate section on the east flank of
the SEPR. In particular, from 13 to 35 Ma, the
Nazca Plate appears to subside roughly at the same
rate as the corresponding ‘superswell’ section on the
Pacific Plate but is deeper by approximately 250 m.
Note that observations of the general trend of depth
with age on the east flank of the SEPR are not
susceptible to possible inaccurate age assignment
from 100°W to 92°W, since the expected error based
on the offset across the Mendana FZ [37] (~ | Myr)

Depth (m)
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-3500 =

Depth (m)
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Fig. 6. Original single-beam ship sounding depths (points) in comparison with the upper and lower boundary (solid lines) for all ETOPO-5
aridded depths for two adjucent, parallel. E-W strips from 125°W to 135°W (shown in Fig. 1). (a) 14.5°S-16.5"S. (b) 16.5°S~18.5°S.
ETOPO-5 adequately represents seutloor depths from 125°W to 130°W but further west the gridded bathymetry underestimates depth by
several hundred meters.
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is equivalent to an error of 50 m in relation to age.
The large drop in the depth anomaly across the
Marquesas FZ suggested that the Marquesas FZ pre-
sents a natural boundary between anomalously thin
and hot superswell lithosphere, to the south, and
normal lithosphere, to the north [17,18]. However,
the depth estimates in the present study fail to repro-
duce this comparative constant shallowing offset for
the southern segment. While the northern estimates
(Fig. 5f) from 125°W to 136°W (29-52 Ma) show a
depth anomaly that increases from —200 m to 600
m (extremely low seafloor slopes). the geographi-
cally corresponding southern estimates (16-37 Ma)
show a near-constant shallow anomaly of approxi-
mately 100 m. For the period 29-37 Ma, the differ-
ence in depth is approximately 100-250 m, less than
the present offset across fracture zones at the EPR
axis.

Most importantly, the new depth estimates fail to
establish an anomalous, age-related. long wavelength
trend in the shallowing of the data. since the seafloor
of 13-37 Ma is very nearly as deep as the plate-model
prediction. On the contrary, similar to Cochran’s
results [24], the anomalous ridge flank subsidence
extends throughout the entire region younger than

the middle Miocene ridge reorientation (~ 24 Ma).
Interestingly, with the exception of the youngest
section, where the seafloor slope is unusually high
(over 400 m Myr~'/?). a similar pattern is devel-
oped on the east flank of the SEPR (with a 300 m
deepening offset; see Fig. Se), although details of the
depth—-age correlation on the Nazca Plate are limited
by coarse magnetic anomaly identification and the
possible presence of an uncharted fracture zone at
106°W. The greatest difference in subsidence behav-
ior is not in the superswell but is evident in the
younger section on the west flank of the SEPR. in
the area associated with the development of gravity
lineations and with the recent production of perva-
sive, unusually robust volcanics.

6. Models

The west flank of the EPR has recently been the
focus of intense research due to observations of
abundant volcanism, lineations in the altimetric grav-
ity field and an age-dependent, shallowing depth
anomaly. While #he our study fails to confirm the
long-wavelength ‘superswell’ depth anomaly, it is
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clear that both flanks of the SEPR have undergone
periods of anomalous subsidence. although the mag-
nitude of the corresponding depth anomalies appears
to be minor (Fig. 7). The ridge axis is anomalously
deep by about 200 m but by 20 Ma the seafloor is
anomalously shallow by about 200 m; at older ages
the depth anomaly decays to zero. One can also
interpret this depth anomaly in terms of anomalous
seafloor slope. Between O and 22 Ma the slope is
anomalously low, 218 m Myr™'/2_ while between 22
and 37 Ma the slope is anomalously high, 399 m
Myr~'/? (Fig. 7). Next, we investigate several possi-
ble mechanisms for the depth anomaly on the west
flank of the EPR. The models considered are: mantle
plume; small scale convection; stretching (instanta-
neous and continuous); and, finally, variations in
crustal thickness (on-ridge and off-ridge). When dis-
cussing each model we will also consider constraints
from the other geophysical anomalies in the area,
such as gravity rolls and low elastic thickness.

6.1. Mantle plume

Mantle plumes have traditionally explained a
range of observations associated with midplate
swells, such as age-progressive linear seamount
chains (hot-spot) and a depth anomaly which can
exceed 2 km in amplitude and have a wavelength of
1000-2000 km [13,14]. The depth anomaly distribu-
tion on 7-37 Ma Pacific Plate seafloor resembles, in
planform, a subtle midplate swell (~ 300 m tall).
However, the closest hot-spots, Marquesas and Pit-
cairn, are too distant to be associated with this
plume. The recently charted Pukapuka chain lies in
the center of this depth anomaly but the age progres-
sion of dredged samples along the Pukapuka chain
[29] is not consistent with published absolute plate
motion poles attributed to the mini-hot-spot model
[41] and the youngest volcanoes are in an areas of
zero depth anomaly. While the volcanic expression
of a mantle plume is apparently lacking in the area,
perhaps a broad, weak plume with a moderate tem-
perature anomaly and dynamic support is maintain-
ing the swell [42], or perhaps flow from more distant
plumes is channeled toward the ridge beneath the
thinner lithospheric segment south of the Marquesas
FZ [43]; this would also provide thermal buoyancy
for the swell.

6.2. Small-scale convection

Small-scale convection in low-viscosity astheno-
sphere [8] has been proposed to explain lineations in
the gravity field aligned roughly parallel to the re-
cent absolute plate motion direction [44] on the west
flank of the SEPR and the anomalously low seafloor:
slope there [17,45]. The original model includes the
thermal interaction of the lithospheric thermal lid
with a convective, variable low-viscosity boundary
layer below, which supplies advective heat [45].
Convection begins at a model age younger than 5
Ma, effectively thinning the thermal lithosphere;
causing a progressive shallowing of the seatloor
(~ 150 m from 10 to 20 Ma) with respect to the
standard depth—age model. While the heat delivery
of small-scale convection may be sufficient to ex-
plain the growing depth anomaly, it does not explain
the reduction in the depth anomaly on older seafloor
in an area where the gravity rolls are strong. More-
over, more than 90% of the volcanic volume at-
tributed to the Pukapuka Ridges is confined to a
trough of the lineations, even though the convective
pattern predicts a downgoing flow there. Neverthe-
less, it is difficult to falsify a small-scale convection
model because it is dependent on a variety of poorly
constrained parameters [46].

6.3. Lithospheric stretching

Lithospheric stretching has been proposed to ex-
plain the formation of the Pukapuka Ridges as well
as the formation of the gravity lineations by boudi-
nage [29]. Stretching has two effects on seafloor
depth anomaly: crustal stretching /thinning increases
with depth while lithospheric stretching /thinning de-
creases with depth, causing a swell. Stretching could
occur as a single event or continuously with time.
For instantaneous stretching ot a cooling half-space.
the depth Ad(r) anomaly is given by:

Jd(,)z_(l_i)[/,(_e:_m

B (e p)
2ap,T,(kt/7)"°
_2ap (j ) 0
(:Drn pw)

where: ¢ is the age of the lithosphere; B is the



v)v)))!!DDDD"DDDDIDDDDDDDDDDDD‘DDDDDDDDD!‘

D.A. Levitt, D.T. Sandwell / Eurth and Planetarv Science Letters 139 (1996) 1-16

stretching coefficient [6]; z. (6000 m) is the un-
stretched crustal thickness; p,. (2800 kg m™3) is the
crustal density: p, (3300 kg m™?) is the mantle
density; p, (1000 kg m™*) is the seawater density;
a (3%x107% "K™") is the volume coefficient of
thermal expansion; x (9.75 X 1077 m? s™!) is the
thermal diffusivity: and 7,, (1300°K) is the astheno-
spheric temperature. Instantaneous stretching with
B = 1.3 (Fig. 7. solid curve) approximately matches
the depth anomaly on both young and old lithosphere
but underestimates the anomaly in the 10-30 Ma age
range. A larger amount of stretching may provide a
better fit to the data, but such a large deformation of
the lithosphere would be apparent in the spacings of
the [racture zones [47]. If the instantaneous extension
is accompanied by crustal replacement consisting of
extension-generated melt [48] even greater extension
may be.required.

It is unlikely that stretching of the Pacific plate
would occur instantaneously. The other end-member
model is a lithosphere that is extending at a constant
strain rate (e =3.1 X 107'% 57!, resulting in 1%
Myr~! stretching). In this case the depth anomaly at
a seafloor age [49], ¢, is:

( pl’! - pl) + zapl)lr"
(pu=rp.)  (Pn—0p)

e ) e

Continuous stretching results in a deepening of the
lithosphere with respect to the standard model, since
the integrated crustal isostatic response (first term) to
thinning exceeds the shallowing thermal response
(second term). Thus, this model does not adequately
fit the depth anomaly data (Fig. 7; lower dot-dashed
curve). A modification of this model is to replace
crust continuously by intrusive and extrusive volcan-
ism, so it maintains a constant thickness, and the first
term in Eq. (2) is zero. In this case. the seafloor
shallows with age but provides a poor lit to the data,
especially at the spreading ridge (Fig. 7; upper dot-
dashed curve). [nstantaneous stretching requires
much less total strain than continuous stretching to
produce the same depth anomaly because. during the
interval of continuous stretching, the thermal pertur-

Ad(t) = —erz,

bation has time to decay. Most importantly, in all
cases, a great amount of stretching is required to
yield significant variations in" depth anomaly and
seafloor slope.

6.4. Crustal thickness

Finally, we consider that the depth anomaly is
caused by variations in crustal thickness. This model
predicts that the crust over the highest point on the
swell (200 at 20 Ma) is 2.2 km thicker than the crust
at the spreading ridge axis (—200 m at 2 Ma). First,
consider on-ridge variations in crustal production
with time. An increase of 50°C in an adiabatically
decompressing mantle temperature at the rise axis is
expected to result in increased partial melt volume
with a 5 km crustal thickness increase [48], so this
mechanism is possible. However, we believe it is
unlikely to account for the entire 2.2 km of crustal
thickness variation, because such large variations are
not observed at high spreading rate ridges [50]:
Morcover, the mechanism predicts a symmetrical
depth anomaly across the ridge. which is not ob-
served (Fig. 6e). The other possibility is that crustal
generation at the ridge axis has remained normal for
the past 35 Ma and the depth anomaly is caused by
off-axis crustal production. although we do not find a
positive correlation between the depth anomaly and
the volume of volcanic material corresponding to the
Pukapuka Ridges.

7. Conclusions

We assessed the magnitude and regional distribu-
tion of the depth anomaly on the youngest. castern
section of the proposed “superswell’, away from the
influence of recognized nearby hot-spots and the
thickened crust of the Tuamotus plateau. where it
was cxpected to grow to over 500 m. Scafloor depths
were estimated using the mode of datasets provided
by 6 multibeam surveys (4 on the west flank of the
EPR south of the Marquesas FZ). because the area is
characterized by robust volcanism which biases the
parametric mean and median cstimators. This method
accurately estimates scafloor depth even where the
majority of scatloor is covered by large constructive
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features. We found that, throughout our survey. the
mode was sensitive to seatloor variation while the
mean and median were sensitive to the volcanism.
Our results suggest that, where there is sufficient
swath coverage, the mode estimation technique can
provide a more accurate and reliable depth value
than the mean and median in areas of robust volcan-
ism and an equally accurate and reliable depth value
in areas of flat seafloor.

The depth anomaly, referenced to the plate model
[9] was less than 200 m, independent of proximity to
a volcanic feature or a gravity lineation trough. The
age-related flattening in the original gridded
bathymetry (SYNBAPS) was caused by erroneous
splining of contour maps, which were regionally
unrepresentative of the seatloor depth. The depth
anomaly distribution did not show a long-wave-
length, age-dependent component, since the anomaly
decreases to near-zero for old ages, and the depth
anomaly was not bounded by tectonic elements such
as the SEPR spreading axis or the Marquesas FZ.
The anomalous region of seafloor slope appears to
be younger than the mid-Miocene spreading reorien-
tation ( ~ 24 Ma), where the average seafloor slope
is 218 m Myr™'/2_ while older seafloor is subsiding
at a near-normal rate (399 m Myr~'/?). After 10
Ma, a similar pattern is developed on a conjugate
section of the Nazca Plate, but 250 m deeper.

The small magnitude of the depth anomaly on the
west flank of the SEPR suggests the presence of a
weak, subcrustal hot-spot, although none have been
identificd locally and the Pukapuka Ridges appear to
have a non-hot-spot origin. A simple small-scale
convection model does not provide sufficient advec-
tive heat to the lithosphere to fit the observed shal-
lowing, unless a possible additional thermal perturba-
tion is considered. Variation in crustal thickness.
both at the rise axis and, subsequently, due to instan-
taneous /continuous  stretching could account for
anomalous scafloor slopes, although a great amount
of stretching (~ 30%) is required and normal fault-
ing was not observed in the area. Other models,
involving subcrustal intrusive thickening, dynamic
support or ‘fingering’ from a hot-spot in an astheno-
spheric channel, are still poorly understood. Proper
testing of models requiring crustal thickness varia-
tion should be accomplished by seismic determina-
tion of the Moho depth in the region.
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ABSTRACT

Three models have been proposed to account for the presence of small volcanic chains in
association with short wavelength lineations in the altimeter gravity field on the west flank of the South
East Pacific Rise: mini-hotspots, small-scale convection and lithospheric extension. Two primary
predictions of the two mantle convection models are tested. First, does the orientation of the Pukapuka
system, a chain of elongate volcanoes, follow the prediction of the fixed hotspot hypothesis? Second, are
volcanoes in the region associated with the crests of altimeter gravity anomaly lineations?

Multibeam bathymetry is fit to a three-parameter model. The Pukapuka ridges can be tightly fit to
a small circle (mean absolute misfit = 0.16 © ~ 20 km) and the pole corresponding to the best-fit parameter
set is distinct from standard Pacific absolute rotation poles (0-18 Ma). Thereforcthe ridges are inconsistent
with one or several small fixed hotspots arranged end-to-end. These results suggest an additional model,
asthenospheric channeling to the spreading axis.

