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Abstract

This study uses numerical modeling to investigate generalized characteristics of mantle flow and thermal structure
in the vicinity of ridge^ridge^ridge (RRR) triple junctions. Oceanic triple junctions present a unique opportunity to
study three-dimensional (3D) mantle dynamics in a tectonic setting considerably different than where only two plates
diverge. In many prominent oceanic triple junctions, including Rodrigues, Azores, and Galapagos, the slowest-
spreading ridge branch intersects the near-collinear faster-spreading branches quasi-orthogonally. This study focuses
on triple junctions free of influence from nearby hotspots, similar to the geometry of the Rodrigues Triple Junction. A
finite element model was used to calculate the steady-state 3D velocity flow field and temperature patterns resulting
from advective and conductive heat transfer. For the slowest-spreading branch, model results predict a strong
component of along-axis velocity directed away from the triple junction. Both upwelling velocity and temperature are
calculated to increase along the slowest-spreading ridge toward the triple junction, approaching the upwelling rate and
temperature of the fastest-spreading branch. Within 200 km of the triple junction, upwelling velocity is predicted to
increase more than threefold along the slowest-spreading ridge. In contrast, the calculated upwelling velocity and
temperature for the fastest-spreading branch are not significantly different from the case of a single spreading ridge.
For triple junctions where the three ridges spread faster than the Rodrigues Triple Junction system, such as the
Galapagos Triple Junction, the contrast in axial upwelling velocity and temperature between the slowest- and fastest-
spreading ridges is predicted to be less significant. However, for triple junctions with overall slower spreading
velocities, such as the Azores Triple Junction, this contrast is more pronounced.
9 2002 Elsevier Science B.V. All rights reserved.

Keywords: Rodrigues Triple Junction; Southwest Indian Ridge; triple junctions; mid-ocean ridges; mantle dynamics

1. Introduction

Triple junctions, de¢ned as the location where
three plate boundaries meet, mark an important
geological setting along the global mid-ocean
ridge system. Triple junctions are geometrically
required features of a planet with more than
two tectonic plates. Because of their unusual con-
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¢guration, triple junctions provide a unique tec-
tonic window for studying mantle and lithospher-
ic dynamics. For example, at an oceanic ridge^
ridge^ridge (RRR) triple junction, the upwelling
patterns of three spreading centers interact, re-
vealing information about mantle dynamics be-
yond what can be learned from the case of a
single ridge.
Several studies have addressed the plate kine-

matics, geophysics, and sea£oor morphology of
triple junctions. For example, using constraints
from GLORIA sidescan sonar data, Mitchell
and Parson [1] investigated the long-term evolu-
tion of ridge segmentation at the Rodrigues Triple
Junction (RTJ, Fig. 1a) in the central Indian
Ocean. Searle [2] and Searle and Francheteau [3]
used bathymetric and GLORIA sidescan data to
study the sea£oor fabric and history of rift prop-
agation at the Azores Triple Junction (ATJ, Fig.
1b) and the Galapagos Triple Junction (GTJ, Fig.
1c), respectively. Sclater et al. [4] interpreted mag-
netic data to show that the Bouvet Triple Junc-
tion (BTJ, Fig. 1d) in the southern Atlantic Ocean
has alternated between RRR and ridge^fault^
fault (RFF) con¢guration.
Numerical geodynamics models of 3D mantle

£ow for a single ridge system have greatly aided
our understanding of ridge crustal and mantle
geodynamics (e.g., [5^8]). However, no numerical
models of 3D triple junction mantle £ow have
been developed to date. The purpose of this study
is to explore long-wavelength patterns of mantle
£ow and temperature beneath oceanic RRR triple
junctions. We ¢rst examine three oceanic RRR
triple junctions, Rodrigues, Azores, and Galapa-
gos, to synthesize their geometric commonalities
and develop a generic triple junction con¢gura-
tion for use in modeling. We then use this generic
geometry as the basis for 3D numerical calcula-

tions predicting mantle velocity and temperature
structure for an RRR spreading system. We
quantify how the triple junction con¢guration
can induce along-axis £ow and cause thermal per-
turbations, and we compare model predictions to
observational data from the RTJ.

2. Triple junction geometry

Each branch of a triple junction may be a ridge,
trench, or transform fault. Theoretically, 16 pos-
sible triple junction con¢gurations exist, although
not all are stable. The velocity vector method used
to assess triple junction stability [9] shows that
only the RRR con¢guration is stable for all
spreading rates and boundary orientations. This
investigation explores long-wavelength £ow and
thermal patterns around a generic RRR triple
junction that captures the salient geometrical
characteristics of the RTJ, and is very similar to
the ATJ and GTJ. The kinematics of each of
these three triple junctions is described below.

