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Abstract. The Central Spreading Ridge (CSR) is located in the 
central part of the North Fiji Basin, a complex back-arc basin 
created 12 Ma ago between the Pacific and Indo-Australian plates. 
The 3.5 Ma old CSR is the best developed, for both structure and 
magmatism, of all the spreading centers identified in the basin, and 
may be one of the largest spreading systems of the west Pacific 
back-arc basins. It is more than 800 km long and 50-60 km wide, 
and has been intensively explored during the French-Japanese 
STARMER project (1987-199 1). 

The CSR is segmented into three first order segments named, 
from north to south, N 160", N 15" and N-S according to their 
orientation. This segmentation pattern is similar to that found at 
mid-ocean ridges. The calculated spreading rate is intermediate and 
ranges from 83 m d y r  at 20"30' S to 50 m d y r  at 17" S. In addition, 
there is a change in the axial ridge morphology and gravity structure 
between the northem and southern sections of the CSR. The axial 
morphology changes from a deep rift valley (N 160" segment), to a 
dome split by an axial graben (N 15" segment) and to a rectangular 
flat top high (N-S segment). The Mantle Bouguer Anomalies ob- 
tained on the northem part of the CSR (N160°/N15" segments) 
show "bull's eye" structures associated with mantle upwelling at the 
16"50' S triple junction and also in the middle of the segments. The 
Mantle Bouguer Anomalies of the southem part of the ridge (N-S 
segment) are more homogeneous and consistent with the observed 
smooth topography associated with axial isostatic compensation. 

At these intermediate spreading rates the contrast in bathymetry 
and gravity structure between the segments may reflect differences 
in heat supply. We suggest that the N160" and N15" segments are 
"cold" with respect to the "hot" N S  segment. We use a non- 
steady-state thermal model to test this hypothesis. In this model, 
the accretion is simulated as a nearly steady-state seafloor spreading 
upon which are superimposed periodic thermal inputs. With the 
measured spreading rate of 50 mdyr, a cooling cycle of 200,000 yr 
develops a thermal state that permits to explain the axial morphol- 
ogy and gravity structure observed on the N160" segment. A 
spreading rate of 83 m d y r  and a cooling cycle of 120,000 yr would 
generate the optimal thermal structure to explain the characteristics 
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oftheN-S segment. The boundaries between the "hot" N-S segment 
and its "cold" bounding segments are the 18"lO'S and 20"30'S 
propagating rifts. A heat propagation event along the N-S segment 
at the expense of the adjacent colder failing segments, can explain 
the sharp changes in the observed morphology and structure be- 
tween the segments. 

Introduction 

It has been observed that there is a strong dependence 
of axial morphology on the spreading rate (e.g. Me- 
nard, 1967; Macdonald, 1982). An axial depression is 
characteristic of slow spreading rates (less than 50 d 
yr), whereas an almost flat profile and a topographic 
high are systematically observed at intermediate (50-90 
mrdyr) and fast (greater than 90 d y r )  spreading 
rates (Macdonald, 1982; 1986). Exceptions to this gen- 
eral trend are noticed in ridges near hot-spots where 
axial highs are found at slow-spreading rates (e.g. Reyk- 
janes Ridge, Laughton et al., 1979). In other areas, 
where a fast spreading ridge contacts an old and cold 
lithosphere, a deep axial valley develops (Malinvemo, 
1993) (e.g. Pito Rift, Martinez et aZ., 1991). 
. Axial valleys are considered dynamically stable fea- 
tures (Atwater and Mudie, 1973; Macdonald, 1982), 
and several steady-state models have been proposed to 
explain their presence at slow-spreading centers (Sleep, 
1969; Lachenbruch, 1973; Anderson and Noltimier, 
1973; Tapponnier and Francheteau, 1978; Phipps 
Morgan et al., 1987; Chen and Morgan, 1990b). Recent 
multibeam bathymetry surveys around the world reveal 
a wide variety of ridge morphologic features at slow 
and intermediate rates instead of an ubiquitous axial 
depression. Changes from a volcanic dome to a rift 
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Fig. I .  Location orthe Central Spreading Ridge (rectangle) in the North Fiji Basin. Thick lines mark the position ofthc present-day spreading 
axis and fracture zones. Tectonic elements of the northern part of the North Fiji and Lau Basins are taken from Parson el u/. (Iq92). Pellelier 

et ul. (1993). and Lagahrielle el  u/" (1994). 

valley have been proposed from a segment of the Juan 
de Fuca Ridge (Kappe1 and Ryan, 1986), morphologic 
variations ranging from a deep median valley to a 
rifted axial dome. are observed at the Mid-Atlantic 
Ridge between 31" S and 34"30' S (Fox ct al., 1991 ), 
and a contrast between an axial high and a marked 
rift at a constant intermediate spreading rate have been 
pointed out along the Australian-Antarctic Discor- 
dance (Palmer et al., 1993) and the Pacific-Antarctic 
Ridge (Marks and Stock, 1994). This morphological 
variability suggests that, in addition to spreading rate. 
other parameters such as magma supply and/or crustal 
thickness exert a morphological control. 

The Central Spreading Ridge (CSR) of the North 
Fiji Basin (southwest Pacific) is a mature back-arc 
spreading center which shows different axial mor- 
phologies with an intermediate spreading rate. In this 
paper we attempt to relate along-axis variations in 
morphology and gravity structure to different thermal 
regimes. We have compiled the available swath-ba- 
thymetry and gravity data and we use the Mantle Bou- 
guer Anomaly to constrain our thermal models. A 
non-steady-state thermal model is used to explain the 
observed variations. 

2. Geological Setting 

The North Fiji Basin is a complex marginal basin 
created 12 Ma ago at the boundary of the Pacific and 
Indo-Australian plates (Pelletier er ul., 1993). between 
two subduction zones of opposite polarity: the New 
Hebrides and the Tonga-Kermadec trenches (Figure 
1 ). Several extensional structures and spreading centers 
have been identified within the North Fiji Basin. The 
CSR appears to be the most evolved of the spreading 
zones (Auzende rr d .  I98Sa, b. 1990, 1991 1. 