Volcanic centers serve as markers for places which have satisfied the condition of adequate melt
supply of sufficient hydraulic head to penetrate lithosphere. In order to compare the location of volcanoes
and the longer wavelength gravity lineations, the satellite-gravity signal (small-scale bumps) attributed to
volcanoes must be isolated from the residual field. An analytical mode estimates the background value and
a nearby-volcano search scheme identifies altimeter gravity anomaly grid cells attributed to a constructive
edifice. Multibeam bathymetry and corresponding altimeter gravity at the Pukapuka ridges are closely
correlated, suggesting that satellite altimeter gravity may be used for locating and quantifying volcanic
edifices larger than 75 km3 in unsurveyed regions of the world sagfloor. In the Pukapuka region over 90%
of large volcanoes (<18 mgal peaks) are concentrated in gravity lineations troughs. The results are not due
to flexural response to the loads themselves. Also, there are nearly no large volcanoes north of the
Marquesas Fracture Zone where altimeter gravity anomaly lineations are strong, indicating that

sublithospheric melt pools exist independently of the lineations-generating process.
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The seafloor near the Pukapuka ridges is characterized by many propagating rifts and small
volcanoes. The majority of hotspot-attributed chains in the southcentral Pacific fail to exhibit long-lived
monotonic age variation consistent with the hotspot model; instead they appear to be intermittent and easily
deflected along lines of weakness due to older chains and fracture zones. Possibly the young southcentral
Pacific sub-lithosphere is populated by many small melting anomaly pools which only erupt in weak

lithospheric zones, such as tension-induced boudin troughs.
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1. INTRODUCTION

Volcanism on the ocean floor has been studied in detail in two independent provinces, intra-plate
and at tectonic spreading centers. The paradigms of plate tectonics (Wilson, 1963) and hotspots (Morgan,
1972a,b) have been used cooperatively to model volcanic and tectonic processes in the ocean basins; in the
first, the surface of the earth is composed of rigid lithospheric plates which move in response to stress
generated and relieved at the margins; in the second, volcanic chains record the motion of these plates over
hotspots, deep, melting anomalies. The majority of volcanic production by volume is in the form of mid-
ocean ridge basalts produced by decompression-melting of passively upwelling upper mantle
(asthenosphere) at the plate separation margin (McKenzie and Bickle, 1988). Volcanism attributed to
hotspots is volumetrically minor in comparison, but this model has been rigorously tested because its
predictions are explicit and accessible.

The concept of hotspots must be distinguished by two distinct hypotheses. The kinematic hotspot
describes the motion of the plate over a source of melt in the mantle (Wilson, 1963), presumably a plume,
resulting in a linear, volcanic sequence with monotonically increasing ages and with a geochemically
unique signature attributed to a deep-mantle source. In the fixed hotspot hypothesis these melting
anomalies are fixed relative to one another (Dietz and Holden, 1970) and define the absolute motion
reference frame (Morgan, 1972a,b). These particular constraints have made the fixed hotspot model easily
testable; it can be verified for a given volcanic chain if it can be shown to have an absolute pole of rotation
consistent with established absolute poles based on other volcanic sequences.

Another generation of models explains linear volcanic chains as the surficial expression of
horizontal upper-mantle convective rolls (Haxby and Weissel, 1986, Buck and Parmentier, 1986; Bonatti
and Harrison, 1976; Bonatti et al., 1977). Such models predict lineations in the gravity field oriented along
the absolute motion direction as well as non-monotonic age progressions. Still, the central assertion

common to both the hotspot and small-scale convection models is that volcanism is attributed to the
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upward flux of hot, potentially melt-generating mantle, not passively melting due to stretching. Therefore
volcanic constructive features should trace the location of warm upwelling upper mantle; associated
geophysical observations should be positive bathymetric and gravity anomalies along the volcanic lines.
Alternative models, in which melt is either generated by stretching, diverted to lines of weakness (Epp,
1984), or is only capable of complete penetration when lithosphere is unusually thin all predict volcanism
to be associated with weak lithosphere.

With the advent of a high-resolution global satellite-altimeter gravity anomaly dataset (Sandwell
and Smith, 1995), the spatial distribution of volcanic features will be asserting an increasing diagnostic role
in distinguishing among potential models for volcano formation principally because it is readily accessible
and universal. Volcanic centers mark places which have satisfied the condition of an adequate supply of
heat or magma capable of producing melt of sufficient hydraulic head and latent heat to penetrate
lithosphere of a given age (Vogt, 1974). Thus, regions which are characterized by the absence of volcanism
adjacent to volcanically robust areas may denote a dramatic decrease of melt availability and/or
lithospheric penetrability. The altimeter gravity anomaly database has dramatically increased in resolution
(~5 km at low-latitudes; 1/4 A) due to recent inclusion of altimeter passes for the ERS-1 and declassified
Geosat orbiters. Fine-scale resolution now allows for the precise location (within a few km) of medium-
sized individual volcanic features (see below) as well as rough estimates of amplitudes and widths.

The purpose of this study is to test the primary predictions of the hotspot and small-scale
convection models with respect to the locations of volcanic features on the young Pacific plate south of the
Marquesas Fracture Zone (MFZ). Section 2 describes available data and previous work. In section 3,
multibeam bathymetry will be used to determine whether the Pukapuka ridges follow the Pacific absolute
pole of rotation (PAPR) for the last 0-18 Ma as is predicted by both the hotspot and small-scale convection
models. I will show that the fixed hotspot and small-scale convection models are inadequate. Instead the
Pukapuka ridges (and possibly other nearby chains) are demonstrated to lie remarkably along a small circle
with a different orientation. In section 4, I will show that altimeter gravity "bumps" corresponding to

volcanic features are located in the troughs of gravity lineations. A review of the complex tectonic and
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volcanic nature of this portion of the Pacific Plate is presented in section 5, indicating that robust volcanism
south of the Marquesas Fracture Zone is associated with many propagating rifts and that sublithospheric
melt anomalies exist independently of the gravity lineations-generating process. Alternative models for the

formation of volcanic chains in the southcentral Pacific are explored in section 6.

2. BACKGROUND

A recent multibeam survey (Gloria legs 3B-4) based on an older generation of Geosat/ERM
altimetry revealed a set of prominent volcanic ridges which extend from the East Pacific Rise (EPR) for
about 2600 km WNW to Pukapuka Island, a member of the Tuamotus (Sandwell et. al., 1995). This triple-
swath coverage, together with two additional multibeam transects (Westward legs 1, 4), comprise the vast
majority of swath imaging of seafloor between the EPR and the Tuamotus. The Pukapuka system consists
of 50 ridge segments, arranged both end-to-end and en echelon; it lies within a band 3000 km long and
approximately 75 km wide. Major ridges consist of individual segments that are 40 km long, <10 km wide
(though western edifices are nearly equant) with peak amplitudes from 800 m to over 4000 m; clusters of
seamounts ranging in height from hundreds of meters to the limits of resolution are strewn throughout the
survey area. These ridges do not show a clear hotspot-related age progression (Sandwell et al., 1995).

The region of young seafloor west of the south EPR (SEPR) (figure 4.1) has been the focus of
intense study due to a number of unique observations which include: a disputed (Levitt and Sandwell, 1996)
250-1000 m shallow depth anomaly covering the majority of French Polynesia and corresponding to a
negative geoid anomaly (McNutt and Judge, 1990), elastic thicknesses beneath seamounts and islands
typical of younger lithosphere (McNutt and Menard, 1978; Calmant and Cazenave, 1987; Goodwillie and
Watts, 1993; Filmer et al., 1993; Goodwillie, 1996), low seismic surface wave velocities (Nishimura and
Forsyth, 1985), high spreading rates (Minster and Jordan, 1978; DeMets et al., 1990) and a
disproportionately large number of hotspot volcanic chains with unusually enriched and highly variable

trace element and isotopic signatures (Hart, 1984; Staudigel et al., 1991).
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The discovery of short wavelength lineations in the altimeter gravity field with an amplitude of
tens of mgal (figure 4.1) on the west flank of the SEPR aligned roughly parallel to the recent absolute-
plate-motion direction (Haxby and Weissel, 1986) and with an anomalous low subsidence rate, prompted
three principle hypotheses. The first proposed small-scale convection in low-viscosity asthenosphere (Buck
and Parmentier, 1986; McNutt and Fischer, 1987), the second proposed that such lineations are the
signature of numerous hotspots (Fleitout and Moriceau, 1992) and the third proposed that the lineations
and volcanoes result from lithospheric stretching and boudinage (Winterer and Sandwell, 1987; Sandwell et
al., 1995).

Buck and Parmentier [1986] found that for an asthenosphere with a temperature- and pressure-
dependent viscosity structure, small-scale convective cells can develop for young ages which grossly

3 m 5'2) of the altimeter gravity

resemble the wavelength (150-250 km) and amplitude (8-20 x 10
lineations, though the mechanism requires sublithospheric viscosities on the order of 1018 Pa, and freezing-
in at young ages (<10 Ma). However, though the small-scale convection model predicts volcanism to occur
over gravity and topography highs, where temperatures are higher, more than 95% of the volcanic volume
attributed to the Pukapuka volcanic system is confined within a trough of the lineations (Sandwell et al.,
1995; figure 4.1). Also, it has been suggested that it is difficult to reconcile the orientation of lineations on
seafloor older than 30 Ma with accepted absolute poles of rotation if the lineations are frozen at young ages
(Moriceau and Fleitout, 1989).

The ages of dredge samples from the Pukapuka ridges (however sparse) provide the strongest
evidence against a simple mini-hotspot model (Fleitout and Moriceau, 1992), requiring upwards of two
semi-coaxial hotspots (Sandwell et al., 1995). Allowing for a nearly arbitrary uncertainty on the order of
100 km in the location of the 0-18 Ma Pacific absolute pole of rotation (PAPR) does not improve matters
significantly, as the projected location of the hotspot at 8.5 Ma is still more than 1000 km from the 8.5 Ma
sample at Wahoo Guyot. The PAPR also does not explain the predominant east-west orientation of many

altimeter gravity field lineations and volcanic ridge chains (as observed in the altimeter gravity field).
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According to Sandwell et al. [1995] and Winterer and Sandwell [1987] lithospheric stretching-
extension is least inconsistent with observations for the Pukapuka and Crossgrain ridges. The altimeter
gravity lineations are the signature of lithospheric boudinage developing in response to extension of a non-
linear strong layer above a weak asthenosphere and melt; the ridges reflect linear cracks/faults in the upper
brittle crust, concentrated in thinner boudin troughs, which allow for the escape of melt from an
independent partial melt reservoir. The surveyed sequence of Pukapuka ridges has previously been
assigned to a single gravity trough (Sandwell et al., 1995) suggesting, together with their highly elongated
morphology, lithospheric stretching. The fine-scale resolution of the recent dataset reveals that the relation
of the ridges to a single lineations trough is unclear between 123 W and 128 °w (figure 4.1) and that the
entire section of 0-40 Ma Pacific Plate seafloor south of the MFZ is characterized by abundant volcanism
on a similar order as the Pukapuka ridges. Though the stretching model explains the wavelength of
lineations and orientation of ridges, two potential problems are insufficient fracture zone separation
(Goodwillie and Parsons, 1992) and a lack of extensional faults in the Pukapuka survey area (chapter 5).

It is clear that seafloor in the southcentral Pacific is characterized by pervasive volcanism, in
excess of the 0.5% of crustal volume attributed to other Pacific provinces (Jordan et. al., 1983; Smith and
Jordan, 1987; Smith and Jordan, 1988; Smith, 1988; Abers et al., 1988; Bemis and Smith, 1993; Shen et al.,
1993). Recent evidence from several swath bathymetry studies indicates that there is an unusually high
concentration of seamounts and ridges in specific locations near the spreading axis (Shen et al., 1993) and
in bands extending west from the EPR axis. On the young flank of the EPR Shen et al. {1993] observe
voluminous volcanism in the form of flows and seamounts accounting for up to 2% of the crustal volume.
Thirty significant seamount chains are observed between 15 °S and 19 °S on 0-6 Ma crust comprising one
of the densest populations of small volcanic structures in the world ocean. The abundance of seamounts in
the Rano Rahi Field (especially between 17 S and 19 ©S) is 3-4 times that of comparable seamounts in a
well-surveyed area near the north EPR.

There is evidence of increased volcanism on the Pacific Plate on this segment of the SEPR at the

axis, which is the longest intra-transform span and where spreading is within 1% of the highest current
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rates (Demets et al., 1990). Elevation in Sr87/Sr86 and HC4/H63 centered at 17.5 °S, suggesting off-axis

plume input (Mahoney et al., 1994), is associated with asymmetric spreading and subsidence (Cochran,
1986) and with fast axial propagation (Cormier and Macdonald, 1994); minor plate reorganizations may be
common; though the magnetic anomaly sequence is seemingly continuous from the axis through anomaly
19 (Levitt and Sandwell, 1996), bathymetry and altimetry exhibit at least 2 propagating rifts (running NW
at 127.8 °W, 16.8 °S and north at 133.5 °W, 15.5 ©S; figure 4.1), and the abyssal hill fabric here and to the
south (Searle et al., 1995) manifests a complicated transition from ENE-WSW to WNW-ESE spreading

unlike the simple tectonic history described by Lonsdale [1989].

3. SMALL CIRCLE FIT TEST

3.1 Bathymetry Data Processing

All Pukapuka survey multibeam data (Glor3bmv, Glor04mv, Rc2608, Tune02wt, WestOImv and
West04mv) are gridded using Mbsystem software (Chayes and Caress, 1993), with a 500 m grid-cell size
where erroneous dredge-time data are edited with a 3 km/hour ship-speed minimum.

The goal of the bathymetry fitting experiment is to determine the best-fit small circle to a series of
volcanoes represented in a multibeam bathymetry dataset. Bathymetric variation in the survey area can be
attributed to long-wavelength subsidence with time and to short wavelength variation due to abyssal hill
seafloor fabric in addition to constructive volcanism (Levitt and Sandwell, 1996). Since only the volcanic
height is of interest, a method (figure 4.2) is devised to edit "non-volcanic" grid cells from the dataset
(figure 4.3a) and translate bathymetry from presumed volcanic points to height above surrounding seafloor.
The method consists of two steps: determine a grid corresponding to normal seafloor depth (figure 4.3b)
then retain original grid cells proximate to volcanic peaks as height above seafloor (figure 4.3c).

First, normal seafloor depths (step 2; figure 4.3b) are estimated using the bin-modal method of

Levitt and Sandwell [1995] where the bin width (50 m) and moving window width (12.5 km east-west, 50
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km north-south) are chosen to reflect sensitivity to abyssal-hill seafloor depth variation (spacing of 10's of
km and amplitude ~150 m). Second, similar to Shen et al. [1993], a small square window (3.5 km) is
passed over the datasets. If the maximum difference between original and filtered (normal) seafloor grid
cells is less than 250 m then the central cell is eliminated. Thus only grid cells proximate to a volcanic
peak higher than 250 meter are retained. Finally, heights are determined for the remaining grid cells by
subtracting the corresponding original and normal seafloor grid cells (figure 4.3c). A coarser grid (2 km

spacing) is then input to the fitting algorithm for faster computation.
3.2 Bathymetry Small Circle Fitting

Approximately 15000 longitude-colatitude-height triplets are modeled by fitting them to a small
circle. A curved line (i.e. a circle of unknown radius and origin) can be characterized by 3 parameters.
Thus the misfit formula minimizes the difference between observed data and predicted values, in order to

obtain a best-fitting set for 3 model parameters: the longitude, &y, and colatitude, ¥y, of the best-fitting

pole in the geographic coordinate system, and the angular distance between the pole and the curved line,
6, (figure 4.4). A standard linear least-squares approach is not used as this is a non-linear parameter
estimation problem and there may be local minima that do not correspond to the global minimum. The
minimization algorithm uses the downhill simplex method (Nelder and Mead, 1965) implemented in
Matlab (Mathworks, 1993) similar to Levitt and Sandwell [1995].

The penalty function is the minimum of the sum of the absolute difference in colatitude between
the observation and the small circle in the fitting pole reference frame weighted by the height of the point

above nearby seafloor:
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where N is the number of data points, z; is the height of the observation, and 6,, and 6; are the colatitude

of the current model and the colatitude of the observation relative to the current model pole, respectively; 6;

is calculated by the coordinate transformation:

6; =cos'1{[cos M; cos Ym] + [sin M; sin ¥y cos (li - 5,,,)]} (2)
where 1; and A; are the colatitude and longitude of the observations in the geographic reference frame. The
L norm misfit parameter, v, is the mean error, in degrees, between the observations and the best-fitting

small circle. The Lj norm is used rather than the L2 norm so as to diminish the weight of outliers.