2.1. RRR triple junctions

The RTJ, also referred to as the Indian Ocean
Triple Junction, is composed of the Southeast In-
dian Ridge (SEIR), Central Indian Ridge (CIR),
and Southwest Indian Ridge (SWIR), with half-
spreading rates of 2.9, 2.4, and 0.7 cm/yr, respec-
tively [10^11] (Fig. 1a). The SEIR and CIR are
nearly collinear, and are intersected quasi-orthog-
onally by the SWIR [10]. The RTJ has been stable
for at least the last 5^10 Myr, and perhaps for as
long as 40 Myr [10,12]. For the lastV80 Myr, the
RTJ has been propagating eastward [13] ; since 10
Ma, the SWIR and CIR have lengthened by an
average of 2.7 and 1.3 cm/yr, respectively [10].

C

Fig. 1. Location maps for four RRR triple junctions: (a) Rodrigues, (b) Azores, (c) Galapagos, and (d) Bouvet. Ridge coordi-
nates are from [56], and free-air gravity data were extracted from the global satellite altimetry database of [57]. For each triple
junction, the location of the 35 mGal contour is indicated, and an arti¢cial illumination is applied from the NNW. The position
of the nearest hotspot to each triple junction is shown with a star. Ridge abbreviations are as follows: SWIR=Southwest Indian
Ridge, CIR=Central Indian Ridge, SEIR=Southeast Indian Ridge, N. MAR=Mid-Atlantic Ridge to the north of the Azores
Triple Junction, S. MAR=Mid-Atlantic Ridge to the south of the Azores Triple Junction, Ter. R. =Terceira Rift, N. EPR=East
Paci¢c Rise to the north of the Galapagos Triple Junction, S. EPR=East Paci¢c Rise to the south of the Galapagos Triple Junc-
tion, GSC=Galapagos Spreading Center, and AAR=American Antarctic Ridge.
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The nearest hotspot, Reunion, is at present more
than 1000 km from the RTJ, and therefore is
presumed not to directly a¡ect the mantle geody-
namics of the RTJ.
The GTJ marks the intersection of a northern

branch of the East Paci¢c Rise (N. EPR), a south-
ern branch of the East Paci¢c Rise (S. EPR), and
the Galapagos Spreading Center (GSC) (Fig. 1c).
The GSC opens at a rate of 2.1 cm/yr, while half-
rates for the N. EPR and S. EPR are 6.9 cm/yr
and 6.8 cm/yr, respectively [14]. Locally, the Ga-
lapagos Microplate complicates the tectonics of
the GTJ. The Galapagos Microplate has an area
of 13 000 km2 and rotates clockwise at 6‡/Myr
[15]. Although the Galapagos plume imparts sig-

ni¢cant bathymetric, seismic, gravity, and geo-
chemical anomalies to the GSC [16^20], it is lo-
cated more than 1000 km away from the GTJ,
making it unlikely that it directly in£uences GTJ
geodynamics.
In contrast to the RTJ and GTJ, both the ATJ

and the BTJ are a¡ected by the presence of a
nearby hotspot. The ATJ (Fig. 1b) is composed
of a northern branch of the Mid-Atlantic Ridge
(N. MAR, half-rate 1.2 cm/yr), a southern branch
of the Mid-Atlantic Ridge (S. MAR, half-rate 1.1
cm/yr), and the slow-opening Terceira Rift (Ter.
R., half-rate 0.3 cm/yr). It has evolved from RFF
to its present RRR con¢guration since its forma-
tion 45 Ma [2,21]. Searle [2] pointed out that de-

Fig. 2. Simpli¢ed geometry of the (a) RTJ, (b) ATJ, and (c) GTJ. Simpli¢ed geometry re£ects the regional trend of each of the
three spreading branches comprising a given triple junction, omitting transform o¡sets, microplates, and small zones of discon-
nectivity between the ridges and the virtual triple junction point. The half-spreading rate for each spreading branch is indicated,
and ridge abbreviations are given in Fig. 1. Arrows show plate motion with respect to the triple junction, modi¢ed from [10] for
(a), [2] for (b), and [3] for (c). R1 designates the ridge with the fastest half-spreading rate U1, R2 the ridge with an intermediate-
spreading rate U2, and R3 the ridge with the slowest-spreading rate U3. In all three of the RTJ, ATJ, and GTJ, the two fastest-
spreading ridges are nearly collinear, and are intersected quasi-perpendicularly by the slowest-spreading ridge. The ridge con¢gu-
ration is di¡erent, however, for the Bouvet Triple Junction (BTJ), where the three ridges have more equal separation angles from
each other.
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tailed understanding of the evolution of the ATJ
is complicated by extremely slow spreading rates
along the Ter. R. and the resultant lack of iden-
ti¢able magnetic anomalies. The Azores hotspot
signi¢cantly a¡ects crustal accretion processes at
the ATJ. Consistent with the general position of a
broad S-wave seismic velocity anomaly [22], the
distribution of recent volcanism in the Azores Ar-
chipelago suggest that the center of excess hotspot
magma £ux is approximately 100^200 km to the
east of the MAR, at approximately the location
of Faial Island [23]. The Azores hotspot imparts
long-wavelength bathymetric, geochemical, and
gravity gradients over a distance of V1500^2000
km along the MAR, from the Kane FZ to ap-
proximately 44‡N (e.g., [24^28]).
The SWIR, American Antarctic Ridge (AAR),

