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Gravity and density variations of the tilted Tottabetsu plutonic complex,
Hokkaido, northern Japan: implications for subsurface intrusive

structure and pluton development
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An exposed cross section of the tilted Tottabetsu plutonic complex allows direct evaluation of its original
2-D cross-sectional shape and pretilting vertical density variations in both the pluton and the country rocks,
which serves as a strong constraint in gravity modeling that complements information on the ‘missing’ pretilting
horizontal dimension of this tilted pluton. The pluton is stratified with the uppermost thin granitic unit (∼1-
km thick) and the underlying thick gabbro-diorite units (∼9-km thick) that preserve a stratigraphic record of
numerous hotter replenishments in the form of alternation of originally horizontal mafic sheets and cumulate
layers. Both the pluton and the country rocks show systematic density increase with pretilting crustal depth, but
density contrast of the pluton with the country rocks varies between each unit. The 2-D cross-sectional shape
and gravity analysis revealed that the pluton had a vertically-elongated shape with vertical side walls before
tilting. The vertical side walls, together with the stack of the originally horizontal sheets and cumulate layers,
suggests that the pluton grew only vertically by piston mechanism. The very thick, exposed cross section provides
unequivocal evidence for development of such a pluton with this unusual shape and mass distribution, which has
been inferred elsewhere only by some geophysical studies.
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1. Introduction
Construction of a pluton is a multi-process geological

event including emplacement, growth and solidification of
magma bodies within the Earth’s crust. Important informa-
tion on the mechanism by which plutons are constructed is
preserved in their shapes and internal structures. However,
exposures of the overwhelming majority of plutons only
provide sections that can be approximated horizontally, so
information on the vertical variations in shape, lithology
and internal structures is severely limited.

Considerable interest has focused on geophysical data
bearing on subsurface structures of plutons (Ameglio and
Vigneresse, 1999). Especially, gravity techniques have
widely been applied to studies of plutons (e.g. Ameglio and
Vigneresse, 1999 and references therein). Although gravity
(and other geophysical) data can place important constraints
on overall subsurface geometry, their limited spatial reso-
lution does not allow evaluation of outcrop-scale features
of unexposed parts of plutons. Furthermore, lack of exact
knowledge of vertical variation in density contrast between
plutons and country rocks leads to unreliable gravity esti-
mates of shape and depth extent of plutons (Pitcher, 1979).
For many plutons and their country rocks, density variation
should be much more pronounced in the vertical than in the
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horizontal dimension, but vertical variation in rock density
is seldom taken into account.

Another approach of geological study only can be pos-
sible in the field of rare vertical cross sections of plutons
exposed in tilted crustal sections. This allows direct ob-
servation of cross-sectional shape and vertical variations in
lithology and small-scale structures (e.g. Miller and Miller,
2002). Nevertheless, it is still largely limited to 2-D surface
exposures. Geophysical study would complement informa-
tion on the ‘missing’ original horizontal dimension of such
tilted plutons. To our knowledge, however, none of the geo-
physical studies have been applied to the tilted plutons.

An exposed cross section of the tilted Miocene Tottabetsu
plutonic complex (TPC) provides not only its 2-D cross-
sectional shape, but also a stratigraphic record of crystal-
lization and recurrent replenishments. Furthermore, the
cross-sectional exposure allows direct evaluation of pretilt-
ing vertical variation in density contrast between the pluton
and the country rocks, which serves as a strong constraint in
gravity analysis. Here we present field and gravity evidence
that describes the geometry, mass distribution and internal
structure of this tilted pluton, which suggest that the plu-
ton grew only vertically by piston mechanism to form an
unusually thick cylindrical pile of mafic rocks and an over-
lying thin granitic cap.
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Fig. 1. Geologic map of the Tottabetsu plutonic complex modified from
Suetake (1997) (a), and simplified maps of the Japanese Islands (b) and
south-central Hokkaido (c). Paleohorizontals are inferred from mafic
sheets, pipes and cumulate layering and foliations.

2. Geologic Background
The Hidaka metamorphic belt (HMB), north Japan

(Fig. 1(b) and (c)), represents a tilted cross section through
part of continental crust (Komatsu et al., 1983). It is ex-
posed as a consequence of collision of Kuril fore arc and
Northeast Japan arc due to southwestward migration of
the former since the late Miocene (Kimura, 1996). Folia-
tion and banding of the metamorphic rocks and layering of
the plutonic rocks in this crustal section in general strike
roughly N-S and dip steeply eastward. Metamorphic grade
systematically increases westward from zeolite to granulite
facies, indicating that the crustal depth increases westward.
The maximum pressure and temperature conditions were 7
kbar and 830◦C (Osanai et al., 1991). A major east-dipping
thrust, the Hidaka main thrust (HMT), bounds the western
edge of the HMB (Fig. 1(c)).