3.3 Bathymetry Fitting Results

Standard best-fit pole determination for the rotation of a plate over the hotspot reference frame is
based both on the location and age of volcanic members of the hotspot chain (Gripp and Gordon, 1990;
Fleitout and Moriceau, 1992). The present test of small circle fit — whether the Pukapuka chain is
restricted to a particular curved line — lacks the additional age constraint. Therefor, the significance of the
proposed fit to a 3-parameter model should be considered with skepticism. The results below justify great
confidence.

The best-fit parameter set for the model is: &, = -73.7 © and Ym =85 ©. for the northern
hemisphere pole, and 8,;, = 101.0 © for the small circle colatitude about this pole (figures 4.4, 4.5). The
best-fit pole is located near the geographic pole and the best-fit small circle lies south of its equator (a
great-circle; angular distance, 8,,,, is 90 0). With one notable exception, minimization runs for varying
initial parameter sets resulted in the same best-fit parameter set choice within precision limits (or the
equivalent southern hemisphere location of the pole): if the initial parameter set was close (within 500 km)
to the "correct"” value then a nearby pole, a local minimum, would be selected.

One of the remarkable characteristics of the Pukapuka chain is that it represents essentially

continuous volcanism in a narrow 75 km-wide band for over 2600 km. This extreme linearity, shown here
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to closely follow a small circle (figures 4.5, 4.6), is reflected in the small misfit for the optimal parameter
set (mean absolute error = 0.16 0) and the relative insensitivity to the location of individual edifices and
grid cell dimension. A histogram of the absolute misfit (figure 4.6b) shows that more than 80% of the data
are located within 0.3 © of the optimal small circle, on the order of the cross-track widths of the volcanoes
themselves. A primary concern in interpretation of this close fit is that seagoing reconnaissance is limited
to be proximate to features in the survey plan. However, surveying of volcanoes attributed to the Pukapuka
chain was constrained mainly by the location of anomalous highs in the satellite altimetry dataset and
preliminary single-beam acoustic transects, not by transit practicalities. Furthermore, volcanic volume falls
rapidly with distance even within the main survey line, as very little volcanic volume is observed in eight
excursions (Sandwell et al., 1995). Finally, the altimeter gravity dataset shows no unsurveyed anomalies
within 100 km of the optimal small circle (see below). Therefor it is not surprising that the location of the
best-fitting pole did not vary significantly with increased grid-cell dimension (i.e. reduced data-set size)
until 50 km, when only 154 values were input to the minimization scheme. The large equant volcanoes in
the west fall to the north of the optimal small circle, taking on a northwesterly trend if only for 200 km;
still, results did not vary with the elimination of all data west of 138 OW. Thus the location of this best-fit
pole of rotation is not sensitive, in a gross sense, to the input grid-cell dimension, to the initial simplex
parameter set, or to a few individual edifices.

A measure of the pole location confidence is provided by the increase in mean absolute error with
distance from the best-fit pole (figure 4.5). The error ellipses are highly elongated orthogonal to the
Pukapuka ridge azimuth; along this line error is easily accommodated by an adjustment in the small circle
colatitude about the pole; poles located off of the bisector (such as the 0-18 Ma PAPR) have larger error
because their resultant small circles cross the ridges at an angle. Interestingly, the pole corresponding to a
great circle fit (i.e. an equator about a pole) is not significantly larger in error than the best-fit small circle
pole. The choice of the definitive error-ellipse about the pole is somewhat arbitrary but commonly-
accepted PAPR's (e.g. Morgan, 1972a,b; Clague and Jarrard, 1973; Duncan, 1981; Minster et al., 1974;

Minster and Jordan, 1978; Duncan and Clague, 1985; Lonsdale, 1988; Fleitout and Moriceau, 1992) are
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clearly rejected (figure 4.5). Based on this test, it appears either that a proposed Pukapuka hotspot follows
a different pole from the standard absolute Pacific-hotspot poles (i.e. hotspots are not fixed with reference
to the Pacific Plate), that the standard pole locations are significantly incorrect, or that the Pukapuka
volcanic system melting anomaly cannot be attributed to mini-hotspots. A test rejecting the fixed hotspot
hypothesis is not necessarily a rejection of the hotspot hypothesis in general, as motion has been reported
between major, well-established hotspots across plate boundaries (Molnar and Stock, 1987). Nevertheless,
because Pukapuka dredge samples do not exhibit monotonic age progressions (Sandwell et al., 1995) or
OIB geochemical signatures (MacDougall et al., 1994) the classic hotspot hypothesis affords minor testable
predictive value for this volcanic system.

Finally, the best-fitting parameters should not be taken literally — volcanic volume above seafloor
is the best available proxy for the magma source below, but clearly substantial volumes may be frozen in
the lithosphere during ascent in addition to a large proportion of surficial volcanic flow which is observed
to accompany seamounts nearby (Shen et al., 1993). Nevertheless, the overall conclusion regarding a
remarkable fit to a pole distinct from the PAPR is likely to be insensitive to such misrepresentation. Most
importantly, the overall orientation of the Pukapuka ridges is inconsistent with any end-to-end arrangement
of fixed hotspots (based on standard 0-18 Ma Pacific absolute poles of rotation) regardless of age

progression, unless all such poles are grossly incorrect.

4. VOLCANO TOPOGRAPHY-GRAVITY AND LINEATIONS TEST

The present section rigorously tests whether volcanoes in the region, mapped in the altimeter
gravity field, are preferably located in the crests or troughs of gravity lineations. First, a method is
developed to isolate the gravity signal attributed to volcanoes from the residual, "background” field.
Second, the relation between volcanic volume and gravity signal is assessed with respect to the well-
surveyed Pukapuka volcanoes in order to examine the validity of using gravity as a proxy for volcanic

construction. Finally, the mean gravity signal for a given basal depth is estimated in order to test whether
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gravity features interpreted to be volcanic edifices are preferentially concentrated in troughs or crests of
altimeter gravity undulations.

The first goal of the altimeter gravity processing is to separate the signal attributed to volcanoes
from the background field. A straightforward method is developed (figure 4.7) which locates and estimates
the volcano-related gravity signal without bias. The second goal is to calculate another grid which
represents the volcanoless base values, replacing grid cells from volcanoes with the estimated local
background value. Bias due to long-wavelength gravity trend is removed prior to data analysis.
Depression of the base altimeter gravity field due to the flexural response of lithosphere to edifice loading

is more difficult to estimate and remove; the relative importance of this potential bias source is discussed.

4.1 Altumeter Gravity Processing

Altimeter gravity anomaly data is acquired following the method of Sandwell and Smith [1995]
and Sandwell and Smith [1996]. A portion of the global grid extending over an area slightly larger than the
intended study area is detrended from a planar surface (step 2; figure 4.8) using the GMT public-domain
software package (Wessel and Smith, 1991) in order to diminish trend-related inaccuracy in subsequent
processing. Detrended data processing (steps 3-5) is designed to identify and resolve between the two
following types of features: first, volcanic edifices, which are positive, of a wavelength shorter than ~50
km and of high spatial gradient; second, smooth gravity lineations with a wavelength greater than ~100 km.

The detrended altimeter gravity grid is subtracted from a modal lowpass filtered grid (step 3)
where only points with a proximate (within 20 km) gravity peak value (12 mgal above the local mode) are
retained (step 4). However, the lowpass filtering method for altimeter gravity differs from that
implemented for bathymetry above because the very high frequency bathymetry component (A < 1 km) is
damped in corresponding altimeter gravity; thus, in contrast to the bathymetry dataset, there are no sharp
boundaries in the distribution of values (Levitt and Sandwell, 1996). Therefor, rather than picking a modal

bin, the analytical mode (figure 4.8b) is calculated for a 0.75° square window with the GMT application
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grdfilter (step 3; Wessel and Smith, 1991). Values of 20 km and 12 mgal are chosen for the search window
reflecting the minimum radius and gravity amplitude of retained constructive features. These parameter
choices, based on a comparison of survey bathymetry and altimeter gravity maps, are conservative; as the
cutoff is reduced below 12 mgal extraneous non-volcano features are progressively retained within the
Pukapuka survey area. The "volcano-only" grid shows that there are nearly no unsurveyed large ridges
near the Pukapuka system (step 5; figure 4.8c) confirming results in section 3.

The "voicano—only" grid is subtracted from the detrended grid (step 5). It is important to note that,
for most of the volcanoes, the subtraction results in seamless transition between the subtracted volcano base
and nearby gravity values; this reflects the robust estimation of volcano-mass-related gravity signal. For
large volcanoes the post-volcano-subtraction base values are slightly positively biased. A thin gravity
trough is observable surrounding the largest subtracted edifices (e.g. ridges centered at 116 °w, 13.7 °s;
130 °W, 21 °8, 119 °W, 16 °S; 124.5 °W, 18.2 °S) because a mode was utilized in the volcano-signal
estimation scheme rather than the minimum value, which would have corresponded instead to the deepest
part of the local flexural trough (figure 4.9). Therefore, this grid is expected to represent the gravity field
without volcanoes, which are essentially replaced with the local-background-representing modal value;
flexural signatures attributed to the lithospheric response to loading is retained near the ridge, but to a much
lesser extent directly at edifice locations.

The section of the altimeter gravity grid assessed in the analysis (133 °W-114 °W, 22.5 °S-11 °S)
is high-pass frequency filtered (ramp, total pass below 700 km, total cut above 900 km wavelength) in
order to minimize any regional trend (step 6; figure 4.8d). A two column dataset is input to the analysis in

section 4.3 consisting of base value and "volcano" amplitude value pairs for each grid cell in the study area.

4.2 Pukapuka Topography versus Altimeter Gravity Signal

The "volcano-only" grid is used along with the multibeam-bathymetry signature of the Pukapuka

volcanic system to determine the minimum edifice height and volume that can be detected in the altimeter-
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derived gravity. Identical sections of the volcano-only gravity and topography grids were extracted
corresponding to the location of ridge segments, seamounts and atolls (volcanic features). For each feature,
three relevant parameters are calculated from topography and altimeter gravity; topography parameters are
the maximum height, mean height and total volume; altimeter gravity parameters are maximum and mean
gravity and the mean anomaly times the number of grid cells (here termed altimeter gravity "volume").
Essentially, the mode-base and edifice-search scheme is a highly effective, simple and automatic
method of recovering the gravitational signal attributed to constructive features in a satellite altimeter
gravity anomaly grid. Figure 4.10a-c shows the relation between corresponding gravity and bathymetry
parameters. Out of 94 edifices selected from the bathymetry, 73 were also selected in the gravity. The
gravity signal identification threshold is about 1 km peak topographic height (approximately equivalent to
300 m mean height or 75 km3 volume). Above the threshold a nearly linear relation is observed and the
values are highly correlated. Still, the gravity field at sea surface is the resultant of several superposed
factors including bottom topography and subsurface density variations. Because topography is
compensated and partially supported by variably thick lithosphere the gravitational signal amplitude
attributed to a particular topographic feature is a function of lithospheric thickness (and therefor age) at
feature emplacement time (Watts et al., 1980). Furthermore gravity measurements based on seasurface
altimetry is the upward continued signal from the seafloor below. For example, the gravity/bathymetry
ratio is somewhat higher than the average value for the largest structures (figure 4.10) probably because
they are closer to the sea surface. Therefor the topography-gravity relation is not expected to be linear.
Nevertheless, it is now possible to semi-automatically identify and grossly-quantify the majority
of large volcanoes in the ocean basins and to redefine constraints on the processes which control their
emplacement and development (Craig and Sandwell, 1988; Smith, 1990). More accurate altimeter-gravity-
based topography parameter estimates could be obtained if the seafloor depth is known. These results are
obtained on young seafloor for edifices which are nearly compensated (Goodwillie, 1996); on more
competent lithosphere, more of the gravity signal should be recoverable. Conversely, sedimentary

obstruction might be an important factor on older seafloor. Most importantly, the close relation between
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topography and gravity suggests that it is appropriate to assume in the following analysis that the above-
local-base, high-frequency, positive features are a proxy for volcanic production, though other processes

may be responsible for positive features in unsurveyed areas.

4.3 Volcanoes-lineations Analysis

The principal prediction of the moving point source (hotspot) and convective line (small-scale
convection) hypotheses is a correlation of volcanism with topographic/gravitational bulges; stretching
models and models involving interactions with zones of weakness predict volcanics in gravity troughs. A
cursory examination of the altimeter gravity anomaly field on young (0-40 Ma) Pacific seafloor just south
of the MFZ shows that the majority of small volcanic chains are associated with altimeter gravity troughs
(figure 4.1). The goal of the analysis is to quantitatively assess preferential location of volcanic edifices in
undulation troughs or crests, low and high base values, respectively. The test involves the variation of
mean volcanic gravity signal with respect to the base gravity values (here termed base values). Figure
4.11a is the total sum of volcano-derived gravity signal in mgal corresponding to points within a particular
1-mgal-wide base value interval. Figure 4.11b is a histogram of gravity base values. For example, of the
total number of base values (196650), ~2000 base values are between -10 and -9 mgal. The total sum of
volcano-only gravity values corresponding to base values in this interval is ~4000 mgal. Figure 4.11c is the
mean volcanic gravity for all 1-mgal-wide base value intervals (figure 4.11a data divided by figure 4.11b
data). In the example, over the -10 to -9 mgal base range the mean volcanic signal amplitude is 1.8 mgal.

The distribution of base values is smooth, gaussian, non-skewed and centered at 0 mgal (figure
4.11b). In comparison, the volcanics-at-base-interval signal is rough and skewed to negative values (figure
4.11a). While the majority of volcanism is still associated with the center of the base value distribution,
clearly volcanism is preferentially located in the negative tail; over 2/3 of the volcanic signal is present in
the lower half of the base distribution (figure 4.11c). Interestingly, if the minimum volcano retention

height is increased from 12 to 18 mgal (step 4), the disparity is even greater (figure 4.11d-f); over 90% of
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the volcanic gravity signal is located in the lower half of the base value distribution (figure 4.11d). This
demonstrates that while the general volcanic population is preferentially located in regions of low base
values (such as altimeter gravity troughs), this is principally due to large volcanoes which are nearly all
located in lows, while small volcanoes are distributed almost evenly with respect to the base. These results
are fairly insensitive to the 800 km high-pass filter (results without filtering are not shown), first because
the long wavelength variation within the study area (a few mgal) is much less than the crest-trough peak
difference (~20 mgal) and second because there are no substantial regional trends in volcanic productivity.

Because the flexural depression of lithosphere in response to constructive emplacement is
generally a function of load mass and lithosphere strength (and age) at the time of loading (Watts er al.,
1980), a primary concern is that base gravity values at edifice locations are negatively biased due to
flexural compensation, erroneously indicating volcano concentration in lineation troughs. With the
exception of the Pukapuka system, large volcanic structures in the region are unsurveyed; of these, only six
have reliable age dates. Thus proper age-modeled unloading correction is not possible for the vast majority
of volcanoes.