The basalts accreted along the CSR are predomi- 
nantly MORB-type, although there is a geochemical 
back-arc signature on the northern and southern parts 
of the spreadingcenter (Eissen, 1991, 1994: Lagabriellc 
et u/., 1994). Magnetic anomalies indicate that seafloor 
spreading began at the central part of the ridge about 
3 Ma ago. More recently, about I .5 Ma ago. changea i n  

Fig. 2. ßathymctric rnap (2110 m contour interval) of' thc (.cntr;~l 
Spreading Ridge. Thc thrce first order segments tN IhO", N i<", and 

N S) and the Ib"S0'S triple junction are distinguished. 
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Fig. 3. Axial depth profile of the Central Spreading Ridge between 14"50S and 21" S. Note the rough axial topography and the small order 
segmentation of the N160" segment (CSRI to CSR3) in comparison with the southern segments (CSR4 to CSR8). 

the geodynamic setting and a successive plate-motion 
reorganization resulted in the present-day ridge seg- 
mentation (Auzende et al., 1988a; Huchon et al., 1994). 
Multi-channel seismic data show a relatively thin crust, 
with no evidence for an axial magma chamber reflector 
(Kisimoto et al., 1994). There is extensive low-temper- 
ature hydrothermal activity, in addition to some sites 
of vigorously active high-temperature venting along 
theCSR(Auzendeeral., 1990,1991; Bendeletal., 1993). 

3. Morphostructure of the Central Spreading Ridge 

3.1. PREVIOUS WORKS 

Detailed bathymetric studies have revealed a suite of 
discontinuities that segment the axis of the CSR, in- 
cluding overlapping spreading centers, propagating 
rifts, offsets and devals, analogous to those described 
along mid-ocean ridges (Hey et al., 1980: Macdonald 
and Fox, 1983; Macdonald et al., 1991; Schouten et al., 
1985: Whitehead et al., 1984). The fundamental differ- 
ence between mid-ocean ridges and the CSR is the 
lack of major transform faults along the latter. This 
might be a general feature characterizing back-arc 
accretion, as is pointed out for the Woodlark Basin 
spreading center (Taylor et al., 1995) or the South 
Pandora Ridge in the northern North Fiji Basin 
(Lagabrielle et al., 1994). 

The CSR axis extends 800 km, is 8-10 km wide, 
and trends roughly N-S changing in direction to the 
N160"E and N15"E, north and south of 16"50'S, 
respectively. The axial depth ranges between 4400 m 
and less than 2000 m, reaching the shallowest point 
(1 800 m) also at 16'50' S. Three main segments, N 160', 
N 15" and N-S (Figure 2) are observed along the CSR 
(Auzende et al., 1988a, 1990; Huchon et al., 1994; 
Tanahashi et a/., 1994). 

Four main discontinuities bound the three seg- 
ments (Figures 1, 2). The 14'50's triple junction is 
located at the northern tip of the N160" segment, 
where three grabens seem to converge (Auzende et 
al., 1994). The 16"50'S triple junction is located at 
the intersection between the N 160" and N 15" seg- 
ments and the North Fiji Fracture Zone (Lafoy er 
al., 1990; Jarvis and Kroenke, 1993). The 18"lO'S 
propagating rift occurs at the northern tip of the 
N-S segment where a clear V-shape structure is ob- 
served. The N 15" failing rift retreats progressively 
whereas the N-S segment propagates northwards (De 
Alteriis et al., 1993;.Ruellan et al., 1994). De Alteriis 
et al. (1993) and Tanahashi et al. (1994) also sug- 
gested that the N-S segment could be propagating 
southwards at 20'40' S. The gravity data we present 
here confirm this idea, and will be discussed further 
on (see section 4). 

3.2. RIDGE SEGMENTATION 

Three parameters can characterize segmentation along 
spreading ridges: the length of the segment, the longev- 
ity of the segment, and the offset separating the seg- 
ments (Macdonaldetal., 1991). Along the whole CSR, 
neither the longevity nor the offset can be considered 
due to the youthfulness of the spreading center and 
the lack of large offsets and transforms. Thus, the 
length of the segment is the only parameter we mea- 
sured in order to characterize the CSR segmentation. 

The axial depth profile (Figure 3) shows a long- 
wavelength (1 50-250 km long) bathymetric pattern be- 
tween the first-order segments (N 160". N 15' and N-S) 
separated by first-order discontinuities (14"50' S and 
1690' S triple junctions, and 18"10' S and 20'40' S 
propagating rifts). Superimposed on this long-wave- 
length segmentation is a shorter-wavelength (50-90 km) 
segmentation caused by second-order discontinuities. 
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These smaller segments have been labelled from north 
to south, CSR1-CSR8. 

3.2.1. N160" First-Order Segment 
The N160' segment extends 210 km, between the 
14'50' S and the 16'50's triple junctions (Figure 4a). 
It is composed of three second-order segments (CSR 1 
to CSR3) which are a succession of long en échelon 
grabens (Figure 5a). Segment CSRl is 63 km long, 
between 7.5 km and 15 km wide and reaches a depth 
of 4200 m. Segment CSR2 is offset 20 km to the east 
of segment CSRl at 15"30'S. Segment CSR2 is 82.5 
km long, 12 kin wide, and 3700 m deep. A 5 km right- 
lateral offset separates CSR2 and CSR3 at 16'15' S. 
Segment CSR3 is 78 km long, 10.5 km wide, and 3600 
m deep (Figures 4a, 5a). 

Segments CSR2 and CSR3 are bound by two vol- 
canic constructions, 135 km long and 2100 m high 
that become progressively wider southwards, reaching 
a width of 40 km near the 16"50'S triple junction. 
These ridges connect with the axial valley trough a 
wall 1 O00 m high formed from several steps of inward 
facing scarps which would appear to be normal faults. 

3.2.2. N 15" First-Order Segment 
The N15' segment extends from the 16'50's triple 
junction to 18'10'S, and has a length of 165 km. It 
comprises the two second-order segments CSR4 and 
CSR5, separated by 17'50' S offset. Segment CSR4 is 
97 km-long, and is characterized by a 500 m high and 
10.5 km wide axial ridge with a small axial graben 
1.5-3 km wide. 

The axial zone is bound by two curved grabens, 
60 km wide and 3500 m deep. Such grabens might 
be relict structures related to the functioning of the 
16'50' S triple junction. CSR5 is 72 km long and char- 
acterized by a 3 km wide and 300 m high dome bor- 
dered by two elongated, curved depressions. The axis 
of segment CSR5 also shows a curved shape from 
17'56' S to 18'34' S and overlaps with the northern 
portion of the N-S segment. Off-axis areas display a 
series of small-scale highs and lows that also trend 
N15' (Figures 4a, 5a). 

3.2.3. N-S First-Order Segment 
This segment extends from 18'10' S to 21'45' S and is 
255 km long. Three second-order segments can be 
distinguished. Segment CSR6 is characterized by a 
dome 67.5 km long, 9 km wide and 100 m high. A 
small offset at 19'05' S separates this segment from 
CSR7. A 71 km long dome, with the shallowest depth 
(2000 m) and the widest section (12 km) can be ob- 
served along the middle segment (CSR7). A small over- 

lapping spreading center at 19'50' S separates CSR7 
and CSR8. This last segment is characterized by a 
75 km long, 7.5 km wide and 100 m high axial dome. 
CSR6 propagates northwards whereas CSR8 seems to 
propagate southwards, as is suggested by the V-shaped 
pseudofaults (Figures 4b, 5b). 