The TPC (Fig. 1(a)), which constitutes part of the HMB,
intrudes metamorphosed equivalents of sedimentary rocks
of the Nakanogawa group along its northeastern, eastern
and southern margins, and is surrounded by a contact au-
reole that overprints greenschist- to amphibolite-facies as-
semblages (Takahashi, 1992). The TPC is bounded on the
northwest by the Pipairo tonalite, and on the west by the
Lower gabbro-diorite (LGD) that consists of gabbros and
subordinate diorites. The regional subsolidus deformation
in the Pipairo tonalite and the LGD implies that they pre-
dated the TPC, which is undeformed except for minor frac-
turing.

3. Cross-Sectional View of the TPC
The TPC is roughly rectangular in plan, measuring 8 km

by 12 km (Fig. 1(a)). There is little topographic control on
the map pattern of the complex, implying that the complex
presently has steeply dipping sides. Paleohorizontals in-
ferred from magmatic structures (see below) roughly strike
N-S and dip steeply eastward in the range between 50◦ and
90◦ (Fig. 1(a)). On the basis of the dips of the paleohor-
izontals and E-W extent of the complex, thickness of the
entire complex is estimated to be ∼10 km. Width of the
complex is nearly constant, ∼8 km in exposed lateral (N-S)
extent, throughout the entire stratigraphic succession. The
paleohorizontals are roughly perpendicular to the exposed
original side walls and subparallel to the original roof of the
pluton. Thus, in terms of the 2-D cross-sectional exposure,
the TPC apparently had a cylindrical form with vertical side
walls and a flat roof before tilting.

Suetake (1997) divided the TPC, from west to east, into
zones I to III on the basis of dominant lithology of each
mappable area (Fig. 1(a)). Zone I (∼7-km thick) is pre-
dominantly composed of gabbroic rocks and occupies the
lower two thirds of the complex. It is overlain by zone II
(1–1.5-km thick), which consists of wide variety of dioritic
rocks. Zone III (1–1.5-km thick) forms the granitic cap at
the uppermost part of the complex.

In zone I, steeply east-dipping sheets of fine-grained
gabbros are interlayered with and variably chilled against
medium-grained gabbroic and leucodioritic cumulate lay-
ers. The alternation of sheets and cumulate layers are taken
as evidence for ponding of recurrently injected mafic mag-
mas on the progressively aggrading crystal-rich base of a
more evolved, crystal-poor magma chamber (e.g. Wiebe
and Collins, 1998). Lobate basal margins of the gab-
broic sheets, flame structures, and pegmatitic pipes pene-
trating the gabbroic sheets serve as indicators of ‘way-up’
and horizontals at the time of their formation (Wiebe and
Collins, 1998). The pipes have axes roughly perpendicular
to the sheets and cumulate layers, indicating that the sheets
and layers were originally horizontal. Similar east-dipping
sheets and cumulate layers are also seen in zone II, but the
rocks are distinctly more felsic, intermediate in composi-
tion. The overall compositional difference between zones
I and II is essentially attributed to compositional difference
of the injected magmas. By contrast, zone III consists of
massive homogeneous granite that presumably formed as
complementary fractionates to the cumulates in zones I and
II.

4. Density Variations
Densities of surface rock samples were determined by

laboratory measurements. Since the HMB represents the
tilted cross section through lower to upper continental
crust whose paleodepth increases westward (Komatsu et al.,
1983), systematic E-W variations in rock densities might be
expected. For this reason, results of the density measure-
ments were plotted versus E-W distance from the HMT that
defines the deepest part of the crustal section (Fig. 2).

Significantly, densities of the felsic country rocks includ-
ing metasedimentary and tonalitic rocks systematically de-
crease eastward from ∼2.8 to ∼2.6 g/cm3 for over the dis-
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Fig. 2. Rock densities plotted versus E-W distance from the Hidaka Main
Thrust.

tance of ∼30 km. As there is little correlation between
the measured densities and whole-rock chemical composi-
tions, the eastward decrease in density of these felsic coun-
try rocks appears to reflect change in proportion of con-
stituent minerals primarily due to the decreasing metamor-
phic grade. Similar systematic eastward decrease in rock
density is also observed for the TPC and the LGD. Densi-
ties of the gabbros from zone I and the LGD gently decrease
eastward with concomitant increase in modal hornblende at
the expense of anhydrous mafic minerals. However, density
contrast of these gabbros relative to the felsic country rocks
at a given distance from the HMT is found to be nearly con-
stant, ∼0.2 g/cm3. The diorites in zone II show marked
eastward decrease in their densities, reflecting eastward in-
crease in SiO2 content. The average density contrast of the
diorites relative to the metasedimentary country rocks of
comparable distance from the HMT is close to 0.1 g/cm3.
Granites of zone III show negative density contrast with the
metasedimentary country rocks. The average density con-
trast of the granite relative to the metasedimentary country
rocks is close to −0.1 g/cm3.

