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Abstract

We explore the physical mechanisms for the observed apparent sensitivity of ridge axis topography and crustal
magma systems to small changes in magma supply at intermediate spreading rates. Numerical experiments were
carried out to simulate crustal temperature structure of the Galapagos Spreading Center, which spreads at
intermediate spreading rates with its various sections appear to have been influenced to different degrees by the
nearby Galapagos hotspot. Model results show a strong ‘threshold’ effect: as the crustal thickness decreases from 7.4
km at the 92°W area with an axial high westward to 6.0 km at the 94°W area with a transitional topography, the
depth to the top of a magma lens is calculated to increase from 1.7 to 2.5 km. In contrast, at the 97°W area, where
crustal thickness is only 5.6 km and a rift valley is present, the model results predict no steady-state magma lens in the
crust. These model calculations provide a simple physical explanation for the recent observations along the Galapagos
Spreading Center, where abrupt changes in both magma lens and axial morphology occur within a short distance but
crustal thickness changes only modestly. Results of this investigation illustrate the critical importance of hotspots in
influencing mid-ocean ridge crustal thickness and the associated changes in thermal structure, especially for ridges
that spread at the sensitive range of intermediate spreading rates.
© 2004 Elsevier B.V. All rights reserved.
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Galapagos
1. Introduction the Galapagos hotspot on the nearby Galapagos
Spreading Center (GSC) can be readily observed
The Galapagos is a classic example of an inter- in along-axis variations in bathymetry, gravity,
active hotspot-ridge system [1-3]. The influence of geochemical anomalies, as well as in the off-axis

relicts of seafloor depth and residual gravity
anomalies [2,4-12].
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small perturbation in mantle temperature could
cause thermal re-equilibrium of the system in a
relatively significant way [13-14]. Spreading at in-
termediate half spreading rates of 20-30 mm/yr,

the GSC is, therefore, expected to be very sensi-
tive to small changes in magma supply. As is in
the case of the slow-spreading Reykjanes Ridge—
Iceland system, the influence of the Galdpagos
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hotspot on crustal accretion processes at the GSC
should be significant, despite its distance off the
ridge axis, making it an excellent place to inves-
tigate ridge—hotspot interaction.

In this study we carry out a set of numerical
experiments to investigate how changes in magma
supply influence the thermal structure of the GSC.
Our investigation focuses on three sections of the
GSC at 92°W, 94°W, and 97°W, respectively,
where recent seismic experiments have obtained
constraints on both crustal thickness and depth
to the top of magma lens. Such high-quality ob-
servations provide an unprecedented opportunity
to investigate the sensitivity of ridge thermal
structure to small changes in magma supply at
intermediate spreading rates.

2. Recent constraints from the CSC

A regional bathymetric swell extends for more
than a thousand kilometers along the GSC (Fig.
la) with the peak axial bathymetry near 91°W,
which is ~200 km north of the proposed center
of the Galapagos mantle plume [15-16]. Corre-
spondingly, regional mantle-Bouguer gravity
anomaly (MBA) becomes increasingly negative
along the GSC with a minimum (~ 90 mGal) at
91°W [10]. These along-axis variations in both
bathymetry and gravity roughly correspond to
the overall trends in Sr¥7/Sr® and other isotopic
anomalies in ridge-axis basalt samples (e.g. [2]).
The ridge axis discontinuities in the study area
are relatively small in their age offset and thus
their effects on ridge thermal structure are prob-
ably local rather than regional (e.g. [12]).

A seismic experiment was conducted along the
GSC between 91°W and 98°W in 2000 on board
R/V Ewing, and a follow-up cruise collected ba-
salt samples at a relatively close spacing [17]. Seis-
mic refraction experiments were carried out at
three locations on the GSC near 92°W, 94°W,
and 97°W, using ocean bottom seismometer de-
ployment and air gun acoustic sources (Fig. 1b).
Multi-channel seismic reflection (MCS) data
were also collected nearly continuously along the
GSC axis from 91.2°W to 95°W, as well as along
a ridge-parallel profile north of the ridge axis
(Fig. 1b). These long ridge-parallel profiles were
tied together by short across-axis profiles at
several locations. The MCS data were collected
using a 6-km-long seismic steamer [17]. Details
of seismic data processing are given in references
[12,17].

