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Abstract

The Ontong Java, Manihiki, and Shatsky oceanic plateaus are among the Earth’'s largest igneous provinces and are
commonly believed to have erupted rapidly during the surfacing of giant heads of initiating mantle plumes. We investigate
this hypothesis by using sediment descriptions of Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP)
drill cores to constrain plateau subsidence histories which reflect mantle thermal and crustal accretionary processes. We
find that total plateau subsidence is comparable to that expected of normal seafloor but less than predictions of thermal
models of hotspot-affected lithosphere. If crustal emplacement was rapid, then uncertainties in paleo-water depths allow for
the anomal ous subsidence predicted for plumes with only moderate temperature anomalies and volumes, comparable to the
sources of modern-day hotspots such as Hawaii and Iceland. Rapid emplacement over a plume head of high temperature
and volume, however, is difficult to reconcile with the subsidence reconstructions. An aternative possibility that reconciles
low subsidence over a high-temperature, high-volume plume source is a scenario in which plateau subsidence is the
superposition of (1) subsidence due to the cooling of the plume source, and (2) uplift due to prolonged crustal growth
in the form of magmatic underplating. This prolonged crustal growth and uplift scenario may explain the low and thus
submarine relief during plume initiation, the late stage eruptions found on Ontong Java (90 Ma) and Manihiki (~70 Ma),
alarge portion of the high-seismic-velocity lower crust, and the widespread normal faults observed throughout and along
the margins of the three plateaus. Such late stage underplating may have occurred continuously or in discrete stages over
~30 m.y. and implies lower magmatic fluxes than previously estimated. [ 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ontong Java and Manihiki Plateaus, together with
the Shatsky Rise, are among the largest of the
world's igneous provinces. Due to their great size
and possible high eruption rates [1,2], the formation
of these plateaus may represent a mode of mass
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and heat transfer from the mantle to the Earth’s sur-
face in the Cretaceous that was very different than
those active at present-day. A hotspot-type origin,
explained as the surfacing of a hot mantle convection
plume at the base of the lithosphere, has become
widely accepted. One type of hotspot model that has
gained support attributes the high igneous volume
and eruption rates to the surfacing and melting of
giant heads of initiating mantle plumes (e.g. [3,4]).
This model suggests an extreme mantle source with
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temperature anomalies as high as ~350°C [4,5] and
an initia radius of ~400 km [1,5] which eventually
spreads beneath the lithosphere over lateral distances
of ~2000 km [4]. In contrast, less extreme hotspot
models advance a more continuous growth history
involving along-lasting mantle plume rising beneath
an aready volcanically active oceanic spreading cen-
ter, asin the case of Iceland [6,7].

The association of these features with hotspots
predicts anomalous uplift of the regional seafloor
in the form of a “hotspot swell” [8,9]. The hotspot
swell then subsides rapidly as the anomalously high
mantle temperatures diminish, and the swell even-
tually disappears [9—-11]. The other main source of
topographic variation is igneous emplacement itself,
which after it is complete, causes permanent topog-
raphy that we observe today as the oceanic plateaus.
Thus, plateau subsidence histories — as revealed by
the nature of sedimentsthat have accumulated on top
of plateaus — can provide constraints on the mantle
thermal as well as crustal accretionary evolution.

In this study, we compile sediment descriptions
from DSDP/ODP Sites 288, 289, 803, and 807 on
Ontong Java, Site 317 on Manihiki, and Site 305
on the Shatsky Rise, which penetrated to or near
basement. We then examine the depths of sedimen-
tation since the time of basement emplacement, and
estimate the sediment-unloaded isostatic depth of
igneous basement in order to isolate the vertical
trgjectories of the plateaus as driven only by man-
tle and accretionary processes. Next, we compare
estimates of total subsidence with predictions of
thermal models of plume-influence lithosphere, and
finally, examine the implications as to the nature of
the mantle source, the style of plateau accretion, as
well as possible causes of post-emplacement tecton-
ism.

2. Tectonic setting

2.1. Ontong Java Plateau

The Ontong Java Plateau may be the largest flood
basalt province in the world [1] (Fig. 1b). Its broad
and relatively flat surface stands ~3 km above the
surrounding seafloor as supported isostatically [12]
by athick (=25 km) igneous crust [13—15]. Basalts

sampled at DSDP Site 289 and ODP Site 807 [16]
(Fig. 1b), as well as on the Solomon Islands of
Malaitiaand Santa Isabel [17], yield “°Ar/*°Ar dates
of ~122 Ma, indicating that an Early Cretaceous
magmatic event spanned an area comparable to that
of the entire modern plateau. Other samples on Santa
Isabel [17] and at ODP Site 803 [16] yield an age of
~90 Ma, indicating a later constructional event that
spanned an area equally as broad.

Ontong Java may have formed at or near a mid-
ocean ridge as suggested by findings of geochemical
signatures that are characteristic of mid-ocean ridge
basalts (MORB) [7], as well as major and trace el-
ement compositions suggestive of high extents of
partial melting [16,17]. Indeed, the Nauru Basin
magnetic lineations across from the drill sites range
from M10 (131 Ma [18]) near Site 288 to M26
(~155 Ma[18]) near Site 807, thus suggesting these
sites may have erupted on relatively young seafloor
only 9-33 m.y. old. These estimates for pre-existing
seafloor ages, however, assume no offset in seafl oor
ages between the Nauru Basin where in fact the pres-
ence of ridge segment offsets has been proposed by
other workers [15,19]. Finally, block faulting asim-
aged seismically [14,20] and inferred from satellite
gravity images [21] (Fig. 1b), may indicate rifting
and transform tectonics associated with a mid-ocean
ridge. We will discuss a possible aternative mecha
nism for faulting below.