An important feature of the off-axis topography is 
the existence of volcanic cones and seamount chains. 
The volcanic cones are located between 19' S and 20" S, 
off-axis of the central part of segment CSR7 (Figures 
4b, 5b). We have identified a total of ten symmetrical 
seamount chains, labelled A to E for the west flank 
and A' to E for the eastern flank. These seamount 
chains exhibit conical volcanic edifices and ridges 
forming V-shaped alignments slightly asymmetric with 
respect to the axis (Figure 5b). The average size of these 
volcanoes ranges from a basal diameter of 4-5 km up 
to 10-15 km. They rise above the abyssal plain by 500 
up to 1300 m. Some of them show depressions up to 
1-2 km in diameter that are interpreted as caldera 
collapses, suggesting magmatic chambers underneath 
(Batiza and Vanko, 1983). The trends of the chains 
are perpendicular to oblique (N 30') with respect to 
the axis direction. Most seamounts are located within 
25 km of the ridge axis and may be associated with 
the upwelling system beneath the ridge, although a 
mini-hotspot hypothesis (Shen et al., 1993) has been.;. 
put forward for the formation of the seamounts B 
and B', 61 and 92 km off-axis respectively. The small 
isolated volcanic cones appear scattered over the basin 

1 

1 
I 

floor. They have a basal diameter about 5 times smaller <.%,a 
(1.5 km in average) than the seamount chains described .C. - I 

i 
above. I 

1 3.3. SEAFLOOR TECTONIC FABRIC I 

The shaded relief maps derived from the swath-ba- 
thymetry (Figure 4) reveal high angle-slopes that paral- 
lel the ridge axis, and are interpreted as being the 
expression of faults. The topographic roughness seems 
to decrease towards the south from the N 160' to the 
N-S segment, and the orientation of the fault pattern 
off-axis seems to mimic the present-day orientation of 
the ridge axis. It also clearly shows the dome-shaped 
topography along the N-S axis (Figure 4b). 

The off-axis topography of the N 160" and N 15' 
first-order segments exhibits a series of topographic 
lows and highs with a periodicity of 200,000 yr assum- 
ing a spreading rate of 50 m d y r  (Figure 4a). The off- 
axis topography of the N-S segment is rather flat, 
except along pseudofaults of the north and south prop- 
agators where a series of topographic lows and highs 
occur every 120,000 yr (Figure 4b). 

I 



173" 174" 

- l E  

-1 5 

-1 9 

-1 6' 

173" 174" 

-1 8" 

-19" 

-1 7" 

-1 8" 
a) 173" 174" 

-20" 

-21 O 

b) 

-20" 

21 

-2000 

-2200 I 
- -2400 

- -2600 

- -2800 

-3000 

' -3200 

-3400 

-3600 

-3800 

-4000 

-42QO 



I -  

**** spreadingaxis 
++ seamounts 
r. discontinuities 
.L scarps 
+ highs -- structurallineations 
----lows ' 1  15.5 

15.305 

16.S 

6.305 

7. 5 

7.305 

8. 5 

I 

1 
depth (m) 
above2000 

2003-2500 

3m-3500 

l I I I  i t + ;  i' I 

173.5 173.305 174.5 174.305 

- 
18.5 

18.305 

9 s  

9.305 

o. 5 

0.305 

Fig. 5. Morphostructural interpretative maps of the Central Sprea$ing RiciGe between a) 15" S-18" S and b) 18" S-21" S. Note the ten seamount chains at both sides of the N-S axis 
labeled A-A' to E-E'. Second-order segments and axial discontinuities are also indicated. Numbers 1 to 10 correspond to the location of the profiles depicted in Figures 12 and 13. 
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Inward facing faults seem to predominate on the 
N 160" segment whereas both inward and outward 
faulting appear along the N-S segment, as has been 
suggested for slow and fast spreading ridges, respec- 
tively (Carbotte and Macdonald, 1990). 

3.4. AXIAL MORPHOLOGY AND SPREADING RATE 

A rift valley, on average 10 km wide and I km deep, 
runs along the crest of the N 160" segment (Figure 6). 
Volcanism is very focused here and only present along 
the axial neovolcanic ridge (500 m wide and 200m 
high), in the middle of the graben. Fault scarps, fissures 
and a thick sediment cover have been identified in 
submersible observations (Gràcia et al., 1994). The 
axial morphology of the N 160" segment is similar to 
those reported for slow-spreading ridges, such as the 
Mid-Atlantic Ridge (Macdonald, 1986; Purdy et al., 
1990; Grindlay et al., 1992). The calculated spreading 
rate from the magnetic anomalies yield an intermediate 
value of 50 m d y r  (Huchon et ab, 1994) and an age 
of less than 1 Ma (Auzende et al., 1991). 

The axial morphology of the N 15" segment is char- 
acterized by a double ridge (2000 m deep) split by a 
2 km wide and 200 m deep axial graben (Figure 6). 
The most vigorous hydrothermal activity found along 
the CSR takes place in the inner part of the axial graben 
(Auzende et al., 1990; Bendel et al., 1993; Gràcia et al., 
1994). Magnetic anomalies suggest an age of 1 Ma 
for the N 15" segment. The calculated spreading rate 
decreases from 66 m d y r  at 18" S to 52 "/yr at 
16"50' S (Huchon et al., 1994). 

The N-S segment morphology is characterized by 
a central flat and rectangular axial rise locally cut by 
an axial summit caldera. A triangular shape is also 
observed in the middle of segment CSR7 (Figure 6). 
Both axial morphologies. rectangular and triangular, 
are typical of fast-spreading ridges, like the East Pacific 
Rise (Macdonald and Fox, 1988; Macdonald et al., 
1992). Along this segment, recent sheet-like lava flows 
erupted from fissures are found together with fossil 
hydrothermal activity (Bendel et al., 1993; Gràcia 
et al., 1994). Magnetic anomalies up to 2A (3.5 Ma) 
have been identified, and the spreading rate ranges 
from 83 m d y r  at 20"30'S to 71 m d y r  at 19" S 
(Huchon e l  al., 1994). 