A simple compensation study (not shown) of 1500-3000 m cones located 4000 m below the sea
surface indicates that flexural troughs should be less than 10 mgal for thin (3 km) elastic plates. As well, a
Pukapuka flexural study (Goodwillie, 1996) showed that structures are compensated by anomalously very
thin lithosphere so that flexural troughs are localized near and beneath the edifices. Therefore, flexural
troughs in the region may be 5-10 mgal. Mode filtering, the processing step which essentially determines
the base value, estimates a mode over an area (750 square ~ 6500 ka) which is on the order of the flexural
trough. Still, the mode corresponds to the regional value which is significantly higher than the minimum of
the flexural trough (compare basal values in figure 4.9d from volcano locations and nearby basal values).
In the example area shown (figure 4.9d), the mode base value estimated beneath the ridge at 128.6 w,
1213 %S is higher than the base value 100 km to the east, where the flexural response is negligible as there
are no volcanic loads. Also, in the case of the 18-mgal volcano dataset the required flexural bias would

have to be high (7 mgal) in order to account for the results. Most importantly, these results are consistent
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with a visual assessment of the altimeter gravity anomaly field in the region (compare figure 4.8c and 4.8d)
which clearly shows that the majority of volcanoes are associated with long altimeter gravity troughs which

extend past the features.

5. SOUTHCENTRAL PACIFIC ALTIMETER GRAVITY ANOMALY FIELD — COMPLEX

TECTONICS AND ABUNDANT VOLCANISM

5.1 Volcanism

The southcentral Pacific altimeter gravity anomaly field (figure 4.1) exhibits a wide range of well
studied volcanic and tectonic features including: volcanic chains and ridges, fracture zones and plateaus.
McNutt and Fischer [1987] and McNutt and Judge [1990] advanced the superswell hypothesis noting the
dramatic increase in the number of large, hotspot-attributed volcanic chains south of the MFZ on seafloor
older than the Pukapuka ridges. The spatial distribution of such chains is not uniform. Clearly volcanic
chains are focused near each other, even for chains attributed to different periods in time. This results in an
overall pattern of patches of interlaced volcanic chains separated by nearly volcanoless regions.

Though smoothly undulating gravity lineations are evident throughout the region (though
obscured by multiply overprinting volcanic chains; figure 4.1) a great variation in fine-scale roughness,
attributed to volcanic features, is observed in subregions of the map. In particular, for 0-40 Ma seafloor,
roughness is drastically greater south of the MFZ than to the north. In addition to the near absence of
spreading semi-parallel lineations (i.e. propagating rifts), a volcano-search performed on the section of
seafloor north of the MFZ (not shown) reveals no volcanic features which are nearly ubiquitous between
the MFZ and the Foundation Seamounts.

The sharp distinction between seafloor sections directly north and south of the MFZ has been
described by Bemis and Smith [1993], noting a threefold increase in seamount density to the south, and has

been previously attributed to the Superswell. Sediment thicknesses north and south of the MFZ are 100-
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300 m and 50 m respectively. Bird and Pockalny [1994] find that seafloor roughness is diminished by 50%
with an increase in sediment thickness of 50 m to 300 m for abyssal hill fabric with a root-mean-square
roughness which is generally less than 300 m. Therefor, the present observations of regional differences in
volcanic edifice density are not a function of sediment obscuration, because the altimeter gravity database
is insensitive to features smaller than several hundred meters, the range of typical sediment thickness and

abyssal hill scarp heights in both regions.

5.2 Propagating Rifts and Asymmetric Spreading

Tectonic history is clearly complex on this section of the EPR in accord with observations for
perturbed transition from ENE-WSW to WNW-ESE along the central portion of the Pitcairn-Crough-Easter
Microplate section further south (Searle et al., 1995). Spreading has been asymmetric for the last few
million years (faster to east). In addition to all constructive features greater than 75 km3, the high-
resolution dataset reveals tectonic detail which has been studied only recently in the altimeter gravity
anomaly field. Perhaps the most intriguing observation at the finest scale of resolution, is the ubiquity of
very narrow linear gravity troughs, interpreted as propagating rifts (figures 4.1, 4.8a; Hey et al., 1980;
Sandwell and Phipps Morgan, 1994). Nearly straight segments extend through a range of inclinations to
the paleo-spreading axis-parallel directions. Propagators range in signature from clear troughs to feint
lineation patterns. In the multibeam surveys they appear as rather pronounced abyssal fabric, with
orientations angled to the local abyssal pattern. All together, the section of young Pacific Plate south of the
MFZ is dramatically different from seafloor to the north and on the conjugate section of the Nazca Plate

(not shown); tectonic history is complex and volcanism is pervasive.
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6. DISCUSSION

6.1 Volcanic Chains and Altimeter Gravity Lineations in the Southcentral Pacific

The relation of altimeter gravity lineations to volcanism and tectonism remains unclear (figure
4.1). First, there is no obvious correlation between smooth undulating lineations and the location and
orientation of fracture zones. Locally, the overall azimuth of the Pukapuka ridges is ~N95 OW while the
nearby lineations azimuth is ~N105 OW. While volcanic features in the young section are preferentially
located in altimeter gravity lineation troughs the majority of troughs still lack volcanism. Second, there are
lineations north and south of the MFZ. However, these areas may be characterized by completely different
thermal and rheological properties; in addition to the proximity of many hotspot chains, the concentration
of volcanoes larger than 75 km3 south of the MFZ and seafloor spreading irregularities clearly argue in
favor of augmented volcanic and complex tectonic activity there. Elsewhere in the southcentral Pacific
there is little correspondence between the location and azimuth of volcanic chains and nearby lineations
(aside from the flexural trough generated by the volcanic load itself). This indicates that sublithospheric

melt sources exist independently of the process which produces altimeter gravity lineations.

6.2 Volcanic Chains in the Southcentral Pacific — Evidence of Transient Melt Anomalies and Channeling

The number of confirmed hotspots and their relative fixity is a subject of much controversy; only
two hotspot sequences have been used to establish the PAPR over the past 60 Ma, Hawaii-Emperor and
Louisville (Lonsdale, 1988), but up to 20 additional volcanic chains have monotonically increasing age
sequences in variable agreement with the prediction. Still, the number of volcanic features in the Pacific
(Smith and Jordan, 1988; Craig and Sandwell, 1988) exceeds the number which may be attributed to
"known" hotspots by at least an order of magnitude. Also, a number of theoretical and empirical problems

with the strict hotspot model have arisen (Okal and Batiza, 1987). For example, it is difficult to reconcile
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the fixed plume hypothesis with a mantle which is convecting on various scales and with mantle-
lithosphere coupling. Furthermore, plume dynamic models and laboratory simulations suggest that hotspot
plumes spread upon impinging on the base of the lithosphere (Campbell et al., 1989; Sleep, 1990; Ribe and
Christensen, 1994).

The classic fixed hotspot hypothesis, in which several deep-mantle melting anomalies were fixed
relative to each other, has been tested rather extensively. In particular, samples ages along chains have
been compared with monotonic age progressions predicted by accepted hotspots elsewhere. Nearly all
volcanic chains in the southcentral Pacific have failed to exhibit monotonic age trends, including the Cook-
Australs, the Tuamotus, the Line Islands and the Oeno-Crough volcanic line. The Cook-Austral chain
cannot be reasonably fit by a single fixed hotspot (Turner and Jarrard, 1982); instead, the majority of
features belonging to the chain can be geometrically fit by three semi-parallel small point-source tracks
corresponding to the 0-18 Ma PARP, with small circle colatitudes of 106.7 ©109.3 © and 109.6 °. The
Tuamotus Plateau, composed of reef-covered atolls, has been attributed to two hotspots (Okal and
Cazenave, 1985; Ito et al., 1995). Though seismic, paleontologic and radiometric evidence suggest that the
northwest section formed 47-55 Ma (Schlanger et al., 1984), the small-scale alignment directions are more
east-west. Plateau compensation studies indicate low elastic thicknesses. Ito et al. [1995] consider the
plateau structure to be highly influenced by proximity to the Farallon-Pacific spreading center and a
lithosphere transfer zone west of a southward propagating segment. Essentially 2-3 hotspots interact with
the nearby-rise axis by channeling, generating linear volcanic ridges atop less competent scarred
lithosphere. The altimeter gravity field reveals many crisscrossing pinnacle alignments. The Tuamotus
plateau may thus be composed of several small and possibly highly transient hotspots which are sensitive to
lithospheric structural heterogeneity. Non-monotonic age progression of Line Islands Cretaceous to
Oligocene edifices defy a simple single-hotspot model (Henderson and Gordon, 1982; Duncan, 1983;
Schilanger et al., 1984; Epp, 1984). The superposition of ESE striking lineations of overly young volcanoes
on the overall SSE trend has suggested that either an older hotspot thinned and weakened the lithosphere

such that it was more penetrable for subsequent small hotspots with a more east-west azimuth or that the
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latter trend is related to channeling to a nearby spreading ridge (Epp, 1984). Finally, the Oeno-Crough
volcanic line (figure 4.1, ~25 0S) surveyed in detail by Searle et al. [1995] and associated with complex
age progressions, follows a near east-west azimuth corresponding to the best-fit pole for the Pukapuka
ridges, not the 0-18 Ma PAPR of Fleitout and Moriceau [1992].

Over the past 15 years, investigations of volcanic groups has focused on processes which alter the
expected orientations and age relations of a reported hotspot track, principally due to lithospheric lines of
weakness and to the interaction of plume sources and the mid-ocean-rise melt reservoir. Epp [1984]
investigated observed and hypothetical potential causes of perturbation and the consequent volcanic trace
geometries. Morgan [1978] proposed that magma may flow along a pipeline from a hotspot located near a
spreading axis to the axis itself, thus generating a "second type" of hotspot chain (in association with the
Galapagos, Reunion and other hotspots) with an azimuth that is the vector sum of plate-hotspot and plate-
plate motion. Sager and Pringle [1987] proposed a tectonic model which explains the age progression and
ridge orientations of the Musician Seamounts and which requires two necessary ingredients, a nearby
hotspot and a spreading boundary reorganizing with long interlocking fingers such that magma is localized
along lines of weakness within a salient segment of the ancient Farallon Plate between Pacific sections.
The concept of hot-lines, originally proposed for Easter-Salas y Gomez (Bonatti and Harrison, 1976;
Bonatti et al., 1977), has also been invoked to explain the confused age relations in the Oeno-Crough
volcanic line (Searle et al., 1995), with a complex interaction between convective roles, plume sources and
lithospheric tension on a section of the Pacific Plate overlying the Superswell.

Recently, additional impetus for plume-rise interaction has come from mounting indirect evidence
(seismic, geoid and geochemical) for a mantle asthenosphere which facilitates the communication process
(Phipps Morgan et al., 1995). Along-isochron variation of residual Mantle Bouger Anomalies (AMBA) and
residual bathymetry (ARB) with distance between a spreading axis and a hotspot exhibit a hotspot influence
on nearby spreading systems upto a distance of ~500 km (Ito and Lin, 1995). Along-axis gradients in the
strength of the hotspot-marking Ocean Island Basalt (OIB) geochemical signature indicates a supply of

hotspot material to the rise-axis Mid Ocean Ridge Basalt (MORB) reservoir (Schilling, 1991). Hotspot
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influence may extend to disturbing thermal regimes beneath spreading centers; plume excess temperatures
weaken the lithosphere and the rise axis relocates toward the hotspot by asymmetric spreading and discrete
ridge jumps (Small, 1995).

Taken together, it i1s increasingly apparent that an alternative to the hotspot model is required,
especially in the southcentral Pacific. The present results suggest that many transient point-source melting
anomalies beneath the lithosphere are responsible for linear volcanic chains; additional hypotheses (see
below), perturbations to a trace along lines of weakness attributed to previous hotspot traces and tectonic
deformation may be required to explain details of the spatial-age distribution. Ad hoc perturbations should
be tested carefully subsequently, but it is clear that most of the volcanoes in the southcentral Pacific exhibit
monotonic age progressions over only short distances which can be reasonably attributed to intermittent,

short-lived sources of melt.

6.3 A New Model

Observations of the Pukapuka ridges and other volcanic chains in relation to the altimeter gravity
anomaly field are inconsistent with standard hotspot (Morgan, 1972a,b) and small-scale convection ( Buck
and Parmentier, 1986) models. These volcanic chains are logically attributed to a less-robust reservoir
than deep-mantle plumes. For example, the Pukapuka dredge samples exhibit normal and enriched MORB
geochemical signatures, not OIB (MacDougall et al. 1994). Such traces are sensitive to the location of
lines of weakness in the lithosphere attributed to several different processes: older volcanic traces, fracture
zones and zones of deformation. Robust volcanism in this region, both attributed to hotspots and not
suggest that melt is abundantly available beneath the lithosphere and that the young lithosphere is in
general quite penetrable.

The Pukapuka melt source is not clear at the present time; possibly melt is channeled in the
astenosphere (Phipps Morgan et al., 1995), supplied by hotspot plumes to the west from old thick

lithosphere up and towards thinner lithosphere at the EPR spreading axis (Ribe and Christensen, 1994).
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This may account for the close linearity of the Pukapuka system and axial Sr87/Sr86 and HC4/HC3
elevation centered at 17.5 0S, which are attributed to off-axis plume input (Mahoney et al., 1994). A few
small sublithospheric melting anomalies (mini-hotspots) may reside beneath the young Pacific Plate
moving nearly opposite to the relative spreading direction and producing end-to-end ridges; one such mini-
hotspot may have migrated close to the EPR axis, producing a high concentration of seamounts on 0-6 Ma
seafloor (Shen et al., 1993), where absence of ridge formation may coincide with the cessation of tensional
stress (see below). The Musicians Seamounts may present a Cretaceous analog, where hotspot-spreading
axis interaction may have occurred in response to tectonic reorganization, except that there, the easternmost
chain of seamounts record the absolute motion of the Pacific Plate oblique to the spreading direction
(Pringle , 1993) and elongate ridges extend en echelon to the axis on young seafloor which has undergone a
recent spreading reorganization (Sager and Pringle, 1987). Alternatively, the complicated tectonic history
characterized by propagating-rift scarred seafloor, asymmetric spreading and ultrafast axial discontinuity
migration ( Cormier and Macdonald, 1994) may indicate melt extraction from a rise-axis source. With this
hypothesis, a melt-rich decompressing layer may refreeze into the mantle or pool and then erupt off-axis
(Sparks and Parmentier , 1994).

The concentration of volcanism in altimeter gravity lineations troughs, inferred to be sites of
thinner, weaker lithosphere (Sandwell et al., 1995), and their individual elongation orientation (see chapter
5) are consistent with lithospheric tension. Ordinary lithosphere may be resistant to penetration even at
young ages. However, Pukapuka ridge flexural modeling suggests that lithosphere is overly thin and weak
(Goodwillie, 1996). Though normal faulting has not been observed and melt is not likely to be generated
by extension, it may be possible that lithospheric tension has persisted from the time of the Pacific-Nazca
spreading reorganization at 24 Ma to 6 Ma. In this case lithosphere is weaker and more susceptible to
penetration. If boudins develop lithospheric strength in tension may be nearly zero in the troughs so that a

buoyant melt crack may easily propagate to the seafloor where volcanic construction is observed.
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7. CONCLUSIONS

1) Volcanism attributed to the Pukapuka ridge system is closely focused in a narrow band. Volcanic
edifices line-up tightly about a small circle best-fit with a rotation pole that is distinct from standard 0-18
Ma Pacific absolute poles of rotation. These results are insensitive to processing and multibeam surveying
has recovered nearly all volcanism in the system. Therefor, in addition to age progression constraints, they
are inconsistent with a single or even several coaligned hotspots. Instead, they suggest that an alternative
mechanism is required, perhaps asthenospheric channeling.