2.2. Manihiki Plateau

The Manihiki Plateau spans an area approxi-
mately athird as broad as Ontong Java (Fig. 1¢). Its
elevation of 2—3 km above the surrounding abyssal
seafloor is supported by a crust ~21 km in thick-
ness [14]. Faulting within and along the margins of
Manihiki indicate crustal extension, possibly related
to rifting at either the Pacific-Antarctic spreading
center or the Pacific—Antarctic—Farallon triple junc-
tion during Manihiki’s formation [22]. In satellite
gravity images [21], these tectonic features are evi-
dent as linear highs and lows within and surrounding
the plateau (Fig. 1c). Tarduno et al. [2] argued that
Manihiki formed at approximately the same time
as Ontong Java (early Aptian), and was also as a
result of rapid flood volcanism. The only drill core
that reached basement (DSDP Site 317) yields a
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Fig. 1. Satellite-derived gravity maps [21] of (a) Shatsky Rise, (b) Ontong Java Plateau, and (c) Manihiki Plateau in the western Pacific.
White contours outline ETOPO5 depths of (a) 5100 m, (b) 4000 m, and (c) 4500 m. The locations of the ODP and DSDP drill sites are
marked with stars, and magnetic lineations of the surrounding seafloor are marked [26,27]. Arrows point to examples of linear gravity

features which may reflect crustal normal faults. The Solomon Islands on Ontong Java are in the southwest corner of ().

date of 106 £+ 3.5 Ma [23]; however, the K—Ar dat-
ing method used is less reliable than methods of
4OAr/®Ar dating as confirmed by overlying sedi-
ments that date from the Aptian L. cabri planktonic
foraminifer zone [24], or ~118 Ma. Given the avail-
able age constraints of the plateau and the fact that
the surrounding seafloor formed during the Creta-
ceous magnetic quiet zone (83-123 Ma), Manihiki

most likely erupted on very young lithosphere (010
m.y.), consistent with a near-ridge origin.

2.3. Shatsky Rise

The Shatsky Rise, in the northwestern Pacific,
is comparable to Manihiki in both elevation, area
[25], and crustal thickness [14]. Magnetic anomalies
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surrounding the Shatsky Rise [26,27] provide com-
pelling evidence that Shatsky originated on or near
a Mesozoic triple junction [28] (Fig. 14). Sager and
Han's [28] analysis of plateau magnetism suggested
that the southern portion of the plateau erupted dur-
ing a single Early Cretaceous polarity interval that
lasted no more than ~1.2 m.y. The implied eruption
rate of 1.7 km®/y is consistent with a flood basalt
origin. No radiometric age data is available from
either DSDP Site 305 or 306, however, a minimum
eruption age is constrainable from the oldest sedi-
ments at Site 305, dated as Vaanginian [29] (132-
137 Ma[18]). Site 305 lies near magnetic anomalies
M18 to M20 (143-146 Ma [18]), thus suggesting a
lithospheric age of ~10 m.y. during eruption.

3. Plateau subsidence reconstructions

3.1. Paleo-water depths of sedimentation

To constrain plateau subsidence histories we must
first estimate the depth of sedimentation at each drill
site. Using a selection of sedimentary and microfos-
sil data, especialy benthic foraminifera, it is usually
possible to discriminate between eight depth zones:
subaerial, photic zone (depth = 0-50 m), shallow
marine shelf above the storm wave base (0-200 m),
upper bathyal below the storm wave base (200—
500 m), mid bathyal (500-1500 m), lower bathyal
(1500-3000 m), and abyssal (>3000 m). In addi-
tion, it is possible to assign depths in deep water
relative to the lysocline and carbonate compensation
depth (CCD) based on the preservation quality of
cal careous microfossils.

We examine sediment descriptions in the ODP
and DSDP site reports for the three plateaus: On-
tong Java Plateau, Sites 288 and 289 [20], Sites
803 and 807 [30]; Manihiki Plateau, Site 317 [31];
and Shatsky Rise, Site 305 [29]. Stratigraphic age
is determined using a combination of magnetostrati-
graphic and biostratigraphic data with the geologic
time scales of Gradstein et al. [18] for the Creta-
ceous and Berggren et a. [32] for the Cenozoic.
Fluctuations in eustatic sealevel are ignored because
the difference between present-day and pre-Aptian
levels, which is most important to this study, is small
(<~150 m) [33] relative to the total subsidence and

remains controversial [31]. For the deepest sedimen-
tation zones of each drill site, we assume that the
maximum deposition depths were no greater than
the present-day seafloor depth. The shallowest and
oldest paleo-water depth estimates at each site are
the most important for constraining total plateau
subsidence and are also the most reliable. Below,
we describe our derivation of paleo-sedimentation
depths for each drill site asillustrated graphically in
Fig. 2.

3.1.1. Ontong Java Plateau site 288

Site 288 [20] sampled 988.5 m of primarily car-
bonate sediment, with the deepest portion of the
core recovering lava cobbles and ash suggesting
near-basement deposition. From the Coniacian to
the present-day (0—89 Ma), slumped sediment facies
and dissolution of foraminifera indicate deposition
depths within the lysocline, but above the CCD.
The Pacific CCD during the Campanian is estimated
to have been at a depth of ~3700 m [34] and
is expected to have been ~700 m shallower near
topographic highs such as continents and oceanic
plateaus [35]. By assuming the Cretaceous lysocline
was 1000 m shallower than the CCD, as it is at
present-day, we estimate the top of the Campanian
lysocline to be ~2000 m. Thus for 0-89 Ma we
estimate a minimum sedimentation depth at Site 288
of 2000 m and a maximum, equal to the present-
day water depth of 3030 m. Turonian-Cenomanian
(90-95 Ma) sediments show evidence for deposi-
tion between mid-bathyal depths and depths near the
lysocline, which at these times is estimated to have
been ~500 m deeper than in the Campanian [34].
We therefore estimate a depth range of 10002500 m
for 90—95 Ma (Fig. 2). The oldest rocks recovered at
Site 288 are Albian—Aptian (99-121 Ma) limestones
with well preserved foraminifera and Inoceramus
shells indicating water depths above the foraminifer
lysocline, or shallower than ~1500 m. The shallow-
est possible deposition depth of the oldest sediments
is estimated to be ~500 m based on the presence of
clear pelagic facies, characteristic of depths below
the upper bathyal zone.