We have stacked across-axis bathymetric profiles, 
spaced every 10 minutes along-axis, for each of the 
three CSR segments identified (Figure 7). Segment 
N-S shows little variation in the axial morphology for 
distances less than 20 km off-axis. Segments N 15" and 
N 160" are much less homogeneous. For each of the 
segments, we have averaged all the strike profiles in an 

areaf20 km from the ridge axis (Figure 5). The N-S 
average cross section shows a smooth and flat profile. 
The N 15" segment average section is represented by a 
dome split by an axial graben, A characteristic deep 
rift valley is found on the average profile corresponding 
to the N 160" segment. 

The morphologies observed along the CSR evolve 
from fast East Pacific Rise type (N-S segment). to 
intermediate (N15" segment), and to slow or Mid- 
Atlantic Ridge type (N 160" segment). Despite these 
clear disparities, spreading rate decreases only from 
83 to 50 mdyr ,  and thus is of intermediate rate. Con- 
sequently, the morphological variations must be 
caused 'not only by spreading rate changes. but also 
by differences in the magmatic budget and thermal 
regime. 

4. Gravity Structure of the Central Spreading Ridge 

4.1 GRAVITY METHODS 

We have compiled all the available shipborne gravity 
data for the area (NOANNGDC, 1992). comprising 
a total of 33,300 km, collected during numerous cruises 
and transits in this part of the North Fiji Basin. Due 
to the irregular quality of the data set, we performed 
a cross-over error analysis to check the consistency of 
the data between different cruises. Profiles that had 
no cross-over were checked visually, and some were 
rejected. In one case the Eötvos correction was entirely 
recalculated for the cruise, and good consistency with 
the remaining data was obtained. The whole data set 
were reduced to the same reference system (IGSN 71 l. 
Cross-over errors were computed and corrected for the 
data set using the algorithm of Hsu (1995). A track 
map of the selected cruises used in this study is pre- 
sented in Figure 9. 

To facilitate computation we separated the area in 
two sub-regions that overlap between latitudes 17'30' S 
and ls"30' S. These areas will be referred to hereafter 
as the northern and southern areas. The northern area 
has good gravity coverage, as shown in Figure 9, from 
the Kana Keoki 1982 and Moana Wave 1957 cruises 
of the Hawaii Institute of Geophysics (Kroenke et a l ,  
1990; Jarvis and Kroenke, 1993). For the southern 
area, CSRS (N IS" segment) and the whole N-S seg- 
ment, the coverage is irregular, with sparse transit pro- 
files, and only local full-coverage boxes (Figure 91. 
acquired during the Seapso 3 cruise (Auzende et d.. 
1988a). 

The central part of the southern area is particularly 
poorly covered, and anomalies with wavelengths 
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Fig. 6. Across-axis bathymetric profiles along the Central Spreading Ridge between 16'20' S and 19"20' S. Note the dramatic change in axial 
morphology between the different segments, while the whole spreading rate ranges between 50 to 73 "/yr. Compare with the across axis 

profiles from the slow Mid-Atlantic Ridge and the Fast East Pacific Rise (Fox et al., 1991). Vertical exaggeration is 5 to 1. 

shorter than 80 km can not be resolved. In order to 
increase the spatial resolution in this central part we 
included free-air gravity anomalies derived from satel- 
lite altimetry (Sandwell and Smith, 1992). The spectral 
analysis of the free-air gravity computed from the satel- 
lite altimetry reveals that anomalies with wavelengths 

larger than 50 km can be correctly resolved. Although 
this value is larger that the 30 km found by Neumann 
et al. (1993) for the South Atlantic, where satellite 
coverage is denser, the use of the altimetric data still 
increases the quality of the compiled free-air gravity 
data in our area. Satellite data can be usefully em- 
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stricted full-coverage boxes. 
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ployed to help analysis where gaps are present, but 
shipborne data have always better quality. Thus, satel- 
lite-derived free-air gravity data were used only to fill 
some data gaps. 

Free-air grids were obtained for both areas using 
the cubic B-spline approach (Inoue, 1986), and the 
Free-Air Anomaly (FAA) map obtained for the north- 
ern area with the full resolution of the data set is 
depicted in Figure loa. In order to allow comparisons 
in a coherent way between the northern and southern 
areas, free-air grids were filtered to remove wavelengths 
shorter than 50 km (Figure 1 la,b). The choice of the 
50 km cut-off for th? filter was determined by indepen- 
dent spectral analyses of both satellite and gridded 
marine data. 

Mantle Bouguer Anomalies (MBA) were obtained 
using the classical approach developed by Prince and 
Forsyth (1988) and Ku0 and Forsyth (1988) (Figures 
lob, llc,d). We computed the gravity effect of the 
waterlcrust and crustlmantle interfaces assuming a 
crustal thickness of 6 km. Crust and mantle densities 
were assumed to be uniform, 2.7 and 3.3 Mg/m3 respec- 
tively¶ while water density was taken as 1.03 Mg/m3. 
The gravity effects of the two interfaces were computed , 
at each node of the grid with the FFT algorithm of 
Parker (1972). Model values were then sampled at each 
data point and then removed from the observed FAA. , 

For the northern area, we present the resultant MBA ' 
without any filtering (Figure lob). As for the free-air 
grid, the resultant MBA for the northern and southern 
areas was also filtered to remove wavelengths shorter 
than 50 km (Figure l lqd) .  A comparison between 
Figures loa, b and 1 la, c shows that filtering preserves 
the main characteristics of the gravity field. In Figure 
12 we show a comparison for three ship profiles 
between along track computed MBA (computed 
directly at each data point and unfiltered) and MBA 
values resampled along profile from the filtered merged 
grid. Both signals fit well for wavelengths longer than 
50 km. 

Due to the lack of good ages constraints, com- 
putation of residual MBA is not suitable. We will there- 
fore restrain our analysis to a qualitative comparison 
of the variability of the MBA signal for the three seg- 
ments. 

4.2. FREE-AIR ANOMALIES 

The FAA map of the northern part of the CSR between 
14" S and 17'30' S, comprising the N 160" segment and 
CSR4 (N15" segment) is shown in Figure loa. The 
FAA map is dominated by the effect of the water-crust 
interface and thus mimics the bathymetry (Figure 4a). 



80 

55 

50 

45 

40 

35 

30 

25 

20 

15 

10 

0 

-5 

-14.0 

-14.5 

-15.0 

-15.5 

-16.0 

-16.5 

-17.0 

-17.5 

172.5 173.0 173.5 174.0 174.5 N 172.5 173.0 173.5 174.0 174.5 tT. 