2) A method was developed to isolate the gravity anomaly signal attributed to constructive features
(presumably volcanoes) from the satellite altimeter gravity anomaly field. A comparison of Pukapuka
bathymetry and altimeter gravity showed close correlation for corresponding diagnostic parameters (such
as maximum height, mean height and volume). Satellite altimeter gravity may be used for locating and
quantifying volcanic edifices larger than 75 km3 in unsurveyed regions of the world ocean.
3) Altimeter gravity signal attributed to volcanism is focused in the troughs of gravity lineations.
These results are not produced by flexural depression due to volcano loading. Mechanisms which attribute
volcanism to upward flux of hot, potentially melt-generating, mantle (hotspots and small-scale convection)
predict volcanism in gravity lineation crests. If lineation troughs correspond to lithospheric zones of
tension and weakness, then they may be more easily penetrated by sub-lithospheric pools of meit.
4) The section of Pacific seafloor south of the MFZ is characterized by much greater volcanism than
the northern section, though altimeter gravity anomaly lineations exist in both. Also, many nearly north-
south lineaments, interpreted as propagating rifts, are present only south of the MFZ in association with
asymmetric spreading. The two lithospheric seafloor sections bordered by the MFZ differ and melting
anomalies south of the MFZ exist independently of the process responsible for altimetric gravity lineations.
5) There 1s minimal evidence for small-scale convection in the southcentral Pacific. Also, many
volcanic chains in the region are inconsistent with the hotspot model, with non-monotonic age progressions

and orientation oblique to the fixed hotspot prediction. This has suggested small melt anomaly interaction
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with lithospheric zones of weakness and sublithospheric channeling. Perhaps the abundance of small
volcanoes on the young flank of the superfast segment of the SEPR can be attributed to the interaction of
many small melting anomalies and zones of easy penetration within young lithosphere, caused by the

reorientation of spreading directions and the initiation of extension and boudinage.
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Figure 4.2 A flow chart of processing of multibeam bathymetric data from Glor3bmyv, GlorO4mv,
WestOlmv, West0O4mv, Rc2608 and Tune02wt, corresponding to the Pukapuka ridges. Normal (modal)
seafloor data are acquired using a tallest-bin Matlab searching algorithm similar to Leviit and Sandwell
[1996]. Volcano data are retained and calculated using the proximate peak Matlab (250 m height

minimum) algorithm described in the text. These data are input to the small circle fitting algorithm.
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Figure 4.4 Model parameters for the small circle fitting. Points near P are the actual locations of

data. The best-fit pole is shown at C.



80

M08

015 075 135 195 255 315 3.75
mean misfit (degrees)

Figure 4.5 Grey-scale contour map of mean misfit in degrees (viewed about the north pole). The
best-fit pole is shown with a circle. For comparison, the Pacific absolute rotation poles of Clague and
Jarrard [1973] (0-43 Ma) is CJ, of Duncan [1981] (0-36 Ma) is D1, of Duncan [1981] (0-21 Ma) is D2, of
Duncan and Clague [1985] (0-43 Ma) is DC, of Fleitout and Moriceau [1992] (0-18 Ma) is FM, of
Lonsdale [1988] is L, of Minster et al. [1974] is Mi. of Minster and Jordan [1978] (10-0 Ma) is MJ and of

Morgan [1972a,b] (0-40 Ma) is Mo.
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a) Misfit of points as a function of geographic longitude.
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ABSTRACT

The Pukapuka volcanic system consists of a 2500-km-long series of long volcanic features on
young Pacific seafloor south of the Marquesas Fracture Zone. The most remarkable members of the system
are large, linear, volcanic structures with high axial ratios, rift-like summit vents, and parallel flank
contours, resembling elongated prisms. Though morphology has suggested a fracture-mechanics origin due
to north-south directed tension, it is clear that normal fault scarps expected to accompany diffuse extension
are absent from multibeam bathymetry and imagery. Alternative mechanisms by which linear volcanism
may occur are explored.

Pukapuka volcanic features are roughly classified in a gradational sequence, where form is
distinctly a function of size. As height increases, east-west oriented summit vents, flank rift zones, and a
narrow, linear, crestal ridge develop. While a near east-west segment azimuth is maintained for all size
ranges, horizontal gradient and linearity increase with size. Features of similar form congregate within
subregions. This indicates that the majority of features are formed by a similar process with a variation in
governing parameters, such as lithospheric thickness, deviatoric stress and magma-supply rate. Also,
relation to abyssal hill scarp location indicates that seafloor structure affects the thermal and stress regimes
of rising magma-filled conduits.

The Pukapuka prismatic ridges resemble Hawaiian flank-rift-zone ridges morphologically and
morphometrically, suggesting that their internal conduit structure, eruptive and mass-wasting modes are
similar. Nonetheless, a source of regional stréss other than summit-directed stress and edifice proximity
(operating in Hawaii) is required; otherwise a 3-armed rift geometry is expected. The preferred orientation
of volcanic segments normal to the least-compressive-stress direction predicted by Sandwell et al. [1995] in
the region suggests that a tectonic stress controls azimuth. North-south directed tension affects stress
regimes during ascent and within growing edifices. Pukapuka morphologic trends may be explained by

variable coalescence between buoyancy-driven, fluid-filled cracks and the formation of a preferred magma
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path which increases with increased magma supply or decreased deviatoric stress. Finally, it is noted that a
lack of normal faulting topographic evidence is not inconsistent with tension and extension in magmatically

robust regions.
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1. INTRODUCTION '

Submarine volcanism is the principal information source regarding processes of melt production
and migration through oceanic lithosphere. While many studies have focused on large, hotspot-attributed
island and guyot chains, only with the advent of high-resolution mapping systems has attention progressed
to more numerous, small volcanic features on the ocean floor called seamounts (Menard and Ladd, 1963).
Seamounts have been adequately approximated as flat-topped cones or domes (Smith, 1988), particularly
for young, near-spreading-axis edifices (Scheirer and Macdonald, 1995). However, Vogt and Smoot
[1984] observed a gradational development of summit protuberances which lengthen with increasing
volcano height. These linear volcanic extensions, termed flank rift zones (FRZ's), grow because less work
is required to pump magma laterally than to a tall summit. While some of the first surveyed submarine
volcanoes, Davidson, San Juan and Westfall Seamounts (Shepard and Emery, 1941; Menard, 1959;
Lonsdale, 1991) are elongated, the vast majority of oceanic volcanoes exhibit radial symmetry.

Recently a morphologically and structurally distinct class of feature, the linear ridge group, has
been defined prompted by the discovery of the Crossgrain (Winterer and Sandwell, 1987; Lynch, 1993,
Searle et al., 1995) and Pukapuka volcanic systems (Sandwell et al., 1995). Of these the Pukapuka system
is younger and has been surveyed in greater detail. The system (figure 5.1) consists of a series of discrete
volcanic structures which are about 40 km long, <10 km wide and which vary in amplitude (800-4000 m)
and regularity of form (Winterer et al., 1993). The most remarkable members of the Pukapuka volcanic
system are large (>1500 m high) linear volcanic structures with high axial ratios, rift-like summit vents and
parallel flank contours, resembling elongated prisms (here termed large prismatic ridge segments).

Based on these morphologic data, as well as association with an altimetric gravity-lineation trough
and a dredge-sample age-progression inconsistent with the hotspot model Sandwell et al. [1995] proposed
that Pukapuka volcanoes are produced by lithospheric stretching. This model suffers from two serious
problems. First, extension has not been required from plate reconstructions and Goodwillie and Parsons

[1992] observe less than 100 km of fracture zone separation, much less than the strain required in this
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model. Second, multibeam bathymetry in the vicinity of the ridges in sediment-blanketed abyssal terrain
fails to show evidence of extensional faulting parallel to the ridges. Therefore, a fracture mechanics model
for the Pukapuka and Crossgrain Ridges, by which ridges grow by propagation from a small edifice nucleus
(Lynch, 1993) may be insufficient.

The morphologic resemblance of large prismatic members of the Pukapuka system (figure 5.1) to
large volcanic rifts extending from Hawaiian volcanoes suggests that the morphology of these ridges may
be controlled by the same factors including processes occurring during melt ascent in the lithosphere and
within the growing edifice. Also, a systematic variation of form with size suggested to Winterer et al.
[1993] an evolutionary sequence.

The purpose of the present analysis is to examine processes which control the formation of large
prismatic Pukapuka ridge segments. Data processing, measurement methods and definitions are presented
in section 2. In section 3, multibeam bathymetry and sidescan images are used to document morphologic
volcano gradation and the absence of normal faulting. In section 4, specific morphometric parameters
(dimensions, gradient and azimuth) are used to explore the gradational form of volcanic features. Lynch
[1993] qualitatively examined the relation of the Crossgrain ridges to proposed linear volcanic analogs. In
similar fashion, section 5 presents a quantitative comparison between the prismatic Pukapuka ridges, Puna
Ridge and Loihi Seamount. In section 6, results from mechanical modeling and numerical simulation
experiments on surficial dike-propagation and lithospheric melt-ascent are discussed as they relate to the
Pukapuka volcanic system. A hypothetical prismatic ridge generation model will be proposed which does
not require extensional cracking as the primary source of melt, but instead results from the vertical
propagation of buoyancy or pressure-driven fluid-filled melt from beneath the crust in a tensional

environment.
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2. METHOD AND DEFINITIONS

2.1 Data

The primary sources of information regarding the Pukapuka system are multibeam bathymetry
(SeaBeam2000) and imagery (Sidescan), ship gravity, magnetics and 3.5 kHz seismics. The ridges are
sparsely sampled — only 6 dateable samples have been obtained from in excess of 30 major ridge segments
with only one ridge successfully sampled more than once. Moreover, no fine-scale ground-truthing is
available via drilling, deep-tow sidescan, and submersible photography; thus, only gross structural and
volcanic features can be discerned.

SeaBeam2000 multibeam bathymetry and imagery were collected at sea aboard R/V Melville from
December, 1992, through February, 1993 (Gloria legs 3b and 4). These data constitute a focused survey of
the Pukapuka ridges and are supplemented by older multibeam bathymetry surveys and more recent
transects (Westward 1 and 4). The processing of multibeam bathymetry is described in detail in chapter 4.
Two grid types are produced, original bathymetry and topography, with 100 m and 500 m grid-cell size,
respectively. Bathymetry grids consist of all values measured from the sea surface; these are used to make
color-contour maps of ridge segments and their vicinity which can be used for volcanic and structural
interpretation. Topography grids consist of height above normal nearby seafloor where all non-edifice
grids are eliminated following the method developed in chapter 4; these are used to measure vital
parameters of ridge segments discussed in sections 4 and 5.

SeaBeam2000 sidescan images are primarily used to locate highly sloped reflectors and
acoustically bright, flat terrain. Image data collected at sea are digitized with 16-bit amplitude resolution
(0-65535) for 1000 samples across a swath (Chayes and Caress, 1993). Mbsystem processing merges
amplitude data with satellite navigation. These data are plotted directly where acoustically reflective and
non-reflective regions are shaded dark and light, respectively. Though detailed water-velocity correction is

not attempted, distortion is minimal. However, acoustic noise prohibits identification of fine-scale features.
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2.2 Segment Classification

Pukapuka volcanic features are distributed neither uniformly nor randomly along the entire system
(figure 5.1). Similar to Vogt and Smoot [1984], the distribution is subdivided here in the form of a
hierarchy consisting of (1) the system itself, (2) ridge group, (3) a seamount cluster or ridge segment, and
(4) an individual small edifice. The chosen principal unit of measurement is the seamount cluster or ridge
segment reflecting a genetic interpretation that they both represent a discrete volcanic event or
sublithospheric melt pool. These are labeled by longitude (figure 5.1).

In theory, a segment consists of an individual elongate edifice following a distinct azimuth where
height monotonically decreases nearly continuously from the summit; therefor, sharp changes in along-axis
slope or direction may be interpreted as segment boundaries. In practice the definition of segment terminus
is semi-arbitrary and greatly dependent on both practical considerations and genetic assumptions; as
overlap increases the distinction between adjacent coalescing rift zones is particularly difficult based on
morphology alone. Some ridge segment complexes exhibit a clear boundary (e.g. 118.2-119.1, 119.2-
120.1-120.2, 122.1-122.2, 125.1-125.2, 125.3-125.4, 131.1-131.2), but others do not (e.g. 129.1-129.2-
129.3). Indeed boundary distinction within the small/irregular size groups is almost entirely arbitrary (e.g.
119.3-120.3-120.4, 126.1, 130.4-130.5, 134.2). At the small size range it is occasionally difficult to discern
volcanic features altogether. For purposes of measurement, segments are here distinguished based on a

saddle height which is less than 2/3 of the summit and/or a change in azimuth greater than 10 °

2.3 Morphometric Measurement

A topographic grid is extracted for each segment with bounds in table 5.1. Length and width
values are measured directly, though these values are somewhat sensitive to boundary definitions.
Maximum height, mean height and volume are calculated above the automatically chosen modal basal

contour as in chapter 4. Representative cross- and along-axis profiles are obtained for large prismatic
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ridges only. Characteristic slopes are obtained from a stack of parallel cross-sections extracted from the
topographic grid; along-axis profiles are taken along the crest.

Rather than estimating a segment's characteristic mean slope and azimuth by eye an automatic
quantitative method is implemented based on the gradient at every topographic grid cell. The characteristic
slope and azimuth are defined here as the mean horizontal gradient and the zero-slope direction for all cells
in the topographic grid, respectively. The gradient of a topographic grid is calculated in two orthogonal
directions, in this case, east-west and north-south, using the grdgradient program in the GMT software
package (Wessel and Smith, 1991). The maximum 2-dimensional gradient of a given cell is calculated as
the vector sum of the north-south and east-west components. The mean of these values is the characteristic
gradient for a given ridge segment.