and MAR join at the BTJ (Fig. 1d). These ridges
have half-spreading rates of 0.8, 0.9, and 1.6 cm/
yr, respectively [4], and are spaced at roughly
equal angles from one another. Sclater et al. [4]
suggested that over the past 20 Myr, the BTJ
has spent 15 Myr in an RFF con¢guration and
5 Myr in the RRR mode, which is the current
geometry. Ligi et al. [29] con¢rmed that the BTJ
is locally RRR using high-resolution bathymetric,
gravity, and magnetics data. The BTJ is associ-
ated with three hotspot-like melting anomalies
within a 500-km radius, the Bouvet and Shona
hotspots and Spiess Seamount [29^35]. However,
the volcanic constructional features of all three
anomalies are volumetrically small compared to
islands such as Hawaii, Iceland, and Reunion
(e.g., [36]).
Three of the four triple junctions described

above have similar geometry. In each of the
RTJ, ATJ, and GTJ, the two fastest-spreading
ridges have nearly equal spreading rates and are
roughly collinear, forming a trend which the slow-
est-spreading ridge intersects quasi-orthogonally
(Fig. 2). This geometric similarity is shown quan-
titatively in Fig. 3, where U1, U2, and U3 are the
spreading rates of the fastest, intermediate, and
slowest-spreading ridges, respectively. For all of
the RTJ, ATJ, and GTJ, U1/U2 is 1.0^1.2, while
U1/U3 is 3.3^4.1. In contrast, the BTJ has consid-
erably di¡erent geometry as well as signi¢cantly
di¡erent spreading velocity ratios. In this study,

we focus only on a generic RRR triple junction
with geometric characteristics based on the RTJ,
and similar to the ATJ and GTJ.

2.2. Simpli¢ed triple junction kinematics

The primary objective of this investigation is to
examine how the long-wavelength mantle dynam-
ics beneath a triple junction di¡er from that of a
single ridge, and thus a simpli¢ed geometry is
used to characterize triple junction plate kinemat-
ics. Rather than explicitly incorporating local, de-
tailed ridge and transform segmentation patterns,
we approximate the overall geometry of a given
spreading center using a single, straight ridge
aligned according to its regional, average strike.
Diagrams of the simpli¢ed RTJ, ATJ, and GTJ
are shown in Fig. 2. This simpli¢cation is desir-
able for illustrating the essential features of man-
tle upwelling patterns beneath a triple junction.
This approximation, therefore, also ignores fea-
tures such as microplates, as in the case of the

Fig. 3. The geometric similarity of the Rodrigues (RTJ),
Azores (ATJ), and Galapagos (GTJ) triple junctions is
shown in this plot of half-spreading rate ratios. For each tri-
ple junction, half-rates for the three ridges are U1, U2, and
U3, with U1sU2sU3. Note that the RTJ, ATJ, and GTJ
show similar spreading rate ratios, but ratios for the BTJ are
signi¢cantly di¡erent.
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GTJ. Furthermore, for a number of triple junc-
tions, including the RTJ [37], the three ridge
branches fail to meet at a strict ‘triple point’, in-
stead being joined by a zone of di¡use deforma-
tion near the ‘virtual’ triple junction. The gap
distance between the termination of well-de¢ned
spreading along any given ridge axis and the vir-
tual triple point is less than 100 km for all of the
triple junctions considered here [2,29,38], again
considerably shorter than the much longer wave-
length patterns that are the subject of this inves-
tigation. The e¡ects of these complexities are dis-
cussed qualitatively in a later section.
Because the RTJ is not a¡ected by a nearby

hotspot, we selected it as the basis for our numer-
ical model. In the ¢rst model explored (Model 1),
the half-spreading rates of the three ridge
branches are set equal to the spreading rates of
the SEIR, CIR, and SWIR. We denote the ridge
with the relatively fastest-spreading rate U1 as R1.
Similarly, the ridge with an intermediate-spread-
ing rate is R2, and the slowest-spreading ridge is
R3.

3. Numerical model set-up

We use a ¢nite element numerical model to
solve for the steady-state 3D mantle velocity and
temperature ¢elds resulting from the surface di-
vergence of three plates. The top surface of Model
1 is divided into the African, Antarctic, and Aus-
tralian plates (Fig. 4). Fig. 1a shows clear lines of
sea£oor fabric discontinuities on the African and
Antarctic plates, expanding in a V-shape away
from the RTJ along the SWIR. These sea£oor
fabric discontinuities bound crust created at the
SWIR during the eastward propagation of the
RTJ. An analogous triple junction trace exists
on the Australian Plate (Fig. 4b), but it is not
as distinct as the traces on the African and Ant-
arctic plates because of the similarity in spreading
rate and near collinearity of the SEIR and CIR.
We ¢x the location of the triple junction in the

center of Model 1, and prescribe the motions of
the three plates with respect to the triple junction
according to the RTJ velocity triangle calculated
by [10]. The component of the plate motion vec-

tor perpendicular to each ridge is equal to the
half-spreading rate and spreading direction of
that ridge. For the top model surface, normal
stress czz = 0. For velocity boundary conditions
on the vertical sides and the bottom of the model
box, we prescribe the analytical solution for up-
welling and horizontal velocity for each grid node
as a function of depth and perpendicular distance
from the appropriate ridge axis, using the 2D for-
mulations of [39]. Temperature is assigned to be
0‡ and 1350‡C on the top and bottom boundaries
of the model, respectively, and the horizontal tem-
perature gradients are set to zero on the vertical
sides of the model domain.
The model box is 2000 kmU2000 kmU200 km