-14.0 

-1 4.5 

-15.0 

-15.5 

-16.0 

-16.5 

-1 7.0 

-17.5 

172.5 173.0 173.5 174.0 174.5 

a) 

-14.0 

-1 4.5 

50 

25 

20 

15 -15.5 

10 

5 

0 

-5 

-15.0 

-16.0 

-16.5 

-15 

-20 

-25 

-35 

-45 

-17.0 

-17.5 

172.5 173.0 173.5 174.0 174.5 

b) 

-14.0 

-14.5 

-15.0 

-15.5 

-16.0 

-16.5 

-17.0 

-17.5 

ö 

m 
o 

2 

E? 
2- 

2- r 

Fig. 10. a )  Frw-Air Anomaly map or the northern part o f  the Central Spreading Ridge. b)  Mantle Bouguer Anomaly map of the northern part of the Central Spreading Ridge. These 
maps are created with the maximum resolution of  the data. * I 

~ ~~~~~~ ~- 



VARIABILITY OF THE AXIAL MORPHOLOGY AND OF THE GRAVITY STRUCTURE 26 1 

The anomaly lows (-20 mGal) are associated with 
greater depths and rift valleys arranged en échelon 
along the N 160" segment. Maximum positive anoma- 
lies (70 mGal) occur over topographic highs such as 
the 16'50' S triple junction and the flanks of the CSR2, 
CSR3 and CSR4 segments (Figure loa). 

On the filtered FAA map of the northern part 
' (Figure lla), the main features are still recognizable. 
I The FAA map of the southern part of the CSR 
1 (17"30'S and 22" S), comprising the CSR5 (N15" seg- 

I 

ment) and the N-S segment is 
The N-S segment, is charact 
gradient (5 10 mGal) consistent.wilh its smooth axial 
topography. The off-axis seamounts are characterized 
by positive anomalies (more than 40 mGal). 

4.3. MANTLE BOUGUER ANOMAL 

The MBA is related to the sub-seafloor density struc- 
trire (Figures lob, 1 Ic,d) and reflects the gravity field 
arising from density anomalies in the crust or in the 
mantle. The interpretation of the MBA can be made 
in terms of crustal thickness and density variations, 
mantle density variations thermally induced, or by a 
combination of these mechanisms. 

- In the northern area (N 160" segment) there is a 
strong negative signature (-50 mGal) passing from a 
"bull's-eye" (centered at the 16"50' S triple junction) to 
an elongated shape (Figure lob). Elongated anomalies 
(-25 mGal) appear also centered in the middle of seg- 
ments CSR2 and CSR3, and may indicate the propaga- 
tion of the CSR2 and'CSR3 segments towards the 
north. The tip of the propagator is located at 15'50' S, 
at the point where the two triangular ridges bordering 
the rift valley end (see Figure loa). From this point to 
the north, at about 14"20' S, the large positive anomaly 
observed (50 mGal) is possibly related to old and cold 
crust (Figure lob). 

On the downgraded MBA map of the northern CSR 
(Figure 1 IC) the main features described in Figure 10b 
are still recognizable. The MBA map of the southern 
part of the CSR (Figure l ld )  shows a very uniform 
signature. As the bathymetric and structural maps indi- 
cate (Figures 4b, 5b), the N-S segment propagates 
north, towards the negative anomaly zone of the 
16'50' S triple junction. Between 20" S and 21" S there 
is a V-shaped structure, visible both in bathymetry 
and gravity. This structure is probably related to the 
southwards propagation of the N-S segment into a 
zone of old, cold crust with a very high positive gravity 
anomaly (55 mGal). The off-axis seamounts have a 
negative anomaly (-10 mGal) which may be related to 
a locally thickened crust. 

MBA computed along ship tracks are represented in 
Figure 13 together with the corresponding bathymetric 
profìles. Profiles. crossing the N 15" and N 160" seg- 
ments show sharp variations in the MBA signal. In 
contrast, the signal on the N-S segment has a small 
variation (a few mGal) from one profile to the other 
and, like the bathymetry itself, is smooth and regular. 

5. Discussion 

5.1. ALONG-AXIS BATHYMETRIC AND GRAVITY 
VARIABILITY 

A synthesis of the ma etric, gravimetric, and 
petrologic results and observations along the CSR are 
presented in Table I. We can distinguish two different 
crustal domains, an old domain and a young domain. 
The old domain corresponds to crust created between 
12 and 3.5 Ma (PelIetier et aZ., 1993), before the initi- 
ation of oceanic spreading along the CSR. Its 
morphology is predominantly flat and uniform with 
an average depth of 3000 m. The MBA in these areas 
show strong positive anomalies between 20 to 
55 mGal, that we interpret as corresponding to old 
cold crust. This area is mainly composed by BABB 
lavas with some traces of OIB (Eissen et al., 1994) 
(Table Ia). 

The young domain corresponds to oceanic crust 
created along the CSR since 3.5 Ma to the present- 
day. Two types of spreading center can be 
based on their magmatic budget: a "c 
spreading center, which corresponds to the northern 
part of the CSR, and a "hot"-type for the so,uthern 
part (Table Ib). 

While maintaining an intermediate spreading rate 
(50-83 "/yr), the CSR is characterized by an axial 
morphologic variability both spatially (along-strike) 
and temporally (across-strike). The 'ccoldy' spreading 
centers show an axial morphology characterized by a 
deep rift valley (N160" segment) or an axial graben 
(N 15" segment), similar to those observed at the Mid- 
Atlantic Ridge. The roughness of the on- and off- 
axis topography is very pronounced. The morphology 
described above and the presence of an interrupted 
neovolcanic ridge indicates that magmatism is discon- 
tinuous along-axis (nonsteady-state) and restricted to 
this area, with no evidence for off-axis volcanic activity 
(Table Ib). In. contrast, the "hot" spreading center 
represented by the N-S segment has an axial topo- 
graphy similar to that of the East Pacific Rise: a wide 
volcanic dome, locally with an axial summit caldera. 
The axiaI morphology together with the submersibIe 
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data (Gràcia et aL, 1994) suggest near steady-state 
magmatism along axis. The off-axis topography is in 
general smooth and is only disturbed by the seamount 
chains that concentrate on the flanks of CSR7, the 
most magmatically. robust segment. 

The gravity structure beneath the CSR also shows 
strong differences between the northern and southern 
parts of .the,CSR. The N160" and N15" segments 
("cold" spreading centers) have- strong variations in 
the MBA,,ranging from-55 to -10 mGal. .The "bull's- 
eye"-shaped gravity lows observed in the 16"55)' St9ple 
junction and  in, the middle of isegrpents CSR2 and 
CSR3 are similar to the. anomalies found between 
2?'50' N and 30'40' N in the Mid-Atlantic Ridge (Lin 
et al, 1990; Rommevaux et aL, 1994) and also between 
3 1" S and 34" S along the southern Atlantic (Ku0 and 
Forsfih,. 1988; Neumanp and Forsyth,.l993). As sug- 
gested- by Lin and Phipps-Morgan (1992) for slow 
spreading ridges, these negative anomalies are inter- 
preted as mantle upwellings that result in a thickened 
crust. I 

The axis of the N-S segment ("hot" type) shows 
small-amplitude MBA variations (from -10 to 
10 mGal), similar to the low gravity gradients observed 
along the East Pacific Rise at 9" N-13" N by Madsen 
et al. (1990). This can be interpreted as sheet-like accre- 
tion, a constant crustal thickness (Lin and Phipps- 
Morgan, 1992) and isostatic compensation of the axial 
topographic high. (Madsen et a l ,  1990). 