3.1.2. Ontong Java Plateau site 289
Drilling at Site 289 [20] penetrated through the
full 1262.5 m of sediment and 8.5 m into basatic
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Fig. 2. Sediment-derived water depths as a function of sediment age at Sites 288, 289, 803, and 807 on the Ontong Java Plateau (OJP),
Site 317 on the Manihiki Plateau and Site 305 on the Shatsky Rise. Vertical black bars show the range of possible values at each
biostratigraphic date; gray bars are the depths of volcanic basement after removing the effects of sediment loading and compaction. The
depth of the present-day plateau surface (upper black arrows) define the maximum bound depths for the deepest sedimentation zones.
Gray arrows mark the sediment-unloaded basement depths, and lower black bars and arrows mark depths of sediment-unloaded basement

of the surrounding abyssal seafloor.

basement. Throughout the entire sequence, sediment
facies indicate very little change in water depth and
suggest deposition near the CCD. Using the Pacific
CCD reconstruction of Van Andel [34] and allowing
for shallowing of the CCD near oceanic plateaus, we
estimate sedimentation depths between 2000 m and
the present-day depth of 2224 m (Fig. 2). Thisrange
is aso consistent with near-basement micritic and

chalky pelagic limestone, which indicates deposition
below upper bathyal depths (i.e. >500 m), as well
as non-vesicular pillow basalts, which require water
depths >200 m [36].

3.1.3. Ontong Java Plateau site 803
At ODP Site 803 [30], volcanic basement was
reached after 631 m of sediment penetration.



90 G. Ito, PD. Clift/ Earth and Planetary Science Letters 161 (1998) 85-100

Eocene-to-recent sediments (0-54 Ma) show low
proportions of benthic, relative to planktonic forami-
nifera, as well as abundant radiolarians, indicating
water depths well within the lysocline. Late Creta-
ceous sediments overlying basement, however, are
highly condensed and contain no calcareous micro-
fossils, suggestive of water depths below the Creta-
ceous CCD, which we estimate to have been 3000
m near the plateau (~700 m shallower than in the
abyssal Pacific [35]). Since the Pacific CCD may
have been significantly shallower in the Cenozoic
than in the Cretaceous [34], it is unlikely that depths
since the Eocene were greater than those in the Late
Cretaceous. For times 0-66 Ma, we therefore esti-
mate a minimum water depth of 3000 m and a max-
imum depth equal to the present-day depth of 3409
m. Unfortunately, a hiatus near the time of eruption
(~90 Ma) precludes sediment constraints on depths
at this time; consequently, depth constraints are poor
and rely on pillow basalts which show few or no
vesicles and thus indicate depths >200 m.

3.1.4. Ontong Java Plateau site 807

Drilling at ODP Site 807 [30] sampled 1379 m
of sediment before reaching volcanic basement. The
upper part of the section contains pelagic limestones
indicating deposition above the CCD. Sliter and
Leckie [37] assigned a lower bathyal depth range
on the basis of planktonic foraminifera, constraining
the water depths to have been between 2000 m and
the present-day value of 2805 m. Deposition appears
to have been within the lysocline through the rest
of the record, which limits depositional depths to
1500-2805 m. This depth range is reflected by the
non-vesicularity of recovered pillow flows and is
consistent with independent estimates based on CO,
content of the sampled basalts (P Michael, pers.
commun. and [38]).

3.1.5. Manihiki Plateau site 317

On Manihiki, DSDP drilling reached basement
at Site 317 [31]. The Cenozoic section here shows
dissolution features on foraminifera [31] suggesting
deposition near, or just within the lysocline. The
lysocline was most likely deeper than 2000 m during
this period, therefore a depth of 1500 m is allowed
to be conservative. Deposition since 67 Ma is thus
inferred to be below 1500 m and above the mod-

ern seafloor depth of 2598 m. Upper Cretaceous
sediments comprise cherty carbonates with dissolu-
tion features, such as anomaloudly thin shelled bi-
valves. These observations indicate deposition in wa-
ter depths greater than the storm-wave base (500 m)
but at least intermittently near the lysocline (<1500
m). Basement lavas show numerous, large vesicles,
suggestive of eruption into unusually shallow water
(<200 m [36]). In addition, Aptian volcaniclastic
sediments overlying basement contain bivalves and
gastropods of known shallow- to mid-shelf prove-
nance (e.g., Veniella sp. [39]), athough the lack of
corals suggests depths below the photic zone (i.e.
>50 m). These data indicate a relatively well con-
strained water depth range of 0—200 m shortly after
volcanism.

3.1.6. Shatsky Rise, site 305

On the Shatsky Rise, DSDP Site 305 [29] pene-
trated through 640.5 m of sediment dating back to
the Early Cretaceous. The sequence is dominated
by cherty pelagic limestones. In the Neogene sec-
tion of the core, the presence of radiolarians and
partially dissolved calcareous fauna indicate deposi-
tion within the lysocline since 49 Ma [29]. Thus
for times 049 Ma, we estimate deposition be-
tween 2000 m and the modern-day seafloor depth
of 2903 m. Late Eocene-to-Cretaceous sediments
show less dissolution but are still of predominantly
pelagic facies, indicating deposition was deeper than
the upper bathyal zone, but shallower than the
Late Cretaceous lysocline. We therefore estimate
a sedimentation depth range of 500-2400 m for
55-130 Ma.