(Fig. 4a), enabling us to investigate mantle £ow
and thermal ¢elds along at least 1000 km of each
ridge. The model box is discretized into 41U41U
15 grid nodes, with highest horizontal resolution
near the triple junction and greatest vertical reso-
lution near the top surface of the box where ve-
locity and temperature gradients are largest. In
the horizontal direction, grid spacing ranges
from 20 to 99 km, while vertical grid spacing in-
creases from 5 to 29 km with depth.
To solve for mantle velocity and temperature,

we use a 3D £uid dynamical code (ADINA, [40])
that solves the equation of continuity for an in-
compressible £uid:

9 Wv ¼ 0 ð1Þ
and the equation of momentum balance with con-
stant viscosity and no buoyancy-driven £ow:

9P ¼ R9 2vþ bg ð2Þ

where v is velocity vector, P is £uid pressure, R is
mantle viscosity, b is mantle density (3300 kg/m3),
and g is the acceleration of gravity. In these cal-
culations, mantle viscosity is set to a constant 1021

Pa s. The steady-state temperature ¢eld is solved
using:

U9 2T þ v9T ¼ 0 ð3Þ

where velocity vector v is derived from the solu-
tion of Eq. 2, T is mantle temperature, and U is
thermal di¡usivity (1 mm2/s).
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4. Model results

4.1. Triple junction velocity and temperature
¢elds

In Model 1, the divergence of three surface
plates away from the triple junction is calculated
to induce a component of £ow along each of R1,
R2, and R3 (Fig. 5). This along-axis £ow is stron-
gest for the slowest-spreading ridge R3 (SWIR),

where it is directed away from the triple junction.
At a representative location within the partial
melting zone at 50 km depth and 300 km away
from the triple junction, the magnitude of along-
axis velocity is predicted to be 90% of upwelling
velocity for R3. A moderate component of along-
axis velocity is present for R2 (CIR) as well. At
the corresponding location for R2, along-axis ve-
locity is 70% of upwelling velocity. In contrast, at
the same location for R1 (SEIR), the calculated

Fig. 4. (a) 3D schematic representation of the model domain. The positions of the SEIR, CIR, and SWIR are indicated with
lines on the top of the model domain. The divergence of the Australian, Antarctic, and African plates about the RTJ is indicated
by gray arrows. The model box is 2000U2000 km in the horizontal direction, and 200 km in depth. (b) The top surface of the
set-up for Model 1. Flow within the model box is driven by the divergence of the African (AFR), Antarctic (ANT), and Austra-
lian (AUS) plates. The position of the triple junction is ¢xed in the model reference frame, and the motions of the three plates
with respect to the triple junction are indicated by thick black arrows labeled with the divergence rate (cm/yr). The component
of the plate motion vectors perpendicular to R3 (SWIR), R2 (CIR), or R1 (SEIR) is equal to the half-spreading rate and local
spreading direction of each ridge. RTJ traces represent accretionary boundaries dividing the crust created at two adjacent ridges.
Light gray orthogonal lines represent every other numerical grid for the £ow and temperature calculations.
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mantle £ow is nearly vertical, with along-axis ve-
locity only 2% that of upwelling velocity.
The calculated upwelling velocity for the slow-

est-spreading R3 increases signi¢cantly towards
the triple junction (Fig. 6). At a far-¢eld distance
of 500 km from the triple junction, the calculated
upwelling velocity for R3 approximately equals
that generated in the simpler case when two plates
diverge with a half-rate of 0.7 cm/yr. However,
within 200 km from the triple junction, upwelling
velocity for R3 increases more than threefold, ap-
proaching that of R1. A similar, though less pro-
nounced, increase in the upwelling velocity is also
predicted for R2.
Fig. 7a shows the calculated triple-junction

temperature ¢eld at a depth of 32 km, within
the zone of partial melting. The strong thermal
signatures of the faster-spreading R1 and R2 are
apparent. On the other hand, R3 has lower overall

axial temperatures, consistent with its ultra-slow
spreading rate. However, beneath the axis of R3,
mantle temperature at 32-km depth is calculated
to increase by 70^100‡C towards the triple junc-
tion as a result of enhanced triple junction upwell-
ing (Fig. 8a). In fact, for all depths, R3 has the
greatest temperature increase relative to the case
of a single ridge (Fig. 9a).
In summary, far from the RTJ (s 500 km), the

calculated upwelling velocity and thermal ¢elds of
R3 and R2 are similar to the case of the simple
divergence of two plates with corresponding half-
spreading rates. However, both upwelling velocity
and temperature for these two slower-spreading
ridges are predicted to increase toward the triple
junction to approach those of the fastest-spread-
ing ridge. In contrast, upwelling velocity and tem-
perature for R1 are little a¡ected by the presence
of the other two ridges, maintaining magnitudes
similar to the simpler single ridge case. Note that
these model calculations predict little direct mate-
rial transfer from the fastest-spreading ridge to
the two slower-spreading ridges.