Both morphologic and gravity features suggest two 
very different behaviours of magmatism: homogeneous 
and near steady-state magmatism along the N-S seg- 
ment and heterogeneous and nonsteady-state 
magmatism along the N 15" and N 160" segments. Lava 
petrology supports this assumption (Table Ib). The 
lavas are predominantly N-MORB on the "hot" N-S 
segment. Along the N15" segment three magmatic 
sources coexist: N-MORB, BABB (transitional E- 
MORB with Nb anomaly) and OIB lavas. Along the 
N 160" segments, the three sources still coexist, but the 
influence of the BABB source increases (Eissen et aZ., 
1994). 

+- Fig. 11. Left: Downgraded Free-Air (a) and Mantle Bouguer (c) 
Anomaly maps of the northem part of the Central Spreading Ridge 
(CSR). Right: Free-Air (b) and Mantle Bouguer (d) Anomaly maps 
of the southern part of the CSR. The original data of (a) and (c) 
(Figure 10) has been downgraded to be compared with the southern 
part of the CSR, where the gravity coverage is much more sparse. 
Superimposed, bold lines correspond to bathymetric contours to 

indicate the position of the main structural features. 
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Fig. 12. Mantle Bouguer Anomalies computed along three*ship 
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the Free-Air Anomaly, and compared to Mantle Bouguer Anomalies 
re-sampled from the merged sateIlite-manne data grid. Wavelengths 
bnger than 50 km fit adequately. The corresponding bathymetric 
profiles are also displayed (bold lines). See Figure 5 for profiles 

location. 

5.2. UNEQUIVOCAL RELATIONSHIP BETWEEN MORPHOL- 
OGIC AND GRAVITY VARIABILITY AND SPREADING 
RATE? 

Chen and Morgan (1990a,b) presented a mechanical 
model to explain variations in axial, topography and 
gravity with spreading rate. Their model is based on 
a layered rheology of the oceanic crust, with an upper 
brittle layer underlain by a ductile zone. The rheology 
is determined by the crustal thickness and the thermal 
structure of the lithosphere, and can result in the exis- 
tence of a decoupling zone under the ridge axis (ductile 
lower crust). If the decoupling region is small or non- 
existent, as is the case for slow spreading ridges, then 
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Central Spreading Ridge See Figure 5 for profiles location. 

a rift valley is produced as a result of a necking process 
If the decoupling region is large, as it is suggested foi 
the fast spreading ridges, a rise crest high is formed 
The critical spreading rate for the formation of a rift. 
valley or a ridge morphology suggested by both topo. 
graphic and gravity data is around 70 mdyr .  

A more evolved model is presented by Neumanr 
and Forsyth (1993). They present a 3-D thermal mode 
modified from that of Chen and Morgan (1990b) thal 
includes passive mantle flow, hydrothermal circulation 
plate boundary geometry and variable crustal thick- 
ness. The dynamic and isostatic loads produced by thi: 
model, applied to a moving, thickening plate, produce 
a median Galley with relief and morphology controlled 
by the thickness of crust, spreading rate and mantle 
temperature. 

The bathymetric, gravity and magmatic variation: 
observed along-axis can be related to changes in 
spreading rate and crustal thickness (Phipps Morgan 
et al., 1987; Chen and Morgan, 1990b; Neumann and 
Forsyth, 1993). With a critical spreading rate of 70 mm! 
yr, the changes in the observed morphologies along thc 
CSR may, in part, be due to the decrease in spreading 
rate from 83 mm/yr to 50 m d y r  (south and north. 
respectively). However this progressive change in the 
spreading rate does not seem to be accompanied by 
important changes in the seismically-derived crustal 
thickness (Kisimoto er al., 1994). Spreading rate and 
crustal thickness can only explain part of the variations 
in axial morphology and gravity observed. It  is neces- 
sary to consider an additional explanation for the vari- 
ability involving differences in the thermal regimes 
between the northern and southern segments of the 
CSR. This alternative hypothesis is tested by using a 
nonsteady-state thermal model, which allows us to 
take into account a variable heat supply beneath the 
axis. 

5.3. NON STEADY-STATE THERMAL MODEL FOR THE 
CENTRAL SPREADING RIDGE 

In this model (Tisseau and Tonnerre, 1995). the accre- 
tion is viewed as the superposition of two processes. 
spreading with creation of new oceanic crust and 
successive thermal inputs associated with magmato- 
tectonic cycles. 

To simulate the spreading a new two dimensional 
zone of crust and mantle is accreted at the ridge axis, 
at regular time intervals (Figure 14). Its width is I kni 
and the spreading interval (dt) depends on the 
spreading rate value. At each time step (dt), new axial 
material is instantaneously emplaced, and its temper- 
ature profile (Ta,,,) is that of the neighboring zone 
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TABLE I 
Synthesis of the main results achieved after bathymetric and gravimetric analysis. 

Petrologic data are from Eissen et al. (1994). 

a) Two crustal domains are distinguished on the Nprth Fiji Basin 

Domain Age (Ma) Morphology Gravity (MBA)” Petrology 

Old 12 to 3.5 uniform strong positive BABB~ 
(3000 m) anomalies (OIB)’ 

(20 to 55 mGal) 

Young 3.5 to O irregular variable N-MORBd 
(200Cb4000 m) (15 to -55 mGal) BABB 

( O W  
“ 1  

, . ,, -. . /_._ . - _  
9 

b) Two different types of spreading center are distinguished along the young domain or 
Central Spreading Ridge 

CSR Morphology Magmatism MBA Petrology 

off-axis axis off-axis axis 

CoId rough graben absent non strong BABB 
(N160”) permanent variations N-MORB 

dome with mGal) 
and (-55 to -10 (OIB) 

graben 
W 5 ” )  

Hot smooth dome with present permanent weak N-MORB 
ASC‘ variations (OIB) .? 
(N-S) (-10 to 10 

mGal) 

a Mantle Bouguer Anomaly. 
Back-Arc Basin Basalt. 
Ocean Island Basalt. 
Normal Mid-Ocean Ridge Basalt. 
Axial Summit Caldera. 