3.2. Isostatic basement depth

In order to isolate the depth history of volcanic
basement as driven only by mantle or accretionary
processes we use the backstripping technique of
Sclater and Christie [40], which subtracts the thick-
ness of the sediments and removes their isostatic
[12] load while taking into account the effects of
sediment compaction. As illustrated in Fig. 2, sedi-
ment-unloaded basement depths are greater than de-
positional depths and increase with sediment column
thickness or decreasing sediment age. This correc-
tion recovers an additional subsidence of 240-460 m
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for Ontong Java, 340 m for Manihiki, and 240 m for
Shatsky Rise.

The depth ranges shown in Fig. 2 mark the locus
of possible isostatic basement depths during spe-
cific times at each drill site. The resolution of the
reconstructed subsidence histories is limited by the
uncertainties of the paleo-water depth estimates; the
step-like subsidence patterns are the result of the
discrete depth zones associated with characteristic
sediment types and do not reflect the actual behavior
of plateau subsidence.

3.3. Abyssal seafloor depths

Bathymetric swells of modern day hotspots affect
broad regions (>1000 km [8]) of the seafloor extend-
ing well beyond the region of magmatism; therefore,
an important constraint on the isostatic and thermal
state of the lithosphere underlying oceanic plateausis
the depth of the adjacent abyssal seafloor. Near On-
tong Java Plateau, we examine depths of the Nauru
Basin to the east of the plateau which was drilled
a DSDP Site 462 [41] and surveyed with reflec-
tion seismics[42]. After removing the loading effects
of the ~560 m of carbonate sediments and ~470
m of Albian basalts, which post-date the original
oceanic crust [43], we estimate a minimum sedi ment-
unloaded basement depth of 5.7 km, compared to the
uncorrected seafloor depth of 5.2 km. Given the sig-
nificant topographic and stratigraphic variations doc-
umented in the Nauru Basin [42], we attribute an un-
certainty of 0.5 km. For the abyssal seafloor adjacent
to Site 317 on Manihiki Plateau, we estimate a sedi-
ment corrected depth of 5.63 km based on data from
the nearest drill site, DSDP Site 595 [43], which was
drilled in 5.60 km of water on the abyssal plain to
the south of the Manihiki. Although the abyssal plain
is relatively flat, stratigraphic data is limited; there-
fore, we estimate a 0.5 km uncertainty in this depth
estimate. Near Shatsky Rise, the sediment-unloaded
abyssal seafloor depth was assessed from DSDP Site
307 that drilled into the abyssal plain not far from
the plateau [29]. The water depth at Site 307 is 5.7
km and the basement is covered by 300 m of pelagic
sediment, which yields a corrected basement depth of
5.9 + 0.5 km. We use the above isostatic depths as
measures of the isostatic depth of the plume-affected
lithosphere beneath each drill site.

3.4. Crustal topography

Crustal topography is the topography supported
only by the thickened igneous crust. We define
crustal topography at each drill site as the difference
between the present-day sediment-unloaded base-
ment depth and that of the adjacent abyssal seafloor.
Crustal topography at Ontong Java ranges between 2
km, at Site 803 in the northeast, and 3 km, at Site
289 over the central portion of the plateau. Estimates
of crustal topography on Manihiki at Site 317 and on
Shatsky at Site 305 are both 2.7 km.

It is interesting to note that the above estimates
of crustal topography are significantly less than es-
timates for modern-day hotspots such as Hawaii,
in which Mauna Kea volcano stands 10 km above
the surrounding seafloor (e.g. [44]); and Iceland,
which stands ~3.5 km above normal depths of the
Mid-Atlantic Ridge [12]. The low topography of
the Pacific plateaus may be surprising given that
the documented crustal thicknesses are compara-
ble or greater than thicknesses at Hawaii [45] and
Iceland [46]. Flexural compensation by the rigid Pa-
cific lithosphere at Hawaii [45], versus Airy isostatic
compensation at Iceland and the oceanic plateaus
[12] may account for much of the contrast with
Hawaii. But Iceland is still significantly taller than
the plateaus, especially when one considers the par-
tially subaerial topography of |celand which imposes
a much greater load than the fully submarine relief
of the plateaus. Neal et a. [13] attributes the low
relief at Ontong Java to a thick layer of high-den-
sity lower crust, causing the plateau to sit deep in
the mantle. This low relief may have been a factor
in preventing the plateaus from reaching sea level
[13,20,29-31] like their modern-day hotspot coun-
terparts. Still, the cause of the low relief remains
poorly understood. We do not focus on the cause of
crustal topography here, rather we use the observed
topography in conjunction with therma models to
predict changes in plateau depth since the crust was
originally emplaced.

4, Thermal subsidence models

Subsidence of normal oceanic lithosphere is well
explained by models in which initially hot and thin
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lithosphere near a ridge axis cools and thickens
approximately with the sgquare root of age (e.g. [47,
48]). Subsidence of lithosphere affected by mantle
plumes, however, departs significantly from that of
normal lithosphere, as characterized by elevation of a
hotspot swell, followed by subsidence to near normal
depths over a period of several tens of millions of
years once the lithosphere moves away from the
plume source (e.g. [8,9]). A number of models have
been developed to explain hotspot swell behavior
and can be categorized as either isostatic or dynamic
type models.