Since the ratio of the two orthogonal gradient components is the tangent of the angle of the
maximum-slope vector, the arc-tangent of the ratio of the two components is perpendicular to the zero-
slope azimuth. This azimuth is calculated for all grid cells in a region. Azimuthal distributions cannot be
evaluated with standard linear statistical methods because directions wrap around with no origin. Also, the
distribution of maximum directions is bimodal for the vast majority of ridges because a narrow ridge with a
persistent crestal azimuth has two preferred and opposite maximum sloping directions. The statistical
estimation method employed here assumes that the slope distribution is universally bimodal and that these
modes are antipodal. Following the method of Batschelet [1981] the modes are superposed by doubling the
angle and subtracting 2n radians from azimuths exceeding 2t (mod-2xw). The resultant distribution of
values for a single feature is usually unimodal and approximately gaussian. A circular standard deviation

(not shown) is calculated following Batschelet [1981].
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3. PUKAPUKA SYSTEM MORPHOLOGY

3.1 Normal Extensional Faulting

Unlike larger volcanic ridges (e.g. Louisville; Lonsdale, 1988) which are essentially chains of
discrete volcanoes connected at basal levels, parallel flank base-to-crest contours characteristic of elongate
prismatic ridge segments (see below) in the Pukapuka system require an episode of volcanism over the
entire edifice. One problematic mechanism for the production of an elongate ridge over time with a single
source is the standard stretching-extension model which states that primary normal faults in the upper-
brittle crust present a conduit for rising magma (Sandwell et al. 1995). Pressure-release melting does not
provide melt, requiring a reservoir of partial melt beneath the lithosphere (Sandwell et al. 1995) so that
magma should be present prior to cracking (Lynch, 1993). Long ridge segments are expected to correspond
to elongated cracks in the lithosphere which exist independently of volcanism. Still, diffuse stretching is
less than 160 km (Goodwillie and Parsons, 1992) and there is no evident normal faulting in the survey
area.

Figure 5.2 is a multibeam bathymetry map and sidescan image of seafloor immediately south of
the 131.1-131.2 ridge complex. High-resolution sidescan is particularly effective for distinguishing
features smaller than multibeam accuracy can allow. The data are acquired along two parallel nearly north-
south tracks centered on dark (reflective), center-beam lines. The image basically shows two types of
features: irregular lineations which semi-parallel the track direction and patchy/circular features. The
former are abyssal hill reflectors produced at the East Pacific Rise (EPR) axis along the paleo-spreading-
center azimuth. The latter are seamounts with associated reflective seafloor. Most often, solitary
seamounts in the region are flat-topped or conical, and riftless even for large edifices (133.8). Many
seamounts are aligned on major abyssal hill scarps.

Abyssal hill reflectors correspond very closely in most places to the location of sharp scarps in the

bathymetry where offset is usually on the order of 100-200 m. However, in the western portion faint,
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though clearly discernible, lineations exist with less than 100 m offset. This section of seafloor was chosen
because faults are most visible when they semi-parallel the ship track. For the majority of the Pukapuka
survey the ship progressed in a nearly east-west direction which would parallel expected normal
extensional faults. A careful review of sidescan for the entire survey (not shown) fails to reveal evidence
for such faulting. Bright slope reflection and surface volcanism does extend past ridge segment ends.
Nevertheless, though this and sediment coverage (30-100 m) may partly obscure normal faults it is not
reasonable that faults are everywhere too small to be "seen". This suggests that an alternate mechanism

which does not require primary normal faulting should be explored.

3.2 The Pukapuka Gradational Sequence

This section presents a geologic and morphologic review of several Pukapuka ridges. Numerous
volcanic features have been surveyed in the Pukapuka system. Detailed descriptions of the overall
Pukapuka system and individual classes (in an evolutionary context) have already been presented by
Winterer [1993]. Since a comprehensive description of every individual edifice is unnecessary and since
discrete volcanic features appear to be broadly distributed in a few morphologic classes, only one example
of each class is provided. A gradation of form with size may be interpreted such that each stage of
increased volume represents a successive arrested stage in development; conversely, each stage may
represent the end result of a common process which differs in some critical parameter such as magmatic
flux, differential stress, or lithospheric thickness (section 6). In the latter case, a given prismatic ridge need
not progress through smaller classes.

Definitions and descriptions of structural and volcanic units pertaining to the linear ridge class
have been comprehensively detailed by Lynch [1993] with respect to the Crossgrain Ridges. While the
Crossgrain Ridges are older than 40 Ma, are buried beneath hundreds of meters of sediment ( Winterer and
Sandwell, 1987; Lynch, 1993), and are only partially surveyed, most of the Pukapuka ridges east of 135 w

are young (< 10 Ma), are covered by only a thin veneer of sediments (< 150 m; Sandwell et al., 1995), and
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are nearly completely surveyed. Therefor, for the Pukapuka system, it is possible to discern smaller
volcanic features representing modest magmatic volumes as well as finer base detail (abyssal hills and

debris).

3.2.1 Seamount Cluster and Flows

The smallest ridge class is represented by a loose cluster of round volcanoes (Winterer, 1993;
Lynch, 1993) following the same azimuth as more robust ridges (~WNW-ESE; figure 5.3). Several short
seamount chains are present along a N115 OF azimuth. While the sidescan image is somewhat obscure,
ship-facing seamount side-slopes appear as clear, arcuate reflectors, while the tops are commonly non-
reflective. The sidescan image shows all of the volcanoes identified in the bathymetry and additional ones
which are smaller than bathymetry can resolve. Thus seamounts in the image are densely packed linearly,
nearly overlapping. Heights are on the order of a few hundred meters and side-slopes are fairly moderate;
most seamounts grade into a basal, low-slope platform elevated ~100 meters above the local seafloor depth.
Reflective patches are associated with a pair of seamounts to the north. Many studies of seamount
volcanism near spreading axes have correlated reflective seafloor with recent volcanism or debris flow
deposits (Barone and Ryan, 1990; Shen et al., 1993). A Gloria leg 4 core obtained in a reflective region
contained no fresh lava. Reflective flat patches must remain enigmatic, as it seems premature to attribute
all such relations to recent volcanism. If they are recent flows then the age progression within the system is
complex.

Abyssal hill fabric is recognizable in a few locations despite the orthogonal ship track direction.
Abyssal hill faults appear to exert control on the location of seamounts (121 037 'W) and their elongation.
Elsewhere, larger ridge segments often extend "legs" of seamounts at their bases along the local abyssal hill
direction (133.1; Winterer, 1993). The largest seamounts are irregular in shape with preferential directions

along the abyssal hill and overall chain azimuth. Dark (reflective) patches in direct association with
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seamounts truncate along two prominent scarps evident in the bathymetry; such bright-dark relations in

association with seamounts and bounded by abyssal fault scarps are typical throughout the system.

3.2.2 Small Irregular Ridge Segment

Two adjacent small, irregular ridge segments (132.3, 132.4) are shown in figure 5.4. Ridges of
this category typically appear in this region in sets and exhibit a remarkable consistency in form (see also
130.4, 130.5, 133.3, 133.4, 133.7). Whereas edifices belonging to the seamount chain class extend bases
nearly to the local seafloor, maintaining integrity of shape, edifices within a small, irregular ridge segment
maintain closed contours only for the upper half; instead, they reside atop an irregular platform a few
hundred meters above the seafloor. While edifice flank slopes are fairly high (up to 20 9), the platform-to-
seafloor gradation is moderate (~5 ©). The sidescan image is reflective and mottled throughout so that no
trace of abyssal hill fabric is evident (compare with figures 5.2 and 5.3). This suggests that flows and
debris extend far away from the edifices themselves on nearly flat seafloor. The abyssal hill faulting
direction still exerts control on volcanic structure as elongate north-south extensions and central edifice
alignment are superposed on the overall segment direction. At this stage structural control related to the
overall segment azimuth is limited as summit volcanoes have not developed discernible rifts, are poorly

aligned and are not consistently elongated along the segment azimuth.

3.2.3 Irregular Lineated Ridge Segment

The degree to which volcanism is focused linearly increases with ridge segment size. A set of
irregular, lineated segments (129.1-129.2-129.3), connected end-to-end, is shown in figure 5.5. Irregular
lineated segments are distinguished by initiation of near-summit, lineated volcanic features which clearly
connect between volcanic edifices; these are interpreted as rifts. Summit vents, in one or more rows

(Winterer, 1993; Lynch, 1993), are commonly elongated along the overall ridge azimuth. Flank contours
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are often parallel and persistent along the entire segment even at upper levels suggesting that volcanism has
occurred over the entire feature. Such flows appear as arcuate reflectors (especially for ship-facing slopes)
radiating from a summit at upper levels or as steplike cuspate chains at mid-level. Most likely flows
emanating from a linear crestal region seek the steepest grade resulting in parallel contours with time.

Near the base, satellite volcanoes and associated highly reflective seafloor extend both NNW and
SSE from the western segment along a distinct abyssal hill azimuth. A chain of small equant seamounts 5
km to the south of the ridge segment follows the overall ridge azimuth (N105 oE). Tonguelike basal
features are fans composed of debris flows and slumps; usually they are directly below amphitheaters and

are volumetrically minor. Contours generally remain even and fairly steep almost to the base.

3.2.4 Large Prismatic Ridge Segment

The most distinctive members of the Pukapuka volcanic system are regular-shaped, large, elongate
ridge segments with parallel base-to-crest contours, appearing singly (figure 5.6) or connected end-to-end.
In general they resemble long prisms with a central high point (130.3; Winterer, 1993; Lynch, 1993) or
even crest (125.1) that tapers towards the edges. Segments typically have relatively uniform cross-
sectional slopes generally exceeding 20 © and steepening upward to about 30 © near the summit (Winterer,
1993). Summit edifices and calderas are absent. Though contours are universally very linear at all levels,
some local flank contour linearity variation and over-steepening corresponds closely to upslope summit
vents. Also, a stepped pattern is occasionally developed (119.2; Winterer, 1993) though treads do not
maintain the same height along segment.

The along-segment asymmetry of this particular segment is noteworthy, reflecting interaction with
crustal structure. The segment consists of a 14 km long plateau, capped with three elongate vents between
a steeply dipping section to the west and a more moderate, stepped section to the east. While the eastern
section tapers stepwise to distal portions, the western section truncates abruptly against a lineament

oriented approximately NNW-SSE; an abyssal hill scarp is observable with the same trend to the north of
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the western terminus and curving to the north. Other nearby abyssal hill scarps (not shown) have the same
trend. Segment truncation against abyssal hill scarps or their projection appears universal (figure 5.1);
single-segment endpoints (e.g. 126.1, 126.2, 127.6) and multi-segment intra-ridge boundaries (e.g. 122.1-
122.2, 125.1-125.2, 125.3-125.4, 129.1-129.2-129.3, 131.1-131.2) correspond to large-offset abyssal hill
scarps. This observation contrasts with the observation of small seamount preferential alignment along
abyssal scarps, possibly reflecting the near-surface interaction of rising magma with a stress field disturbed
by abyssal hill discontinuity and with seawater cooling (Batiza and Vanko, 1983). As for irregular, lineated
ridges, tonguelike basal features extend below amphitheaters, but are volumetrically minor. Also, large

overall segment volume is accompanied by decreased nearby volcanism as satellite volcanoes are rare.

3.2.5 Large Equant Edifices

Large, equant edifices (guyots and islands; figure 5.7) appear west of ~135 ®W, in marked contrast
to elongate features described above. Generally, they closely resemble older Pacific guyots well described
by Vogt and Smoot [1984]. In particular, each edifice can be distinguished by an upper region of steep
slopes and star-shaped radial protuberances (flank rift zones) and a lower region of more gentle slopes.
Wahoo Guyot contains more than 5 rifts extending from the summit and upper flanks; a few exhibit
terminal bifurcation. Rift orientation is clearly asymmetric, preferring a near east-west azimuth along the
overall edifice and summit elongation direction. Deeper regions are covered by a moderate amount of
debris (compare with 141.1-141.2, Napuka Island) organized in aprons issuing from intra-flank-rift
amphitheaters. In the western Pacific such basal debris is a mixture of volcaniclastic and shallow water
bioclastic and pelagic debris transported from upper levels by slumps and debris flows (Menard, 1956;
Vogt and Smoot, 1984); a dredge of Wahoo Guyot recovered a zooxanthellate coral and phosphorite-

containing planktonic formanifers from upper levels (Winterer, 1993). A few small satellite volcanoes are

observed at lower levels.
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4. PUKAPUKA MORPHOMETRY

4.1 Azimuth Persistence

The Pukapuka system is distinguished by the remarkable east-west elongation of large, prismatic
ridges. Segments of all size ranges exhibit a persistent elongation azimuth (figure 5.8a). The mean
azimuth of all ridges is N107 O, though the dispersion is high for small segments. Dispersion is reduced
as poorly constrained azimuth values (number of points <600; high standard deviation) are edited out; the
mean value of well-constrained azimuths is N103 °E and nearly all values lie between N85 °F and N115
°E (figure 5.8b). The noteworthy exceptions are the westernmost ridge segments on the Tuamotus Plateau
and a group of segments exhibiting a wide range of azimuthal orientations near 127 ow longitude which
are associated with a prominent propagator (figure 5.8c). Otherwise, there is little variation of azimuth
with longitude along the system. Importantly, even small ridge segments and seamount groups are
elongated along an azimuth consistent with larger segments (though their dispersion is greater; figure 5.8d),
indicating that a single process controls the azimuth of nearly all volcanic features regardless of size and
location.

The mean orientation of segments is very close to the recent Nazca-Pacific relative spreading
direction (N103 OE) and the Pacific-hotspot absolute motion direction (N102 0E) of NUVEL-1 and HS-
NUVEL-1 models in this region (DeMets et al., 1990; Gripp and Gordon, 1990). However, all samples
obtained from the Pukapuka ridges (except the western islands) are younger than the spreading
reorganization at 24 Ma. Therefor, while the overall system direction is N95 °E (chapter 4), the orientation
of individual segments is nearly identical to the relative spreading and absolute motion directions during
volcano formation time. A similar set of seamount chains and ridges east of the Pukapuka system and near
the EPR axis (the Rano Rahi Field) exhibits a similar mean orientation (Scheirer and Macdonald,

unpublished manuscript, 1995). If the ridges and seamount chains of both systems are not produced by a
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small moving sublithospheric point-source then another mechanism is required to produce persistent

orientation along the plate motion direction.

4.2 Linearity, Gradient and Form Variation with Height

Even a cursory examination of the system (figure 5.1) reveals that ridge segment linearity and
surficial gradient increase with size; while seamount groups and small, irregular segments are widely
dispersed and irregular, the crests of large, prismatic segments are highly linear and side-slopes are steeper.
This is reflected in an increased standard deviation of grid-cell azimuths for individual segments with
decreased height (not shown). As shown qualitatively in section 3.2, the Pukapuka system exhibits a
regular form variation with size (figure 5.9a); while class assignment in section 3.2 is slightly arbitrary for
small segments, clearly members of a given class constitute a particular size range. Thus, the acquisition of
extended rift zones and parallel flank contours from base to crest (large, prismatic class) corresponds to a
1.5-2.5 km height range, radial symmetry characteristic of equant, western guyots (large, equant class)
requires a 2.5 km minimum height and seamount chains and irregularly shaped ridge segments (small,
irregular classes) are generally lower than 1.5 km.