Fig. 6. The calculated upwelling velocity magnitude along R1
(SEIR, solid line), R2 (CIR, dashed line), and R3 (SWIR,
dash^dot line), at a depth of 75 km. For comparison, the
magnitude of upwelling velocity driven by passive two-plate
separation at the corresponding half-spreading rate is indi-
cated by a light gray box on the left edge. Note that the
magnitude of the upwelling velocity for R3, and to a lesser
extent R2, increases toward the triple junction to approach
R1 upwelling velocity. Note also that R1 upwelling velocity
does not appear to be signi¢cantly changed by the presence
of the other two ridges.

Fig. 5. Model-predicted mantle velocity, along the planes of
the (a) R3, (b) R2, and (c) R1 spreading branches. Note the
strong component of along-axis velocity for R3 (SWIR). In
contrast, mantle motion is calculated to be almost completely
dominated by vertical upwelling for R1 (SEIR). Gray shad-
ing indicates calculated mantle temperature, with shading
changes every 100‡C.
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4.2. E¡ects of absolute magnitude of spreading
rates

To determine the e¡ects of changing the abso-
lute magnitude of the spreading rates for the three
ridges while keeping their relative ratios un-
changed, we calculate velocity ¢eld and temper-
ature for the same model geometry described in
Section 3, but scale the surface divergence veloc-

ities by a factor of either 1/co (Model 2) or co
(Model 3), where co = 2.4. Application of these
scaling factors roughly yields the spreading rates
for the ridges of the ATJ and GTJ, respectively.
Therefore, in considering the models in a geo-
graphical context, it may be useful to refer to
R1, R2, and R3 as N. MAR, S. MAR, and Ter.
R., respectively, in Model 2 (ATJ) and as N.
EPR, S. EPR, and GSC, respectively, in Model
3 (GTJ). However, it should be made clear that
the comparison of model geometry to the actual
ATJ and GTJ con¢gurations is not rigorous, be-
cause the observed ridge angles are slightly di¡er-

Fig. 8. Along-axis pro¢les of temperature at a depth of 32
km for (a) Model 1 (RTJ), (b) Model 2 (similar to ATJ),
and (c) Model 3 (similar to GTJ). Note that in all three pan-
els, the predicted temperature increase toward the triple junc-
tion is most pronounced for the slowest-spreading branch
(dash^dot line).

Fig. 7. Plan view of predicted temperature patterns for
(a) Model 1 (RTJ), (b) Model 2 (similar to ATJ), and
(c) Model 3 (similar to GTJ) at a depth of 32 km. Note that
for all three triple junctions, the two fastest-spreading ridges
dominate the thermal structure of the region, while the tem-
perature of the slowest-spreading ridge increases toward the
triple junction.
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ent than in the models, and therefore only qual-
itative inferences about the ATJ and GTJ should
be drawn from the model predictions.
The results of the thermal calculations for

Models 2 and 3 are shown in Figs. 7b-c and 8b-
c. Because the overall spreading rates are slower
in Model 2 than in Model 1, the calculated tem-
peratures are correspondingly lower in Model 2 at
a given depth (Fig. 7). However, the predicted
temperature increase along the ultra-slow spread-
ing R3 in Model 2 is dramatic. Within 500 km of
the triple junction, temperature within the partial

melting region is calculated to increase by more
than 250‡C, approaching the value for R1 (Fig.
8b). Axial temperature is also predicted to in-
crease for R2, although the magnitude of the in-
crease is considerably less than that of R3 because
of the similarity in spreading rate between R1 and
R2. Before these model results are applied to the
ATJ, however, it is important to mention that the
presence of the Azores plume is expected to sub-
stantially alter these thermal patterns. The present
location of the Azores plume is thought to be in
the vicinity of Faial Island, to the east of the

Fig. 9. The calculated temperature anomaly caused by triple junction £ow for (a) R3 (SWIR), (b) R2 (CIR), and (c) R1 (SEIR).
Temperature anomaly was determined by subtracting the temperature^depth section calculated for a single ridge case with the
spreading rate of R1, R2, or R3 from the temperature^depth section calculated for the ridges as shown in Fig. 5. Note that the
slowest-spreading ridge R3 has the most pronounced thermal anomaly with respect to the single ridge case, while the predicted
thermal anomaly for R2 is small and con¢ned to the immediate vicinity of the triple junction. In contrast, the thermal anomaly
for R1 is negligible.
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triple junction and south of the Ter. R. [22^23].
Because of the 3D nature of mantle £ow around
the triple junction, a plume situated slightly south
of R3 in Model 2 is expected to cause more plume
in£uence on the S. MAR than the N. MAR. Such
north^south asymmetry is consistent with geo-
logic observations (e.g., [24,26^28]).
Model 3 (Fig. 7c) represents two fast-spreading

ridge branches intersected by an intermediate-
spreading ridge, similar to the case of the GTJ.
Since all three ridges spread at relatively rapid
rates, the thermal contrast between them is not
as pronounced as for Model 1 or Model 2. Cor-
respondingly, no signi¢cant along-axis tempera-
ture increase is predicted for R3 (Fig. 8c). Instead,
at depths within the partial melting zone (30^80
km), all three ridges maintain temperatures close
to their temperature far away from the triple junc-
tion. Thus this model predicts that the thermal
state near the GTJ is not altered signi¢cantly by
the presence of the triple junction.