Isostatic models explain hotspot uplift by iso-
static compensation of thermally expanded mantle
and attribute the anomalous subsidence that fol-
lows to enhanced conductive cooling of the mantle
(e.g. [8,9,49]). Crough [8] and Detrick and Crough
[9] first proposed a lithospheric reheating model in
which normal lithosphere is thinned by a plume such
that it subsides like normal lithosphere of a younger
age. Sleep [49] described a similar model, but also
considered an anomalously hot layer of plume mate-
rial injected at the base of the lithosphere. Dynamic
swell models, on the other hand, explain hotspot
uplift by viscous normal stresses imposed on the
lithosphere by a rising mantle plume, and attribute
the rapid subsidence to weakening stresses as the
plume spreads and thins beneath the lithosphere (e.g.
[5,10,50,51]). Both isostatic [9] and dynamic [10,50]
type models have proven successful in explaining the
~1.5 km anomalous topography and subsidence of
the Hawaiian swell.

In this study we use a simple isostatic, conductive
cooling model. We consider one-dimensional ther-
mal diffusion in which normal lithospheric cooling
with age is interrupted by the injection of an anoma-
lously hot mantle layer at the time to that the hotspot
isfirst active (Fig. 3a). The diffusion equation:

T 2Tt
0 (’Z)=K8 (t, 2 )
ot 072

where « is thermal diffusivity, z is depth below the
seafloor, t is seafloor age, and T is temperature,
and is solved subject to the boundary conditions
Tt,z=0=0CandT(t,z> L) = Ty, where L
is the final thickness of the lithospheric plate and Ty
is the reference mantle temperature. In the absence
of a hotspot, the initial condition of T(t =0,z > 0)
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Fig. 3. (8) Mantle geotherms predicted in simulations of hotspot-
affected mantle. This example is our model of the Hawaiian
swell in which normal conductive cooling is interrupted by the
injection of an anomalously hot mantle layer with average tem-
perature anomaly AT = 200°C and thickness D = 100 km
(dashed curve). After 10 m.y., heat diffusion reduces temperature
anomalies (black curve) which causes swell subsidence. Finally,
at infinite age, the mantle cools to a conductive geotherm above
a constant temperature asthenosphere (gray curve). (b) Predic-
tions of the therma model described in (a) are consistent with
the observed depth—age relationship of the Hawaiian hotspot and
seamount chain (dots) [9].

= To eventualy cools to a conductive temperature
gradient in the lithospheric plate. This causes normal
seafl oor subsidence. We consider respective val ues of
k (8.1x 1077 m?/s), To (1350°C, 1450°C), coefficient
of thermal expansion (3.28 x 107°, 3.1 x 107°), plate
thickness L (125 km, 95 km), and zero-age depth
(2.5 km, 2.6 km) of the end-member plate cooling
models of Parsons and Sclater [48] and Stein and
Stein [47].

To predict anomalous thermal uplift and subsi-
dence of hotspot-affected lithosphere, we begin with
the sameinitial conditions as above for normal litho-
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sphere, but at a specified age to, we introduce a
mantle layer with an anomal ous temperature AT and
athickness D beneath the 1000°C isotherm (Fig. 3a).
From time tg, we allow temperatures to decay to
the conductive geotherm of the normal lithospheric
plate (Fig. 3a). This model thus simulates the in-
stantaneous delamination and plume replacement of
mantle hotter than 1000°C [52], and subsequent heat
dissipation.

The most important prediction of our thermal
subsidence models for comparison with the recon-
structed subsidence valuesis the initial hotspot uplift
(i.e. uplift at t = tg), which is controlled primarily
by the parameters AT and D. The large igneous
volumes of the Ontong Java, Manihiki, and Shatsky
Plateaus (1-4 x 107 km3 [1,25]) suggest a hotspot
source with effective AT and D at least as signifi-
cant as those of modern-day hotspots such as Hawaii
(igneous volume ~ 5 x 10% km® assuming isostatic
equilibrium of eight magjor islands [44]) and Iceland
(igneous volume ~ 1 x 10’ km® [25]). Estimates
of AT and D for modern-day plumes range from
AT ~ 200°C and D ~ 100 km as typical of iso-
static models (e.g. [49], to AT ~ 300°C for dynamic
models [10,50].

As a reference model, we first simulate the am-
plitude and subsidence of the Hawaiian swell. To ac-
count for the rapid subsidence following initial uplift
(Fig. 3b), we increase thermal diffusivity in the as-
thenosphere by a factor of 15 which, in an ad hoc
fashion, compensates for the advective heat loss that
would occur due to vertical thinning of plume ma-
terial ponding beneath the lithosphere. Our enhance-
ment factor simulates a Peclet number (Pe = WD /«)
of 15, where W is the average thinning rate of the
plume. Although this thinning rate may be very high
for low-viscosity plumes (Sleep’s[51] thinning rate of
~10 km/m.y. impliesa Pe of ~30 for D = 100), we
choose Pe such that our models predict subsidence
rates consistent with that observed of the Hawaiian
plume. As shown in Fig. 3b, this reference model re-
produces successfully theHawaiian swell initial uplift
of ~1.5 km and later subsidence with the parameters
AT = 200°C and D = 100 km.

For application to the plateau hotspots, we as-
sume lower-bound parameters of AT = 150°C
and D = 100 km, and upper-bound values of
AT = 350°C [5] and D = 200 km. The low plume

temperature anomalies and thicknesses yield initial
swell uplifts of ~1.0 km as consistent with the
lower-bound estimates of Griffiths et a. [11]; while
the high plume temperature anomalies and thick-
nesses predict uplifts of 2-3 km, still conservative
relative to the 3-4 km uplifts predicted by Farne-
tani and Richards' [5] dynamic plume-head models.
Lithospheric age at the time of plume initiation ty is
the age contrast between the adjacent seafloor (ex-
trapolated from isochrons to each drill site) and the
ol dest basalt sampled on each plateau.