L 
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I 

Superimposed on spreading are magmato-tectonic 
cycles that are. simulated as thermal inputs (temper- 
ature Ths) occurring periodically in a 10 km-wide axial 
conduit, that extends vertically from 4 km below the 
seafloor to the bottom of the modelled box (Figure 
14). Hot material rises very fast towards the surface 
(Dick, 1989), and thermal upwelling is modelled to be 
instantaneous. The periodicity of thermal upwelling 
events is assumed to be equal to the duration of a 
magmato-tectonic cycle. Time evolution is a succession 
of cycles of reheating followed by cooling. Temperature 
and melt fraction distributions are computed numeri- 
cally step by step, both in space and time. The equa- 
tions and numerical technique are detailed in the 
appendix. 

We discuss below the modelling results corre- 
sponding to two hypothesis proposed for the CSR. To 

simulate the “cold” northern segment a half-spreading 
rate of 50 mmlyr is assumed, corresponding to that 
calculated at 17” S. A cycle of 200,000 yr reflects the 
periodicity of topographic lows and highs observed 
off-axis of the N160” and N15” segments. For the 
“hotyy segments, a spreading rate of 83 m d y r  (calcu- 
lated at 20’30‘ S) is used, and a 120,000 yr cycle is 
considered, which corresponds to the periodicity of 
the off-axis topography along the N-S segment (see 
section 3.3). 

5.4. RIDGE THERMAL STRUCTURE AND PARTIAL MELTING 

Theresults ofthe two CSR casesmodelled are presented 
in Figures 15 and 16. In these figures we can see the 
temporal evolution and geometry of the thermal struc- 
ture and the melting rate for the axial zone of the ridge. 
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Simulation of accretion = 
Spreading 

To = 0°C x 
U.dt 
w 

I 
I .:. :.: :.:L. 
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u.dt 
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time 

evolution 
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I I + u. ( I I , It2u.dt 

+ Magmato-tectonic cycles 
To = 0 T  

nth reheating 
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Fig. 14. Sketch of the thermal model used in this paper (modified from Tisseau and Tonnerre, 1995). The accretion is viewed as the superposition 
of the spreading (upper part) and magmato-tectonic cycles (lower part). 0: axis; x: across axis distance; z: depth; I :  time; u: full spreading 
rate; T: temperature: I: full .\--dimension of the computed box at t; To and Thr upper and lower boundary temperatures respectively: Tain: 

temperature at the axis and in the new created zone. 

The results for the model of the northern part of 
the CSR (Figure 15) show progressive cooling in 40,000 
year intervals. After the whole 200,000 yr cycle the 
isotherms are much more separated and deeper at the 
axial zone. This can be translated into thermal subsi- 
dence and the existence of a brittle, cold and thick 
lithosphere that fails by brittle necking resulting in the 
formation and development of an axial rift valley. In 
addition a strong deepening of the partial melting zone 
is seen, suggesting temporal variability in the magmatic 
regime. This corresponds well with the axial morphol- 
ogy observed on the N 160" and N 15" axes, and with 
the observed MBA structure. 

The model results for the southern CSR (Figure 16) 
shows that, at the end of 120,000 yr cooling cycle, the 
isotherms remain grouped close to the surface at the 
ridge axis. The partial melting zone is still shallow and 
the magma budget is higher and more uniform in time 
than in the previous case. This thermal structure results 

in a thin, hot lithosphere with a lower ductile crust 
that acts as a decoupling zone. This situation is consis- 
tent with a fast East Pacific Rise type spreading center. 
resulting in a uniform topographic high, as observed 
along the N-S segment. In addition, this thermal struc- 
ture is consistent with off-axis volcanism, also present 
in the N-S segment. 

Fig. 15. Thermal modelling results for the northern part of the 
Central Spreading Ridge. A cycle of 200,000 yr and spreading rate 
u=S0 m d y r  are adopted. The model domain is 100 km wide and 
SO km deep centered at the ridge axis. On the left side of each plot 
the temperature structure is shown, ranging from O" to 1200 "C. in 
100 "C contours. The right side corresponds to the melt fraction, 

ranging from 0% (white) to 22% (Hack). 
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5.5. HEAT PROPAGATION ALONG THE N-S SEGMENT 

The boundaries between the “hot” N-S segment and 
its “cold” bounding segments are the 18”IO‘S and 
20’30’ S propagating rifts. Heat propagation along the 
N-S segment at the expense of the adjacent and colder 
failing segments may explain the rapid spatial changes 
in the observed morphology and structure between the 
segments. The hot segment is growing at the expense 
of the adjacent colder segments, as indicated by the 
direction of propagation of the segment boundaries 
(Macdonald et al., 1992). At the CSR, the heat propa- 
gation southwards and northwards of the N-S segment 
started at least 1 Ma ago. 

This kind of propagation has been proposed in other 
ridge environments. The dramatic change in axial mor- 
phology in the Pacific-Antarctic Ridge may be due to 
a propagation of “hot” asthenosphere from a zone 
north of the Udintsev Fracture Zone towards a rela- 
tively “colder” province to the south (Géli et al., 1994). 
Another example is the Reykjanes Ridge, where an 
important V-shape ridge morphology structure has 
been interpreted as indication of heat-propagation 
originated at the Iceland hot-spot towards the 
south (Laughton et al., 1979; Searle and Laughton, 
1981). 

6. Conclusions 

1. Two axial morphologies are observed along the 
CSR: Mid-Atlantic Ridge or slow spreading type 
for the N 160“ segment, where tectonic processes 
dominate, and East Pacific Rise or fast spreading 
type for the N-S segment, dominated by magmatic 
processes. By contrast, the spreading rates do not 
show end-member values but have intermediate 
values decreasing northwards from 83 to 50 mml 
yr. This variation in axial morphology cannot only 
be interpreted as differences in spreading rate, but 
also in thermal regime between the segments. 

2. Deep crustal structure is inferred from the gravity 
(Mantle Bouguer Anomalies) analysis. Two do- 
mains (old and young) are proposed in the North 
Fiji Basin. For the young domain a distinction 
between a “cold” and a “hot” spreading type is 
proposed. The “cold” spreading center corresponds 
to the northern part of the CSR (comprising the 
N 160” and N 15’ segments), and is characterized 
by weak magmatism related to a low thermal budget 
similar to other slow spreading ridges. The “hot” 
spreading ridge corresponds to the southern part 
of the CSR CN-S segment) where a high thermal 

supply related to a more vigorous volcanic stage is 
suggested. 