The mean surficial gradient is the mean of all grid-cell slopes for a given segment. This value is
naturally less than cross-sectional slopes taken from prismatic segment centers (see section 5.1). Ridge
segment gradient increases nearly linearly with height from a minimum of 0.1 (5.7 ©) for the seamount
chain 123.2 up to 0.24 (13.5 0) for large prismatic segments 131.1 and 131.2 (figure 5.9b). Small volcanic
fields and small, irregular ridge segments do not develop the steeply-sloped rift-zone morphology of large,
prismatic ridge segments. If such rift zones represent lateral magma injection (Ryan et al., 1981) then
steeply dipping, intruded blade-like sheets are expected to sustain a steeper surficial gradient (see below).
The large (>3 km), western, equant guyots have lower mean gradients reflecting the low angle of repose
characteristic of volcaniclastic and shallow water bioclastic debris transported from shallower levels to

deeper, low-slope aprons (Vogt and Smoot, 1984).
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Considered together these results suggest that Pukapuka volcanics are produced by a process which yields a
characteristic elongation in a direction persistent for all size ranges and throughout the survey. According
to Sandwell et al. [1995] the component of slab-pull force parallel to absolute plate motion is exactly
balanced by the integrated asthenospheric drag stress on the base of the plate, while the perpendicular, slab-
pull force is transmitted between trenches. Thus near the spreading axis the maximum tensile stress (nearly
north-south) is perpendicular to the absolute motion direction (nearly east-west). Therefore ridge segment
orientation along the recent absolute spreading direction is consistent with the diffuse-extension model
(Sandwell et al., 1995) prediction near the paleo-spreading-axis. The form of features is a function of size.
As height increases, ridge segments develop elongated rifts and increase surficial gradient and linearity.
Thus conduit structure progresses from semi-parallel single fields to a single crestal rift. Interestingly,
Pukapuka volcanic forms are not distributed randomly; instead similarly-formed segments congregate with
some overlap (e.g. prismatic, 118 ow-122.5 °w; prismatic, 125 OW-127 °W; seamount group-small,
irregular, 132.5 Ow-135 °w; equant edifice, 135 w-142 0W). A particular distinction is required for
large, equant edifices in the west formed on older lithosphere (Sandwell et al., 1995); these may be ascribed

to a different process altogether.

5. PUKAPUKA PRISMATIC RIDGES AND HAWAIIAN FLANK RIFTS

It is clear that the growth of long rift zones and linear crests in the Pukapuka system is limited to
large, prismatic segments. The development of flank rift eruptive centers is expected to be a natural
consequence of size because increased summit height increases magma column basal pressure such that it
is relatively easier to pump magma laterally into flank rift zones (Vogt and Smoot, 1984). Hawaiian
volcanoes are noted for extending long, volcanic submarine rift zones as much as 100 km from their
summits. Each of the 14 volcanic centers that constitute the Hawaiian chain from Kauai to Hawaii has two
or more identifiable rift zones (Fiske and Jackson, 1972) which grow by lateral injection of thin, steeply-

dipping, blade-like dikes. An injection event is generally observed by a down-rift eruption along fissures
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oriented parallel to the regional rift zone trend and are accompanied by down-rift earthquake swarm
migration and summit deflation. The morphologic resemblance of Pukapuka prismatic ridge segments to

Hawaiian rift zones suggests that they are similarly formed.

5.1 Morphologic Similarity — Cross-section

Ridge cross-sections are a function of constructive and destructive processes. Puna Ridge is a 70
km long, northeast-trending volcanic rift, the submarine extension of the subaerial East Rift Zone of
Kilauea volcano. Surface ship studies (Malahoff and McCoy, 1967, Moore and Fiske, 1969) and
submersible investigations (Fornari et al., 1978; Lonsdale, 1989) have shown that Puna Ridge consists of
purely constructional volcanic terrain on its crest and upper flanks. While the crestal region appears fresh,
flank regions are increasingly weathered and covered with sediment down slope (Fornari et al., 1978;
Lonsdale, 1989). Mass wasting events produce fault-blocks at upper levels and redeposition at lower
levels. Because Puna Ridge is young relative to other Hawaiian rifts, it exhibits the dominance of
volcanic/intrusive constructive processes rather than slumping events and carbonate reef terrace
development (Fornari, 1987). Pukapuka prismatic ridges also exhibit a dominance of construction over
mass wasting processes, as noted before.

The transverse profile of Hawaiian rift-zone ridges is controlled at the crest by the width of the
dike intrusion zone and on the flanks by the mobility of erupted lavas at young ages and susceptibility to
slumping at older ages (Fornari et al., 1978; Lonsdale, 1989). Puna Ridge and most prismatic Pukapuka
ridges are very similar in cross-section (figure 5.10a). Almost the entire length of Puna Ridge contains a
11-km-wide dike complex (Malahoff and McCoy, 1967) and most of the ridge crest has a flattened axial
area 2-3 km wide (Lonsdale, 1989). The low mobility of Puna pillow lavas accounts for narrow ridges
imposed on the crestal flattening. Similarly, prismatic Pukapuka ridge segments are characterized by a
narrow summit platform a few kilometers wide capped by elongate vents. Puna Ridge flanks dip nearly

smoothly with an average slope of 8-12 ©, with intermittent, small, arcuate, outward-facing scarps that are
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interpreted as slope failure scars (Lonsdale, 1989); also talus ramps photographed on steep slopes are
attributed to superficial mass wasting. Pukapuka prismatic segments are as even in slope but universally
steeper, with 19-27 ° slopes over central portions. Fornari [1987] attributes asymmetric over-steepening to
lack of buttressing by surrounding edifices. A survey of asymmetric slopes of Pukapuka ridges fails to
confirm such a relation (table 5.1; figure 5.10a). Perhaps like Loihi Seamount's western block (Fornari,
1987) Pukapuka segments are underlain by a dike complex that is more resistant to weathering as dredging

near ridge crests was mostly unsuccessful (Winterer, 1993).

5.2 Morphologic Similarity — Along-section

A dike propagates if its stress-intensity factor is greater than a critical value, K, the fracture

toughness of the rock (Rubin and Pollard, 1987). For a dike to propagate laterally with a stable height, the
stress intensity factor, K, must exceed K. at the down rift edge and must be less than K. at top and bottom.
Essentially, this means that vertical dike trapping requires the driving pressure within the dike to be larger
in the center than at the top and bottom. The factors influencing stress intensity are far more complex than
the simple porous volcano, hydraulic potential models of Lacey et al.[1981] and Angevine et al. [1984] and
include both factors pertaining to dike geometry and to the driving pressure (the difference between the
magma pressure and the remote stress) acting on the dike plane (Rubin and Pollard, 1987). Dike internal
pressure factors include reservoir magma pressure, density and vesiculation which affect the vertical
driving forces, and viscous head loss which reduces lateral driving with distance. Remote stress factors
include edifice density stratification, ridge gravity loading (Fiske and Jackson, 1972), previous intrusions,
thermal memory, faulting (Dietrich, 1988) and plate tectonic forces. The final along-axis plunge angle of a
given rift is a function of variation in all these in addition to the time-integrated effects of subsidence.
Therefore, while the along-axis profiles of Hawaiian rifts are generally smooth, axial submarine plunge

angle prediction (away from coralline platforms) is not straightforward.
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In general the slope angles of Hawaiian volcanoes decrease with length, ranging from 10 © for the
young, small Loihi seamount (Fornari et al., 1988) to 3 © for Puna Rift (Lonsdale, 1989); ruggedness is
related to eruptive activity recency. They exhibit a rounded nose profile, with increasing plunge angle at
distal portions, rather than tapering smoothly (Lonsdale, 1989). The along-axis profiles of prismatic
Pukapuka ridge segments (figure 5.10b) are less smooth and more variable but in general plunge angles are
similar. The along-axis profiles of Pukapuka prismatic ridges can be distinguished by three domains, a
jagged crestal portion, a moderately dipping flank rift and a rounded nose with increased dip. Bumps along
the crestal portion correspond to circular and elongate vents and share a common plateau depth. As well,

flank rift plunge angles decrease with length from 11 ©(130.3, 131.1 and 131.2) t0 2.7 © (122.2).

6. DISCUSSION

6.1 Pukapuka Ridges — A Hawaiian Rift Model?

Dikes naturally propagate normal to the least principal stress direction (Anderson, 1972) and
continued injection extends a dike down-rift along the long axis. In general, the location, orientation and
persistence of dike injection within the flank rift of a shield volcano, such as Hawaii, is constrained by the
location and height of the summit caldera, by a driving pressure that requires lateral extension and by local
stress directions. In Hawaii, these sources of stress are usually attributed to the topographic response to
gravitational force. Fiske and Jackson [1972] demonstrated with fluids injected into the axes of prismatic
gelatin molds that gravitational sag within an elongate ridge focuses fluid propagation along the axis; as
well, neighboring edifices generate a tensional stress field which controls the trend of radial dikes or rift
zones. In this manner, the Puna Ridge is fixed by the buttressing of Mauna Loa's East Rift while the north-
south orientation of Loihi is dictated by the position of Kilauea's East and Southwest rift zones. Therefore,

the elongate shape of closely-packed, ridge-like edifices is expected to maintain local stress field
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persistence and dike emplacement direction. Wyss [1980] alternatively contends that the orientation of a
new rift is along the greatest compressive stress direction which radiates from older edifices.

Clearly, the morphologic and morphometric similarity of Hawaiian flank rifts and the large
prismatic Pukapuka ridge segments suggests that their internal conduit structure and eruptive and mass-
wasting modes are similar. However, two main problems remain. First, while Hawaiian-type rifts (such as
the Puna Ridge) laterally project from a cylindrical summit caldera, there is no equivalent summit region
for Pukapuka prismatic ridge segments. Instead, the entire crestal region is elongate and very narrow.
Similarly, Loihi seamount has been dominated by constructional volcanism from early ages (Fornari et al.,
1988); if it had been dominated by summit eruption then it would have acquired a circular form with rifts as
radial appendages. Long-term magmatic and volcanic activity along rift zones results in pronounced
elongation. Nevertheless, Loihi still has a small summit region. The prismatic Pukapuka segments exhibit
no equivalent central, circular conduit; instead the jagged narrow crestal plateaus (>50 km for segment
125.1) are likely underlain by an elongate complex of rising dikes. Individual shallow crestal regions (~3
for segment 125.1) may correspond to coaligned robust sources.

Second, models involving rift gravitational sag and control by other edifices (Fiske and Jackson,
1972; Wyss, 1980) cannot apply to produce the Pukapuka prismatic ridges because most ridge segments
exist in isolation or end-to-end (figure 5.1). Essentially, bilateral rift symmetry is inconsistent with a
hydrofracture model in absence of a regional stress, because a third arm is expected to develop in an
isotropic stress distribution. Therefor, alternative mechanisms must be considered which maintain
persistent azimuth for all ridge segments and which produce elongated primary eruptive centers. Two

principal factors, regional tectonic stress and reservoir elongation are considered below.

6.2 Tectonic Regional Stress — Seafloor and Ascent Processes

The preferred orientation of Pukapuka volcanic segments normal to the least compressional stress

direction predicted by the stretching model (Sandwell et al., 1995) suggests that a tectonic regional stress
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controls azimuth. Nakamura [1977] defined tectonic stress regimes (extensional versus contractional) and
principal stress directions based on the orientation of dike fissures. Fissures are vertical in cross-section
and directed horizontally along the plane defined by the greatest and intermediate principal stress
directions. The orientation of principal local stresses governing a given volcano can be mapped out based
on the strike of its dike and rift systems, central conduit elongation and parallel flank contour development
(Nakamura, 1977; Nakamura et al., 1977); a linear edifice alignment and common rift zone direction for a
field of volcanoes are ascribed to a tectonic stress that governs the whole area. If this model is extended to
the Pukapuka region then the persistent orientation of fissures and eruptive events along the rift-dominated
ridges is determined by a regional tectonic stress pattern consistent with Sandwell et al. [1995]'s prediction
of nearly north-south directed tension.

An additional cause of edifice elongation and orientation may relate to processes occurring during
melt ascent from magmagenic regions in the upper mantle to crustal magma chambers and to the surface.
Over the past 15 years a number of numerical and mechanical models have demonstrated that fracture
propagation is the primary mechanism by which positively buoyant magmas are transported through the
lithosphere (Maaloe, 1987; Lister, 1990; Spence and Turcotte, 1990; Takada, 1990; Lister and Kerr, 1991,
Heimpel and Olson, 1994). According to such models, when a crack is sufficiently large and the fluid
sufficiently buoyant, the leading edge stress intensity exceeds the fracture toughness of the surrounding
country rock and the fracture propagates upward. As for rift-zone dikes, rising cracks are oriented along
the plane defined by the maximum and intermediate compressive directions and are shaped like inverted
tear drops in cross section.

Recently, Takada [1994a-c] has examined the role of buoyancy-driven and pressurized-crack
interaction in the accumulation of magma during ascent. On the basis of viscous fluid-gelatin tank
experiments and numerical stress analysis Takada [1994a] tested the coalescence of cracks with variable
crack separation and relative height. Systematically, crack coalescence and preferential direction are a
function of supply rate, principal stress orientation and deviatoric stress (the difference in principal stress

magnitude). First, vertical propagation requires that the minimum compressive component is horizontal; a
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maximum component in the vertical plane may lead to normal faulting. Second, if the orthogonal
horizontal stress components are sufficiently unequal, then a parallel crack system normal to the least
compressive stress is expected; if they are equal, then a radial crack system is expected. Third, with a
decreasing difference between the vertical and minimum horizontal components and/or an increasing
magma production/supply rate, magma is increasingly focused in space along an azimuth normal to the
least compressive stress; a preferred linear magma path is formed which maintains the continuity of
eruptive sites with time (Takada, 1994b).

The deviatoric stress-buoyant rising crack interaction mechanism in conjunction with the tectonic
stress orientation predicted by Sandwell et al. [1995] agree with several observations of the Pukapuka
volcanic system. Sandwell et al. [1995] predicts a lithostatic vertical stress (maximum), tension oriented
nearly north-south (minimum), and gradually increasing east-west tension (intermediate) with distance
from the spreading axis. Therefor east-west cracks are predicted near the axis and radial cracks are
predicted on older, distant seafloor where the horizontal components are closer. This is consistent with the
progression from elongate rifts to equant guyots and islands from young to old seafloor (at formation time).
An additional contribution to an isotropic reservoir distribution may be longer ascent paths for large, equant
guyots. Alternatively, this variation could be related to formation of older, equant volcanoes before tension
initiation. The Pukapuka ridge segments exhibit a distinct variation of form with height, as extended linear
rift zones develop only for segments taller than 1500 m. Subregions of the system are characterized by
similar features. If the height of ridge segments is indicative of magma production or supply rate, then
perhaps the progression to prismatic ridges represents greater coalescence and accumulation of magma-
filled cracks during ascent, where the convergent magma path corresponds to the central crestal location.
In this case a subregion of similarly formed segments corresponds to coeval events with the same
deviatoric stress, lithospheric thickness and magma supply rate parameters.

The planar distribution of sublithospheric magma is likely an important factor as seamount
clusters are elongate along the same direction as larger features even in absence of crack-mechanics related

topography. An elongate magma lens beneath the East Pacific Rise axis supplies magma in one or more
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coaligned centers to buoyantly-rising and laterally-spreading dikes yielding a sheeted dike complex above.
Perhaps the uniform elongation and orientation of most Pukapuka system volcanoes is attributed to
elongate or coaligned partial melt reservoirs (Gurnis, 1986; Scheirer and Macdonald, unpublished
manuscript, 1995) where central-rift-dominated volcanism results from an augmented, coalescing supply
and a preferred crustal magma path. The mechanisms described above may act cooperatively; for example,
Hawaiian-model lateral flank dike propagation away from an edifice magma chamber is expected to follow
the rise of buoyancy-driven, fluid-filled cracks through lithosphere characterized by varying degrees of

deviatoric stress.