5. Comparison of predicted thermal and
reconstructed subsidence values

As illustrated in Fig. 4, the observed abyssd
seafloor depths indicate little or no bathymetric
anomaly relative Parsons and Sclater's [48] pre-
dictions of normal seafloor (Stein and Stein’s [47]
model predicts an even closer match). The hotspot
curves are consistent with this result; they predict
the anomalous hotspot topography to have dimin-
ished to negligible values at present-day. To examine
the depth histories of the plateaus, we correct for
the crustal topography by shifting the hotspot subsi-
dence curves to the present-day sediment-unloaded
basement depths at each drill site. We also take into
account the excess load of subaerial, versus subma-
rine topography when the plateau is predicted to be
above sea level (Fig. 4). In this crustal topography
correction we are assuming that al the crust that
exists at present-day erupted rapidly at the time of
plume initiation.

We find that when both reconstructed and pre-
dicted plateau depths exceed ~1 km, such as during
the last ~100 m.y. of the drill sites and the whole
sedimentary history of Site 803, the model depths are
consistent with the large ranges allowable by the re-
constructions (Fig. 4). At the greatest ages, however,
when hotspot topography is predicted to be highest,
resolvable differences between reconstructions and
model predictions become apparent. At Site 288, the
predicted depths of only the mild-temperature plume
anomalies are consistent with the shallowest recon-
structed depths, while the high-temperature plume
models predict subaerial eruptions that are clearly
precluded by the marine sediments indicating depths
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Fig. 4. Thermal subsidence predictions using model parameters of Parsons and Sclater [48] are compared with reconstructed basement
depths (vertical bars) at each drill site. Subsidence predicted from mild-temperature plumes (solid curves, AT = 150°C, D = 100 km)
and high-temperature plumes (dashed curves, AT = 350°C, D = 200 km) are shown for the abyssal seafloor (lower) and plateau
surface (upper and shaded) (see text for further description). The shaded area represents depths due to plumes intermediate between
our mild- and high-temperature plume end-members. The dotted curve marks the subsidence of normal lithosphere [48]. Also marked
are present-day depths of sediment-unloaded basement of the plateaus (upper arrows), which define the maximum bound depth of the

reconstructions, and adjacent abyssal seafloor (black bars and arrows).

below the photic zone. At Site 289, 807, 317, and
305 even the mild-temperature plume models predict
topography to exceed the shalowest reconstructed
estimates. In fact, the mild-temperature plume mod-
els of Sites 289, 317, and 305 predict eruptions to
have been subaerial whereas the drill sites showed
only marine sedimentation — even in deep water, as
in the case of 289 and 305.

The differences between reconstructions and pre-
dictions become more clear when we examine total
subsidence (Fig. 5). Total subsidence is the most
robust quantity of both model predictions and pa-
leo-depth reconstructions. In model predictions, the
end-member parameters of Parsons and Sclater [48]
and Stein and Stein [47] yield upper- and lower-
bound subsidence predictions, respectively. In re-
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bols show results using plate cooling parameters of Parsons and
Sclater [48] (bold bars and solid circles) and of Stein and Stein
[47] (thin bars and open circles).

w —
3 Manihiki

305

constructions, the uncertainty in depth of the oldest
sediments determine the uncertainty in total recon-
structed subsidence. At Site 803 the model predic-
tions are consistent with the poor constraints from
the drill core data, whereas at Site 288, only the
mild-temperature plume predictions are consistent
with the reconstructions. The other drill sites appear
to have subsided resolvably less than predicted from
the mild-temperature plume models and significantly
less than predicted from the hot plume models. In
fact, the reconstructed subsidence values appear to
be most consistent with the values predicted by nor-
mal lithosphere, a conclusion noted by Neal et al.
[13] for Ontong Java and noted by Coffin [53] for
the Indian Ocean Plateaus. Thus, the largest of the
worlds oceanic plateaus show little or no evidence
for the anomalous uplift and subsidence that is pre-
dicted by thermal models which assume rapid crustal
emplacement.

6. Uncertainties and implications for moder ate
plume anomalies

A number of factors may contribute to the ~1-km
discrepancy in total subsidence between drill core
reconstructions and lower-bound model predictions.
One possibility is that actual basement depths were
shallower and thus total subsidence was greater than
estimated from the drill core reconstructions. Indeed,
the depths of the oldest sediments, which is most im-
portant to total subsidenceestimates, vary in degree of
uncertainty. At Manihiki, for example, the depths of
the oldest sediments are particularly well constrained
by the very shallow water sediments at Site 317,
therefore, it is unlikely that Site 317 subsided sig-
nificantly more than we have estimated. At Sites 288
and 305, depths of the oldest sediments are less well
constrained by intermediate-depth sediments; how-
ever, it is unlikely that sedimentation occurred more
than a few hundred meters shallower than we have
estimated given the lack of shallow water sediments.
At Sites 289 and 807, depth estimates are limited by
uncertainties in the depth of the lysocline. Another
factor that may have contributed to errors in paleo-
depth estimates is variations in eustatic sea level. If
indeed, sea level in pre-Aptian times was as much
as 150 m shallower than today [33], then we may be
under-estimating total subsidence by a comparable
amount. Together, the uncertainties in sedimentation
depth and sealevel could alow for an additional ~0.5
km of subsidence thus bringing reconstructed values
closer to the predictions of the plume models.