3. Differences in the spreading rate and crustal thick- 
ness can only explain a part of the morphologic, 
gravimetric and magmatic variabilities observed 
along the CSR. A nonsteady-state thermal model 
is proposed to test our hypothesis of “hot” and 
“cold” spreading centers. For the “colder” CSR we 
have adopted a spreading rate of 50 mdyr.  and a 
cooling cycle of 200,000 yr. For the “hotter” CSR 
the spreading rate is 83 m d y r  and the cooling cycle 
is 120,000 yr. The thermal and melting structures 
resulting from the models are consistent with the 
observed variations in morphology, tectonic and 
volcanic style along the CSR. 

4. The boundaries between the “hot” N-S segment 
and the “cold” bounding segments are propagating 
rifts. A thermal boundary between the N-S and 
neighbouring colder segments, and heat propaga- 
tion along the N-S axis may explain the rapid 
changes in the axial morphologies and structure in 
depth between the segments. 
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Appendix Thermal Modelling 
(modified from Tisseau and Tonnerre. 1995) 

Eqirafioiis 
The basic equation in our thermal model is the two- 
dimensional heat equation for a nonsteady-state 
regime, taking into account horizontal and vertical 

Fig. 16. Thermal modelling results for the southern part of the 
Central Spreading Ridge. A cycle of 120,000 yr and spreading rate 

u=83 mm/yr are adopted. See Figure IS for explanations 
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conductive heat transfer and heat loss due to partial 
melting: duced from equation (2). 

melting. Finally, the melt fraction distribution is de- 

a Spatial and temporal discretization 
T(x, z, t )  = K (  2- +E) T(x,  z, I )  -( :); M ( x ,  z, 1)  (1) a.$ a? The solution of the differential equation (1) is obtained , \ I  

where: 

axis distance x, depth z ,  and time t ;  
T(x, z ,  t )  = temperature as a function of the across- 

K =  thermal diffusivity; 
c = specific heat; 
L = latent heat of melting; 
M ( x ,  z, t)=melt fraction depending on T(x, 8, t). 
The heat transfer associated with spreading, cur- 

rently introduced as a convective term in the heat equa- 
tion, is partly taken into account in our model via a 
succession of temperature reinitiations through time 
as outlined below. No additional heat contribution is 
introduced in equation ( I )  because the radiogenic heat 
production in the oceanic crust is too low. The thermal 
effect of hydrothermal circulation, often modelled as 
a heat loss at shallow depths, is not taken into account 
in this study. There is insufficient information at pre- 
sent to constrain the temporal evolution of hydro- 
thermal circulation, however, it is clearly episodic such 
that a steady-state heat loss would be unrealistic. More- 
over, the effect of hydrothermal circulation is probably 
limited to shallow levels and does not significantly 
affect the thermal state at greater depth. 

The melt fraction M ( x ,  2,  t )  is expressed as a func- 
tion of temperature and pressure, from McKenzie 
(1984): 

T ( Y ,  I, 0 - TmIO-Srol.P(Y,z. 1) 
K , , O  - TA" -CS,,, - SI,, I ,p( Y, z, 0 

M ( w ,  z. t )  = 1 o0 (3 

where: 
M(x ,  z, t )  =melt fraction (in percent); 
T(x,  I, t )  = temperature as a function of the across- 

p ( r ,  z ,  t )  =pressure as a function of the across-axis 

TOI o = solidus temperature at 2 = O; 
T,,, o = liquidus temperature at z =O; 
Ssol=slope of the solidus; 
S,,,=slope of the liquidus. 
Parameter values used in the computation are listed 

in Table II. 
For each computational step in time Ar (see below), 

we first solve equation (1) assuming that no melting 
occurs, and obtain the distribution of the mantle po- 
tential temperature. For regions in which this potential 
temperature is above the solidus, temperatures are cal- 
culated again, taking into account the latent heat of 

axis distance x,  depth I, and time f; 

distance x, depth 2, and time t; 

by the finite difference method. The numerical integra- 
tion is based on alternating-direction implicit methods. 
For this study, the computational steps are as follows: 

in space, Ax = AZ = 500 m 
in time, At =2000 yr for the N 160" and 

N 15" segments 
for the N-S segment 

The value of the spatial step A x  has been chosen 
to have a reasonable number of computational nodes 
within both the new axial zone created by spreading 
(here 1 km wide, i.e., 3 nodes) and the axial thermal 
conduit (here 10 km wide, i.e., 21 nodes). The dimen- 
sions of the computational domain are 1 O0 km in depth 
and 100 km in the x-direction at time t = O when initial 
conditions are set. This last x-dimension (shown as 1 
in Figure 14) increases with time as the result of 
spreading. A good convergence of the discrete solution 
in time needs a number of iterations of about 20 for 
such a grid, i.e., a time interval of 10 times At between 
two successive temperature results. 

At = 1200 yr 

Boundary conditions 
The temperature is set to a constant both at the upper 
boundary (equal to To) and at the lower boundary 
(equal to Thy, see Table II for numerical values). At 
lateral boundaries, the value of lateral heat flow is set 
to zero. In order to avoid edge effects in the zone of 
interest, these lateral boundaries are chosen sufficiently 
far away from this zone. 

Initial conditioizs and reinitiations at regular time Steps 
At time t =O, the initial temperature distribution is 
calculated from the half-space model of lithospheric 
cooling (Davis and Lister, 1974). 

At regular time steps, we reinitiate the temperature 
distribution in the axial domain, either in a new narrow 
zone created by the spreading, with each spreading 
time step dt (Figure 14, upper part), or in the axial 
conduit at the start of each magmato-tectonic cycle 
(Fig. 14, lower part), or both. 

The thermal evolution is computed through time 
for computational time steps At given previously. We 
only use the temperature results obtained after 5 or 6 
magmato-tectonic cycles, when the thermal regime is 
stabilized for 2 successive cycles. 
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TABLE II 
Physical parameters 

Variable Meaning Value Units 

Heat equation parameters 

P density of mantle at temperature T=pm(l - a T )  
a thermal expansion coefficient 3.28 IO-' "C-l 

K thermal diffusivity 1.13 m*s-' 

L latent heat,of melting 720 J kg-' "C-' 

Melting equation parameters 

Pm density of mantle at O "C 3.33 

k thermal conductivity 3.14 Wm-l oc- '  

C specific heat = k¡pK 

TL o solidus temperature at z = O  1115 "C 
TI,, O liquidus temperature at z=O 1715 "C 8 

SI,, 

To upper boundaj  temperature O OC 
Thr 'lower boundary temperature 1250 "C 

SS01 slope of the solidus If0 "CGPa-' 
slope of the liquidus -1 6 "C GPa-' 

Boundary conditions 
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