4.3. RTJ thermal topography

We next compare the predictions from Model 1
to the observed bathymetric trends of the ridges
near the RTJ. East of the Melville Fracture Zone
at 61‡E, the SWIR achieves its greatest axial
depth (Fig. 10a). Cannat et al. [41] suggest that
this extreme depth can be explained by mantle
temperatures that are signi¢cantly cooler than
normal, with a concomitant decrease in magmatic
production. In the immediate vicinity of the RTJ,
however, the maximum depth of the SWIR axis
shallows signi¢cantly (Fig. 10b). To determine if
our model predictions are consistent with the ob-
served shallowing, we calculate model topography
resulting from mantle density variations due to
thermal structure, and compare the calculated ax-
ial pro¢les to satellite-gravity predicted bathyme-
try [42]. We employ predicted bathymetry in the
comparison because, although the SWIR and CIR
have continuous or nearly continuous axial ship-
track coverage over the region shown in Fig. 10a,
similar coverage for the SEIR is not available.
It is di⁄cult to precisely determine the relative

importance of the various factors that contribute
to axial bathymetry (e.g., mantle thermal varia-

tions, crustal thickness variations, and dynami-
cally supported topography) because at present
there are no seismic data around the RTJ to con-
strain crustal thickness. We recognize that while
this modeling is designed to explore long-wave-
length axial trends, local tectonics exert an im-
portant control on lithospheric processes near
the RTJ. We note, for example, that detailed
geological studies of the SWIR near the RTJ
[38,43] suggest the existence of a propagator fea-
ture that terminates V50^100 km west of the tri-
ple junction, with a rift tip that is locally de-
pressed and supported by dynamic stresses [44].
Between this anomalously deep rift tip and the
triple junction, sea£oor depth recovers to more
average values. Likewise, large rift-£ank uplifts
suggest the importance of £exural and dynamic
stresses.
Despite the uncertainty inherent in decompos-

ing SWIR axial topography, mantle Bouguer
anomaly (MBA) can be used to aid the evaluation
of the relative contributions of dynamic and iso-
static topography to ridge-axis bathymetry. MBA
re£ects density variations resulting from changes
in crustal thickness and/or mantle temperature
[45,46]. Fig. 11 shows MBA around the RTJ, ex-
tracted from a map published in Georgen et al.
[35], as well axial pro¢les of MBA for the SWIR
and SEIR. Although short-wavelength variations
are present, to ¢rst order the SWIR MBA pro¢le
becomes more negative toward the triple junction,
while MBA along the SEIR remains relatively
constant and more negative than that of the
SWIR. The decrease in MBA along the SWIR
toward the RTJ is consistent with increasing man-
tle temperature and/or crustal thickness toward
the triple junction, suggesting that the axial to-
pography is not purely dynamically supported.
Gravity studies along the GSC in the vicinity of
the Galapagos plume [18] and along the Reyk-
janes Ridge near Iceland [47] suggest that mantle
thermal variations contribute approximately 25^
30% to the topography and mantle Bouguer grav-
ity signal, with the rest attributable to crustal
thickness variations. Accordingly, we calculate
an isostatic topography pro¢le, assuming that
thermal variations account for 30% of the overall
ridge topography.
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The topographic variation vh can be calculated
as:

v h ¼
Z

K bmðT3ToÞ=ðb c3bwÞdz ð4Þ

where the coe⁄cient of thermal expansion
K=3U1035‡C31, reference mantle density bm =
3300 kg/m3, reference crustal density bc = 2700
kg/m3, water density bw = 1030 kg/m3, T is mantle
temperature, and reference mantle temperature
To = 1350‡C at depth z=200 km. We assume
that vertical columns of mantle are in isostatic
equilibrium at depth z=200 km.
Fig. 10b suggests that the general long-wave-

length shallowing of the SWIR axis toward the
RTJ is consistent with the isostatic topography
predicted by the triple junction thermal model.
Similarly, despite £uctuations about a mean depth
of approximately 3.2 km, SEIR axial depth nei-
ther increases nor decreases systematically away
from the RTJ. Again, model-predicted thermal
topography is consistent with this observation
(Fig. 10b). Meanwhile, whereas CIR axial depth
is observed to be relatively constant, or perhaps
even shallowing, away from the RTJ, model re-
sults predict a deepening trend. We attribute this
discrepancy to the in£uence of the o¡-axis Reun-
ion hotspot on the CIR. The Reunion hotspot is
associated with anomalously shallow CIR topog-
raphy along an axial section centered at V20‡S
[48].
Further test of the predicted temperature struc-

ture near a triple junction could come from re-
gional geochemical studies. For example, Model
1 predicts progressively greater extents of melting

along the SWIR towards the RTJ. Such varia-
tions could be detected from Na8:0 and other geo-
chemical systematics (e.g., [49,50]). This model
also suggests that Na8:0 should be higher for the
SWIR than the SEIR or CIR far away from the
RTJ. Currently, however, there are few published
studies on major element data trends along the
SWIR in the immediate vicinity of the RTJ. How-
ever, a study of SWIR peridotites between 52‡E
and 69‡E [51] suggests that the maximum extent
of mantle melting increases moderately from 62‡E
to 69‡E, consistent with model predictions.