Another possibility is that our therma models are
over-predicting the actual subsidence of the plateaus.
One source of uncertainty is the relative ages be-
tween the plateau and surrounding seafloor. For ex-
ample, if the plateaus erupted on seafloor 10 m.y.
older than we have modeled, then this would reduce
subsidence predictions for mild-temperature plumes
by as much as 0.2-0.3 km for Ontong Java, 0.8
km for Manihiki, and 0.6 km for Shatsky, al else
being equal. On the other hand, eruption on younger
seafloor would substantially increase subsidence pre-
dictions. Another factor that could reduce predicted
subsidence valuesisthe possibility that the eruptions
at the drill sites did not coincide, both in time and
in geographic location, with the maximum in swell
uplift. Dynamic models of Farnetani and Richards
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[5], for example, predict the completion of magmatic
activity to post-date the peak in lithospheric uplift
by ~10 m.y., in which time swell topography dimin-
ishes by 10-30%. Such models also predict swell
topography to decrease with radia distance away
from the center of the swell. Thus, the subsidence
a the individual drill sites might reflect a smaller
local subsidence than the maximum hotspot subsi-
dence that we consider in our model predictions.
This possibility, however, may be difficult to recon-
cile at Sites 289, 317, and 305, which show little
subsidence despite being centrally located within the
plateaus.

Yet another factor that may account for the low
apparent subsidence is recent uplift due to processes
unrelated to the original hotspot source. Ontong Java
may have been uplifted by the passage over the Samoa
hotspot at ~40-50 Ma[17]. However, at present-day,
thisadditional upliftislikely to be small if the Samoa
swell subsided at rates comparable to the Hawaii
swell. A more likely source of presently-active uplift
at Ontong Java is the flexural bending of the Pacific
Plate due to subduction beneath the Solomon Trench
[54]. Still, this possibility isdifficult to reconcilewith
the fact that the drill site closest to the trench (Site
288, Fig. 1) appears to have experienced the greatest
amount of subsidence since accretion.

Thus, the above uncertaintiesin depth reconstruc-
tions, model predictions, and additional geologic
effects could account for a ~1 km discrepancy be-
tween reconstructed subsidence estimates and the
values predicted by models of rapid crustal emplace-
ment over mild-temperature plumes (Fig. 5). On one
hand, a ~1 km swell height implies that the plumes
which gave rise to these large igneous provinces may
have been comparable in volume and temperature to
those of modern day plumes such as at Hawaii and
Iceland. On the other hand, the extreme volume of
magmatism and the inferred high extents of melting
[16] suggests a plume source of greater volume and
higher temperature. Yet we find little evidence for
the uplift of 2—3 km that is predicted from rapid
crustal emplacement of high temperature plumes or
plume heads. Subsidence of ~4 km, as predicted
by large-radius (400 km [1]) dynamic plume-head
models [5], is even more unlikely. We are thus left
with the task of explaining how a high temperature
and volume plume can yield only low subsidence.

7. Prolonged igneous under plating

In our thermal model predictions above, we have
assumed that all of the present-day crustal topogra-
phy was emplaced rapidly near the peak in hotspot
uplift. The prediction of Farnetani and Richards' [5]
dynamic models that plateau magmatism continues
well beyond the peak in dynamic uplift offers an
dternative hypothesis that may account for the low
subsidence: The depth histories of the plateaus re-
flect, in addition to mantle subsidence, uplift due to
prolonged or later-stage crustal growth in the form
of intrusions, underplating the plateaus. This uplift
due to underplated magmas would reduce the subsi-
dence of the plateau surfaces relative to that caused
by mantle cooling and therefore could allow for a
high temperature and volume plume source to yield
low subsidence values. Furthermore, the possibility
that accretion was incomplete at the time of plume
initiation may have been an additional factor that
prevented the plateaus from reaching sealevel.

Hard evidencefor at least one major | ate-stage ex-
trusive event on Ontong Java is the “°Ar/3Ar dates
of 90 Ma obtained at Site 803 and the Solomon
Islands [17]; even later-stage events are evident by
the dates of ~63 and ~34 Ma found on the Solomon
Islands [17]. On Manihiki, evidence for later-stage
magmatism is the 69.5 Ma date obtain on Mt. Eddie
seamount [55]. Volcanic basement of Shatsky Rise
still remains to be dated. Possible evidence for un-
derplating is the high-seismic velocities observed in
the lower crust of Ontong Java (e.g. [1,13-15]) as
well as beneath Manihiki and Shatsky [14]. How-
ever, Ned et al. [13] also argues that a significant
volume of this high velocity lower crust is the rem-
nant crystallization product of the extruded magmas.
Nonetheless, magmatic underplating is thought to
be an important component in the construction of
hotspot islands and other flood basalt provinces (e.g.
[1]) and likewise, might be important to the con-
struction of oceanic plateaus.

Another strength of the late-stage underplating
hypothesis is that it may explain many of the
normal faults observed throughout Ontong Java
[14,20], Manihiki [22], and Shatsky (W. Sager,
pers. commun.). Because underplating is predicted
to isostatically uplift the plateau surface relative to
the surrounding seafloor, this may have produced
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Fig. 6. (a) This diagram illustrates a hypothetical multi-staged accretion scenario as compared with reconstructed depths at Ontong Java
Site 807. The bold curve marks the evolution of the plateau’s volcanic surface and the hachured region denotes the predicted anomalous
uplift of the surrounding seafloor (i.e. just mantle topography) above a normal subsidence curve. Crustal topography of the first magmatic
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the completion of plateau construction. Underplated and extruded crust emplaced during eruption B is the medium shading and crust
emplaced during the fina eruption C is the dark shading. Late stage underplating magmas cause plateau uplift relative to the seafloor

which is accommodated by extensive normal faulting (arrows).

widespread, late stage faulting. Indeed, many faults
on Manihiki are known to cut through appreciable
sections of the sediments thus indicating faulting oc-
curred well after basement emplacement [22]. Fur-
thermore, this source of faulting does not require
fault orientations to coincide with tectonic fabric,
therefore, does not require complex ridge geometries
which may otherwise be necessary to explain the
fault patterns observed on the Ontong Java [19] and
Manihiki [22] Plateaus.