5. Gravity Anomaly and Subsurface Contact
Previous gravimetric studies (e.g., Yamamoto et al.,

2001) do not illustrate detailed features of the TPC due
to lack of gravity data and nonuniformity of station cover-
age. We performed gravity measurements such that station
coverage would be as uniform and dense as possible in the
study area. Finally, 250 gravity data were newly obtained
using the Scintrex gravimeter with a precision of ±0.05
mGal. Elevations were determined using differential GPS,
spot heights and contours on 1/25,000 topographic maps
published by Geographical Survey Institute (Japan). In to-
tal, 887 gravity data were reduced for free-air and Bouguer
corrections as well as for terrain effects, using a density of
2.67 g/cm3. Terrain corrections were based on the method
of Yamamoto (2002).

Despite the limited distribution of gravity stations, the
Bouguer anomaly map does show some distinct correlations
between the exposed area of the TPC and local gravity field
impinged upon eastward declining regional gravity field
(Fig. 3). As expected from the positive density contrasts of
the gabbros and diorites relative to the felsic country rocks,
an east-plunging ridge of gravity high is seen associated
with the exposure of zones I and II. At the same time, a

Fig. 3. Bouguer anomaly map of the Tottabetsu plutonic complex. Con-
tours are in milligals. The black dots mark the locations of gravity sta-
tions. The profile line (A-A′) shown in Fig. 4 is indicated.

Fig. 4. Gravity interpretation along E-W profile A-A′ (Fig. 3). (a) Bouguer
gravity profile and subtracted regional gravity. (b) Residual anomaly
and modeled gravity field. (c) 2-D model for the gravity profile. Density
contrasts relative to the metasediments are shown in g/cm3.

weak gravity low is seen associated with the exposure of
zone III, concordant with the negative density contrasts of
the granite relative to the metasedimentary rocks.

The Bouguer anomalies include the regional effects in-
duced by far-located or deep-seated sources unrelated to
the TPC. Specifically, in the HMB, it must also include
the effect of the lateral variation in rock densities (Fig. 2).
To remove these regional effects, long-wavelength anomaly
calculated by running average of a square grid of 20 by 20
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km2 was subtracted from the Bouguer anomaly (Fig. 4(a)).
The specific grid size of 20 by 20 km2 was chosen in or-
der for the resultant residual gravity at the exposed area of
the country rocks to be flat. Figure 4(b) shows the resid-
ual anomaly and the gravity field calculated from the 2-
D model shown in Fig. 4(c). The gravity feature of the
model closely matches the observed residual anomaly. The
model shows that the subsurface contact between the TPC
and metasedimentary rocks linearly deepens westward with
a dip of 10◦–20◦. Such a gently west-dipping contact is
roughly perpendicular to the steeply east-dipping paleohor-
izontals inferred from the surface geology (Fig. 1), strongly
supporting that the hidden pretilting side wall of the TPC
was also nearly vertical.

6. Discussion and Conclusions
Our field observations suggest that the TPC was formed

by simultaneous crystallization and recurrent replenish-
ments during the evolution of a single magma chamber.
This in turn means that the active magma chamber at any
one time was much thinner than the entire complex.

When the magma chamber was replenished by new
magma, the magma chamber must have inflated in order to
accommodate the newly injected magma, space for which
might be created by displacing country rocks aside, upward,
or downward. The construction by gradual vertical stacking
of the horizontal sheets does not match lateral displacement
of country rocks as the mechanism of space creation. The
country rocks therefore must have been displaced either up-
ward by roof lifting or downward by floor depression as
envisaged for some tabular intrusions (e.g. Cruden, 1998).
We suggest that the space for the successive batches of hot-
ter magmas was made by vertical displacement of fault-
bounded blocks of roof or floor country rocks with little
horizontal displacement. Evidence consistent with this pis-
ton mechanism includes the originally vertical side walls
and flat roof and near-constant attitudes of the paleohori-
zontal structures that were formed during deposition on the
chamber floor.

According to recent compilations (e.g. Petford et al.,
2000), most plutons are tabular with vertical dimension
much shorter than horizontal ones, though a few works on
tilted plutons has documented more equant shapes (Haeus-
sler and Paterson, 1993; Bachl et al., 2001). Furthermore,
strong positive correlation between horizontal and vertical
dimensions in the compilations implies that plutons grow by
both lateral spreading and vertical inflation as a general rule.
However, the shape and growth style of the TPC clearly do
not match this empirical rule. The TPC is unusual in that
it has a cylindrical shape with vertical dimension slightly
greater than horizontal one and was shown to have grown
only by vertical inflation.

The TPC represents, to our knowledge, the only docu-
mented cross-sectional exposure of such a pluton with an
unusually thick, cylindrical mass of mafic rocks overlain by
a thin granitic cap. Plutonic complexes with similar shape
and mass distribution to the TPC have also been inferred
elsewhere, but only by geophysical studies (Bott and Tu-
son, 1973; Bott and Tantrigoda, 1987; Bauer et al., 2003).
The very thick, exposed cross section of the TPC provides

unequivocal evidence for development of such a pluton with
the unusual shape and mass distribution.
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