5. Discussion

The primary goal of this investigation is to
quantify the long-wavelength patterns of passive
mantle upwelling and temperature beneath an
RRR triple junction and to contrast them with
the patterns of a single ridge. We purposefully
selected to focus on purely passive upwelling be-
cause this approach isolates the simplest physics
inherent to the triple junction problem. Similar to
the progressive approach used in developing sin-
gle ridge models (e.g., [5^7,52^53]), subsequent
triple junction models may investigate the addi-
tional e¡ects of variable viscosity, thermal buoy-
ancy, melt retention/depletion buoyancy, melting,
and the like. These subsequent studies can specif-
ically explore how the inclusion of these addition-
al factors alters the essential triple junction fea-
tures predicted in this study, such as strong along-
axis £ow and increased upwelling rate and tem-
perature along the slowest-spreading ridge. In the

6

Fig. 10. (a) Filtered bathymetry of the RTJ. Filtered bathymetry was calculated by applying a 2D lowpass ¢lter with a cuto¡
wavelength of 50 km to the map displayed in the inset. Contours delineate 3.25 and 3.75 km depth. Inset: Bathymetry map for
the RTJ region. Predicted bathymetry data were extracted from the Smith and Sandwell [42] database, and contours delineate
2.75 and 3.75 km depth. (b) Along-axis pro¢les of ¢ltered bathymetry along the SWIR, SEIR, and CIR. To the right of the ver-
tical black bar, which marks the triple junction, the SEIR axial pro¢le is shown with a thick black line, while the CIR pro¢le is
indicated with a thin black line. Dark (SWIR and SEIR) and light (CIR) thick gray curves indicate model-predicted isostatic to-
pography due to mantle thermal variations. Calculation of isostatic topography is described in the text. Note that the SWIR
ridge axis shallows signi¢cantly within a distance of V150 km from the RTJ, a general trend which is mirrored by the model
predictions. Similarly, despite £uctuations at about a mean depth of V3.2 km, the SEIR axis does not systematically shallow or
deepen. This trend is also re£ected in the £atness of the predicted isostatic topography. Discrepancy between the model-predicted
isostatic topography and observed axial depth for the CIR may be attributed to the Reunion hotspot, which was not considered
in the present models.
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Fig. 11. (a) Filtered MBA in the vicinity of the RTJ. MBA map was extracted from Ref. [35]; details of the MBA calculation
can be found therein. Filtered MBA was calculated by applying to the un¢ltered map a 2D lowpass ¢lter with cuto¡ wavelength
100 km. Grid nodes without shiptrack control within a 10P radius are masked with white. Dashed lines indicate triple junction
traces. (b) Along-axis pro¢les of ¢ltered MBA for the SWIR (black) and SEIR (red). Note that MBA generally decreases toward
the triple junction along the SWIR, whereas MBA values of the SEIR are relatively constant and more negative than those of
the SWIR. The MBA pro¢le along the CIR was not plotted because of the complicating e¡ects of the Reunion hotspot on the
CIR away from the RTJ. Nevertheless, the MBA map in panel a shows that the MBA values along the CIR are, overall, also
more negative than those of the SWIR.
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following paragraphs we qualitatively discuss the
potential e¡ects of a few factors not incorporated
in the present models.

Melting and crustal thickness variations : Testing
these models of mantle £ow and temperature
structure beneath a triple junction can be facili-
tated by calculation of the associated melting pat-
terns and magmatic crustal thickness. Previous
studies have calculated crustal thickness beneath
a single ridge by ¢rst computing the distribution
of partial melt beneath the ridge axis and then
integrating all melt generated in a plane perpen-
dicular to the spreading axis (e.g., [5,18]). Similar
calculations for a triple junction are likely to be
complicated and should consider additional fac-
tors, such as the partitioning of melt between
the three spreading branches and the melting his-
tory of mantle rocks in a highly 3D £ow geome-
try.