If the difference between predicted and recon-
structed subsidence is attributed all to later-stage un-
derplating, then a significant volume of the existing
crust at these plateaus might be underplated material.
Underplating relative to extrusive crust may be as
much as 50% for Ontong Java, 30% for Manihiki,
and 20% for Shatsky as implied by differences be-
tween the maximum reconstructed and the minimum
(mild-plume) predicted subsidence values. Predic-
tions of the high-temperature plumes would suggest
even higher percentages of underplating.

Fig. 6 illustrates schematically our hypothesized
accretion scenario incorporating late-stage magmatic
underplating and its consequences on surface mor-
phology. We use the reconstructed depths of Ontong
Java Site 807 in our hypothetical example (Fig. 6a).
Stage 1 is before plateau accretion, when the seafl oor
subsides due to normal lithospheric cooling. Stage 2
is the impact of the mantle plume or plume head
beneath the lithosphere, causing thermal uplift and
the initial pulse of magmatic accretion (Eruption A;
Fig. 6a and b). During Stage 3, a time-dependent
mantle source may have caused episodic uplift ac-
companied by underplating, and in a few places,
surface extrusion (Fig. 6a) as documented by the
later-stage events recorded at Ontong Java (90 Ma)
and Manihiki (~70 Ma). Underplated magma, with
density less than that of mantle, causes uplift rela-
tive to the surrounding abyssal seafloor, so that the
plateau subsidesto alesser degree than the surround-
ing lithosphere and is broken by extensive normal
faults (Fig. 6aand c). Finaly, in Stage 4, the hotspot
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either becomes inactive or the plateau is removed
from itsvicinity by plate motion, so that both plateau
and surrounding seafloor subside together as the un-
derlying mantle cools. A continuous rather than a
step-wise underplating scenario would also be con-
sistent with the existing subsidence data.

8. Discussion

The prolonged accretionary scenario proposed
above may have implications for the dynamics and
magmatic productivity of the Cretaceous mantle.
Previous theoretical studies have examined the pos-
sible geodynamic causes of a multiple-staged growth
history. For example, Bercovici and Mahoney [56]
demonstrated that a buoyant plume ascending from
the core—mantle boundary will tend to break into
two separate plume heads which impact the surface
at different times. Another model by Larson and Kin-
caid [57], explains a two-pulsed magmatic accretion
by a convection instability of the 670 km discontinu-
ity, followed by the ascent of a plume from the lower
mantle, both of which are caused by increased flux
of subduction dlabsinto the lower mantle.

The difficulty with such prolonged accretion sce-
narios, as well as with our underplating model, is
that they imply very little motion between the plate
and mantle source over the duration of accretion.
A dow moving plate at Ontong Java between 122
and 90 Ma is consistent with plate reconstructions,
showing Ontong Java very near the Pacific Plate’s
pole of rotation during most of thistime period [13].
On the other hand, this rotation pole would require
Manihiki and Shatsky to have moved substantially
during these times. Constraints on Pacific Plate mo-
tion before 100 Ma, however, are based largely on
paleo-magnetic studies (e.g. [28]) which have large
uncertainties compared to constraints based on geo-
graphic age progressions of dated basalt samples.

Another implication of a prolonged growth his-
tory is the suggestion that initial magmatic fluxes
may have been smaller than estimated previously
[1-3]. A multiple-staged growth history implies two
or more major magmatic pul ses whereas the previous
estimates assumed all the crust was emplaced in a
single ~3 m.y. pulse. A continuous growth history
suggests that magmatism occurred continuously over

10-30 m.y. Such a scenario could reduce magmatic
flux estimates by an order of magnitude and thus
implies environmental impacts significantly lessthan
previously hypothesized [58].

Given the uncertainties associated with our anal-
yses as well as the sparse sampling of these giant
oceanic edifices, it is clear that further studies are
needed. More extensive sampling would help con-
strain magmatic budgets and possibly identify new
phases of surface eruption, necessary to test models
of stepped versus continuous accretion. In addition,
further bathymetric, gravity, and crustal seismic ob-
servations will provide better constraints on crustal
volume and density partitioning, aswell asreveal the
structure and mechanisms of faulting.

9. Conclusions

The sedimentary sequences at six DSDP/ODP
sites record depths of the Ontong Java, Manihiki,
and Shatsky Plateaus from the time of accretion to
present-day. The drilled sediments indicate that the
plateaus may have subsided only as much as nor-
mal seafloor and significantly less than predicted
by models of hotspot-affected lithosphere. If crustal
emplacement was rapid, uncertainties allow for the
~1 km of anomalous subsidence expected from a
mantle source comparable in temperature and size to
the sources of modern-day hotspots such as Hawaii
and Iceland. However, it is difficult, with a rapid
emplacement scenario, to account for the 2—3 km
of anomalous subsidence predicted for high-temper-
ature, high-volume sources which may be required
to explain the large volumes of these giant igneous
edifices.

An aternative possibility is that the subsidence
histories reflect the superposition of (1) anomalous
mantle subsidence from the plume source, and (2)
additional uplift due to prolonged, later-phase un-
derplating. This prolonged underplating scenario is
consistent with the findings of later-phase surface
eruptions on the Ontong Java and Manihiki Plateaus;
it may account for much of the high seismic-velocity
crust observed beneath the three plateaus; and it may
explain the widespread normal faults throughout and
aong their margins. Prolonged crustal growth also
predictsthe original crustal topography at the time of
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plume initiation to be even less than it is at present
day, and thus provides an explanation for why these
plateausfailed to reach sealevel. Finally, aprolonged
accretionary scenario for these oceanic flood basalt
provinces implies little relative motion between the
mantle source and lithospheric plates during the pe-
riod of accretion, and suggests that eruptions rates
may have been less than previously believed.
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