6.3 Magma Overpressure and Fault Suppression

The absence of normal faulting evidence within the Pukapuka system has been a principal
criticism of the diffuse extension (Sandwell et al., 1995) and volcano-fault-nucleation (Lynch, 1993)
models. A careful review of multibeam bathymetry and sidescan imagery confirms the absence of surficial
features consistent with faulting. Nevertheless, extension need not necessarily be attended by a great deal
of normal faulting if magmatism is pervasive. For example, extension at the East Pacific Rise, East African
Rift and Snake River Plane is accommodated by increased magmatism (Parsons and Thompson, 1991).
Tabular basaltic intrusions acting against and increasing the magnitude of the minimum compression
direction (reducing deviatoric stress) act to suppress normal faulting and the accompanying topographic
relief and seismicity ( Parsons and Thompson, 1991). Robust volcanism evidenced by pervasive Pukapuka
volcanoes and regional altimetry gravity anomaly bumps attributed to volcanoes south of the Marquesas
Fracture Zone (chapter 4) indicates that abundant melt sources may exist beneath the lithosphere. Possibly,
numerous dikes are emplaced in addition to a large number of extrusive events that comprise observed
surficial features. Thus, it may be possible that a small amount of regional, north-south directed extension

is relieved by east-west oriented vertical dike emplacement.
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7. CONCLUSIONS
1) Though the morphology of Pukapuka ridges is consistent with north-south extension, the lack of
normal faulting evidence excludes a dry-fracture mechanics model.
2) Pukapuka segment morphologic form is a function of size. With increased height, east-west

oriented summit vents, flank rift zones and a narrow linear crestal ridge are developed. Azimuth is
persistent for all size ranges while linearity and horizontal gradient increase with size. Features of similar
form congregate regionally. Thus features are formed by a similar process with a variation in governing
parameters such as lithospheric thickness, deviatoric stress and magma supply.

3) Small seamounts are preferentially located on abyssal hill scarps, whereas small, irregular ridges
are perturbed along abyssal hill directions and large, prismatic ridge segments truncate abruptly.

4) Pukapuka prismatic ridge segments resemble in form large, submarine, Hawaiian flank rift ridges,
suggesting that their internal structure and eruptive and mass-wasting modes are similar.

5) An additional source of regional stress is required. The preferred orientation of volcanic segments
normal to the least compressive stress direction predicted by Sandwell et al. [1995] in the region suggests
that tectonic stress controls azimuth. North-south directed tension affects stress regimes during ascent and
within growing edifices.

6) Pukapuka morphologic trends may be explained by variable coalescence between buoyancy-
driven, fluid-filled cracks and the formation of a preferred magma path which increases with increased
magma supply or decreased deviatoric stress.

7 Though normal faults are not observed in the model, north-south directed tensional stress may
have occurred during volcano formation as normal faulting may be suppressed in this region due to the

abundance of available magma.
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Figure 5.1 Color-scale contiguous multibeam bathymetry map sections of the Pukapuka volcanic
system (Gloria legs 3b and 4, Westward legs 1 and 4, RC2608, Tune02wt). The contour interval is 200

meters. Ridge segments and seamount clusters are labeled by longitude.
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Table 5.1

Segment Longitude Latitude Type Length Width  AzimuthMaximum Mean Volume Cross  Gradient
West East South  North Height Height Gradient
km km  NOE km km  km3  (ns)

118.1 -11847  -117.82  -17.28 -17.10  lpr 60.5 9.5 97 1.82 0.53 539 0.22,0.19 0.16
118.2 -119.09  -11847  -17.26 -1698  ilr 43.5 15.5 102 2.17 0.66 860 _— 0.18
118.3 -11823  -118.05 -17.38  -17.27 sir 17.0 8.0+  (106) 1.02 037 84 —_— 0.12
119.1 -119.58  -119.16  -17.13 -16.85 ilr 39.0 16.5 106 1.66 0.56 569 — 0.15
119.2 -120.07  -119.58 -17.02  -16.83 Ipr 47.0 11.0 99 1.77 0.60 541 0.26,0.27 0.19
119.3 -120.03  -119.73 -17.40 -17.23 ilr 20.0 9.0 (78) 1.01 0.35 177  — 0.12
120.1 -120.26  -120.07 -16.93  -16.78 Ipr 19.0 10.0 107 1.56 0.56 166 — 0.20
120.2 -120.72  -12026  -16.89 -16.67 lpr 45.0 140 99 1.95 055 523 0.29,0.21 0.20
120.3 -12029  -119.97 -17.33  -17.13 ilr 30.0 1.0 99 1.24 043 265 —_— 0.13
120.4 -120.60  -120.29 -17.25  -17.07 ilr 21.5 9.5 (129) 1.00 0.37 191 _— 0.12
120.5 -121.12 -120.87 -16.97 -16.83 ilr 225 9.5 97 1.34 0.40 125 e 0.18
120.6 -120.75  -120.60 -1691 -16.77 sir 13.5+ 75 — 0.97 036 85 e 0.15
121.1 -121.25  -120.78 -17.13  -16.85 sC 395 5.5 5_ 1.34 0.27 208  — 0.15
121.2 -121.40  -120.83 -16.82  -16.67 sir 56.0 8.0 111 0.95 0.30 179 —_— 0.12
121.3 -121.82  -121.37  -17.02 -16.83 sc 375 5.0 (115) 0.73 0.18 66 — 0.13
121.4 -121.68  -121.48 -16.54  -16.40  sir 14.0+ 6.0+ -—--- 0.71 026 54 —_— 0.13
122.1 -122.10 -121.80  -16.80 -16.60  lpr 25.5 13.5 98 2.06 0.54 302 0.20,0.19 0.16
122.2 -122.57  -122.10 -16.77 -16.50  lpr 47.5 120 112 1.96 0.51 438 0.21,0.22# 0.17
123.2 -123.57  -123.38 -16.80 -16.62 sc 30.0+4 4.0+ —— 0.48 0.16 23 — 0.10
124.1 -124.71 -124.43 -16.57 -1642  ilr 245 9.5 97 0.90 0.33 138 —_ 0.12
125.1 -125.57  -124.71 -16.60 -16.32  lpr 83.5 16.0 96 1.91 0.57 965 0.27,022 0.18
125.2 -126.07  -125.57 -16.47  -1632  lpr 47.0 105  —— 1.92 0.50 353 —_— 0.20
125.3 -125.49  -125.12 -16.27 -16.10  lpr 35.0 9.0 102 1.76 0.50 257 0.35,0.29# 0.20
1254 -126.03  -125.49 -16.23  -16.03 lpr 48.5 125 98 1.80 0.57 481 0.21,0.21# 0.19
125.5 -125.78  -125.52 -15.77  -15.58 ilr 22.0 4.5 95) 0.98 023 65 — 0.14
125.6 -126.02  -125.79 -16.83  -16.71 sir 21.0+ 50+ —— 0.71 022 40 e 0.14
126.1 -126.56  -126.08 -16.82  -16.71 ilr 245 6.0 93 1.11 0.31 103 — 0.16
126.2 -126.93  -126.53 -16.29 -16.14 Ipr 335 9.0 98 1.95 0.50 272 0.25,0.24 0.20
126.3 -126.98  -126.77 -16.70  -16.58 ilr 19.0 6.0 93) 0.73 029 72 — 0.12
127.1 -127.09  -126.91 -16.37  -16.23 S 14.0 9.5 117 1.40 0.43 101 e 0.21
127.2 -127.25  -127.16  -16.34  -16.23 s 7.0 7.5 (20) 1.45 057 72 —— 0.19
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Table 5.1 (continued)
Segment Longitude Latitude Type Length Width  AzimuthMaximum Mean Volume Cross  Gradient
West East South  North Height Height Gradient
km km  NCE km km  km3  (ns)

127.3 -127.33  -127.13 -16.50 -16.41 sir 19.0 5.5 (110) 0.78 024 43 —_— 0.16
1274 -127.33  -127.03 -16.79  -16.68 sir 265+ 7.0+ —— 1.29 0.46 149 —_— 0.16
127.5 -127.42  -127.25 -16.40 -16.28 ilr 16.0 7.0 62 1.30 0.48 120 — 0.19
127.6 -127.58  -127.42 -16.40 -16.13 ilr 18.5 9.0 146 1.56 0.46 167 _— 0.18
127.7 -127.91 -127.63 -16.44  -16.27 sc 29.0 7.0 (154) 0.56 0.14 37 —-- 0.14
128.2 -129.00  -128.78 -16.77  -16.68 sc 19.5 6.0+ — 0.52 020 27 ——-- 0.10
129.1 -129.08  -128.92 -1598 -15.83 ilr 14.5 120 97 1.54 0.45 120 —— 0.19
129.2 -129.22  -129.08 -1593 -15.80 ilr 14.5 8.0 (116) 1.08 0.41 81 _— 0.17
129.3 -129.53  -129.22 -15.88 -15.67 ilr 240 7.0 108 1.30 0.37 240 _— 0.17
130.1 -130.40 -130.06 -15.90 -15.77 ? 28.5+ 7.0+ —— 0.84 0.31 91 e 0.14
130.2 -130.27  -129.77 -1575 -15.55 sc 44.5 4.5 (113) 0.66 0.12 47 —— 0.13
130.3 -130.67  -130.30 -15.69 -15.53 lpr 26.5 10.5 101 2.03 0.50 264 0.30,0.28%# 0.20
130.4 -13047  -130.31 -1594 -15.88 sir 12.0 5.0 (113) 0.96 029 40 —_— 0.17
130.5 -130.54  -130.40 -15.88 -15.80 sir 11.0 4.5 (113) 0.83 033 42 — 0.15
130.6 -130.87  -130.67 -15.67 -15.58 sir 14.5 4.0 97) 0.56 0.19 30 _— 0.13
131.1 -13129  -131.00 -15.63  -15.47 lpr 22.0 13.5 109 2.50 0.76 376 0.29,0.33# 0.24
131.2 -131.57  -131.29 -15.60 -1543 lpr 28.0 12.5 100 2.25 0.64 298 0.29,0.24# 0.24
131.3 -132.12  -131.57 -15.73  -15.30 sc - (121) 0.64 0.12 50 —_— 0.14
132.1 -13245  -132.13 -15.75  -15.57 ilr 26.5 10.5 91 1.51 039 245 —_— 0.17
1323 -132.82  -132.63 -15.38  -15.27 sir 18.0 55 94) 0.82 027 49 —— 0.15
132.4 -13290  -13247 -15.73  -15.53 sc 33.0 ——  (135) 0.47 0.11 23— 0.14
133.1 -133.17  -132.83 -15.53  -15.42 ilr 235 8.5 98 1.49 0.47 223 —_— 0.17
1333 -133.63  -133.43 -15.55 -15.43 sir 18.5 6.0 89) 0.72 025 61 — 0.14
133.4 -134.12  -133.67 -15.67 -15.45 sir 34.0 5.0 (111) 0.81 0.18 132 ——— 0.14
133.5 -133.32 -133.02 -16.48  -16.32 sc —— — (57 0.58 0.11 16 ——— 0.12
133.7 -133.84  -133.67 -15.52  -15.45 sir 17.5 4.0 93) 0.57 0.16 20 e 0.12
133.8 -133.27  -133.08 -15.18  -14.98 s — — (44 1.10 0.31 69 —— 0.14
133.9 -133.57  -133.18 -15.73  -15.55 sC 31.0 35 (131) 0.55 0.13 32 —_— 0.12
134.1 -134.58  -134.15 -1539  -15.24 sir 355 8.5+ ——- 1.05 0.29 134 — 0.16
134.2 -13458  -134.17 -15.73  -15.40 sir 35.0 15.5  (125) 1.32 029 276 — 0.17
1343 -134775  -134.58 -1545  -15.25 sc 11.0+ 5.5 —_— 1.13 0.18 49 — 0.17
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Table 5.1 (continued)

Segment Longitude Latitude Type Length Width  AzimuthMaximum Mean Volume Cross Gradient
West East South  North Height Height Gradient
km km NOE km km km3 (n,s)

1344 -134.75 -134.63 -15.60 -1549 sir 9.0 5.0 (80) 0.48 0.17 22 — 0.13
134.5 -134.89 -134.77 -14.78  -14.63 s 10.0+ 10.5+ ——- 1.81 0.50 78 e 0.19
135.1 -135.29 -134.87 -1543  -15.16 lee 435 25.5 115 3.69 0.84 1007 0.19
135.2 -135.12 -134.90 -15.13  -14.98 sir 195+ 7.0 —_— 0.87 034 95 0.13
135.3 -135.62 -135.27 -1520 -15.03 Ipr 335 9.5 99 1.84 0.61 451 - 0.18
135.5 -136.13 -135.62 -15.25 -1499 lee 51.0 25.0 99 3.57 0.82 1042 —— 0.20
135.6 -135.93 -135.70 -15.00 -14.92 sir 20.0 6.0 91) 0.91 0.33 58 — 0.15
136.1 -136.65 -136.03 -15.26 -15.03 lpr 56.5 14.5 105 1.96 0.54 638 0.19
136.2 -136.58 -136.15 -15.36 -15.16 sC 41.0 7.0 106 1.96 0.45 275 0.19
136.3 -137.13 -136.73 -15.07  -14.77 lee 35.0 25.5 95) 345 0.82 973 —_— 0.19
137.1 -137.43 -137.13 -1497 -14.87 ilr 28.0* 9.5* 93 1.87 0.62 234 e 0.18
137.2 -137.72 -137.43 -15.03 -14.87 ilr 17.0* 7.5*% 101 1.49 040 200 — 0.17
137.3 -138.03 -137.72 -1498 -14.86 ilr 22.5* 8.0* 107 1.06 0.29 91 —_— 0.15
138.1 -138.30 -138.06 -15.07 -1493 ? 1.06 0.27 64 @ 0.13
138.2 -138.62 -138.40 -15.07 -14.87 ? 21.5+*  6.5+* ——0o 0.89 0.35 114 —_— 0.11
138.3 -139.03 -138.64 -15.00 -14.67 lee 41.5* 32.5%  (125) 3.31 0.83 1003 —_— 0.18
139.1 -139.25 -139.03 -14.76  -14.62 lee 24.0+*  15.5+* —— 2.54 0.80 241 — 0.23
139.2 -139.27 -139.16 -14.87 -14.75 ? 10.0* 9.0* (179) 1.40 0.44 66 ———— 0.21
139.3 -139.43 -139.30 -15.26  -15.11 s 11.5*% 14.5* (174) 1.05 0.37 72 —_— 0.14
1394 -139.84 -139.64 -14.85 -14.72 ? 22.0* 6.5*% (165) 0.68 0.18 29— 0.14
139.5 -140.06 -139.91 -14.67 -14.52 ? 17.5* 5.5% (149) 0.43 0.11 7 0.14
140.1 -140.42 -140.13 -14.58 -14.40 lpr 30.0% 9.5 127 1.60 0.39 161 - 0.21
140.2 -140.87 -140.53 -1442 -14.18 lpr 35.5* 13.5% 118 1.72 0.46 245 — 0.22
141.1 -141.33 -140.98 -1432  -14.03 lee 39.0* 24.5* 115 2.77 070 688 - 0.20
141.2 -141.52 -141.33 -1422  -13.98 lee 24.5% 16.0* 126 2.36 096 489 o 0.22
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