Variable viscosity and buoyancy : Previous mod-
els of a single ridge (e.g., [6]) have illustrated that
if mantle viscosity is pressure- and temperature-
dependent, the predicted mantle upwelling is both
stronger and more localized to the region imme-
diately below the ridge axis than in the case of
constant mantle viscosity. The predicted across-
axis width of the axial high upwelling velocity
zone for temperature- and pressure-dependent vis-
cosity is approximately 20^30% narrower than
that for the constant viscosity case [6]. By anal-
ogy, we expect that if pressure- and temperature-
dependent viscosity is introduced in the model,
the zone of increased upwelling and temperature
along R3 is likely to be 20^30% narrower than the
current model of constant viscosity.
Similarly, single-ridge models have illustrated

that buoyancy forces due to thermal, melt reten-
tion, and melt depletion e¡ects can increase the
overall upwelling velocity and narrow the upwell-
ing zone [52,54]. Thus it is possible that the in-
troduction of buoyancy forces may also decrease
the length of triple junction in£uence along R3.
Both the variable viscosity and buoyancy e¡ects
should enhance the overall upwelling velocity in
the immediate proximity of the triple junction.
Such enhanced upwelling, however, may be coun-
teracted by the e¡ects of di¡use spreading and
ridge reorganizations described next.

‘Virtual’ vs. actual triple point : Several high-res-
olution studies of RRR triple junctions have
shown that, rather than meeting at a strict geo-
metrical point, the three spreading branches often
fail to connect. Evidence for such ridge non-con-
nectivity is found at the BTJ [29], ATJ [2], and
RTJ [37,38], among others. Commonly, the slow-
est-spreading branch is separated from a triple
junction by a zone of di¡use deformation, leading
to the suggestion that, at a local scale (6 100 km
away from the triple point), spreading at an RRR
triple junction may occur throughout a broad
area, rather than linearly along three well-de¢ned
ridges. Observations further suggest that the width
of the di¡use spreading zone may vary with time.
It is envisioned that periods when the triple junc-
tion migrates away from the end of the slowest-
spreading ridge may alternate with periods when
the slowest ridge propagates rapidly to be con-
nected to the faster ridges [3,37]. The failure of
the slowest-spreading ridge to be connected to the
faster ridges at all times is expected to reduce the
overall upwelling beneath the triple junction, and
thus counteract the enhanced upwelling caused by
variable viscosity and buoyancy e¡ects.
Quantitative estimation of the relative impor-

tance of variable viscosity and buoyancy (in in-
creasing crustal production) versus lithospheric
e¡ects (in decreasing crustal production) is di⁄-
cult without additional modeling. However, in
light of a lack of seismic crustal thickness esti-
mates along the SWIR near the RTJ, o¡-axis
gravity can be used to explore the history of crus-
tal accretion [55]. More speci¢cally, enhanced
crustal production could result in variations of
MBA across the African and Antarctic triple
junction traces, with relatively more negative
MBA on the side of the trace created by the
SWIR. However, such systematic variation of
MBA across the triple junction traces is not read-
ily apparent (Fig. 11), suggesting that the struc-
ture of the triple junction traces might be con-
trolled by complex interplay between various
mantle and lithospheric processes that are still
poorly understood.

Detailed ridge segment geometry : The models
described in this investigation purposefully make
use of a simpli¢ed ridge geometry to isolate the

EPSL 6420 19-11-02 Cyaan Magenta Geel Zwart

J.E. Georgen, J. Lin / Earth and Planetary Science Letters 204 (2002) 115^132 129



long-wavelength mantle dynamics arising from
the conjunction of three divergent plates. More
detailed ridge geometry incorporating segmenta-
tion at wavelengths less than V100 km will add
local complexity to the 3D £ow ¢elds. However,
we anticipate these e¡ects to be limited only to
ridge segment scales.

6. Conclusions

The results of this investigation yield the fol-
lowing main conclusions regarding mantle £ow
and temperature structure beneath and RRR tri-
ple junction:
(1) When the slowest-spreading ridge intersects

two near-collinear faster-spreading ridges quasi-
orthogonally, such as at the Rodrigues, Azores,
and Galapagos triple junctions, the upwelling ve-
locity and temperature along the slowest-spread-
ing branch are calculated to increase toward the
triple junction, approaching the greater upwelling
rate and higher temperature of the fastest-spread-
ing branch. In contrast, the velocity and thermal
¢elds for the fastest-spreading ridge are not sig-
ni¢cantly di¡erent from the case of a single ridge
with a corresponding spreading rate.
(2) For a model geometry resembling the RTJ,

upwelling velocity along the slowest-spreading
SWIR is predicted to increase more than threefold
within 200 km of the triple junction. A strong
component of along-axis £ow, directed away
from the triple junction, is also predicted. Simi-
larly, model calculations suggest temperature in-
creases by V75‡C along the SWIR axis at depths
within the partial melting zone. Isostatic models
based on the predicted temperature ¢elds can
qualitatively explain the long-wavelength shallow-
ing of the SWIR axis towards the triple junction
and the relatively shallow depths of the SEIR and
CIR axes.
(3) For ridge branches with the same geometry

as the RTJ, but with a factor of 2.4 faster spread-
ing rate for each of the ridge branches (a con-
¢guration similar to the GTJ), the predicted ve-
locity and temperature di¡erences between the
three ridges are less pronounced. However, when
spreading rates are a factor of 2.4 slower (a con-

¢guration similar to the ATJ), the predicted dif-
ferences between the slowest- and fastest-spread-
ing ridges are increased. Therefore, the geo-
dynamical e¡ects of triple junction geometry are
likely more important for the ATJ than the
GTJ.
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