The seafloor depth of the ridge axis shoals by
almost 2 km, from ~3.5 km near 98°W to only
1.5 km at 91.2°W (Fig. lc). Correspondingly, the
MBA changes by about 80 mGal, from about 10
mGal near 98°W to —70 mGal near 91.2°W (Fig.
1d). Seismic refraction data indicate crustal thick-
ness of 5.6-6 km in the vicinity of the 97°W ex-
perimental site, which is associated with a rift
valley (Fig. le). In the transitional region between
95°W and 92.7°W, the axial morphology is nei-
ther an axial valley nor an axial high, and the
crustal thickness is in the range of 67 km. Mean-
while, the crustal thickness is 7-8 km in the region
between 92.7°W and 91.5°W, which is character-
ized by an axial high (Fig. le). Within the transi-
tional region, the top of an axial magma chamber
(AMC) is at a depth of 2.5-4.25 km, correspond-
ing to two-way travel time (TWTT) of 1.0-1.7 s

«—

Fig. 1. (a) Map of predicted bathymetry based on data of Smith and Sandwell [28]. Abbreviations: GSC, Galapagos Spreading
Center; EPR, East Pacific Rise. The black/white bull’s eye circle marks the inferred center of the Galapagos mantle plume. Loca-
tion of (b) is marked by the black box. Color scale applies only to (a). (b) Bathymetry of the GSC at 90.8-98°W. The ridge-axis
morphology changes from an axial high east of 92.5°W to a rift valley west of 95.5°W. Black lines show seismic refraction lines
in OBS/water gun experiments, and red lines show multi-channel seismic reflection (MCS) profiles [12,17]. (c) Along-axis depth
profile along the GSC axis. (d) Mantle Bouguer anomaly (MBA) along the GSC. (e) Crustal thickness as measured by seismic re-
fraction experiments (red bars) and as interpreted from the MCS data (black dots). Dashed curve shows a smooth fit to the
MCS data. (f) Two-way-travel time (TWTT) to a seismic reflector that is interpreted as the top of an axial magma chamber
(AMC). Shown are data from the along-axis (black dots) and across-axis (red circles) profiles. (b—f) are reproduced from Detrick

et al. [17].
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(Fig. 1f). The top of the AMC is considerably
shallower (1.38-2.25 km or TWTT of 0.55-0.9 s)
in the axial high region between 91.5°W and
92.7°W [12,17].

One important observation worthy of special
mention is that the changes in the axial morphol-
ogy and depth to AMC are quite abrupt along the
ridge axis. Near 92.7°W, for example, an axial
high develops within a short distance of only 20
km, with corresponding shoaling of the depth to
AMC by as much as 1 km (Fig. 1) [17]. These
observations suggest that axial morphology might
be closely linked to the character of AMC be-
neath the seafloor, and both could be very sen-
sitive to small changes in magma supply of a
ridge.

Heat output from seafloor ~Nu

3. Model parameterization

Our model [18] predicts that the interplay be-
tween the heat input to the base of the crust from
magma supply and the heat loss from the seafloor
via hydrothermal cooling controls the thermal
equilibrium of the crust (Fig. 2), which in turn
influences ridge axis topography through its ef-
fects on the rheological properties and deforma-
tion patterns of the young oceanic lithosphere
[13,14,24-26]. The magma supply is represented
by the potential mantle temperature, Ty,, in our
model (Fig. 2). The model is assumed to be 2-D
and steady-state with much finer numerical grid
spacing in both the horizontal and vertical direc-
tions near the ridge axis and in the crust and
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Fig. 2. Sketch of key factors controlling thermal equilibrium at mid-ocean ridges [18]. Magma supply is controlled by potential
mantle temperature, Tr,, and half spreading rate, u. Steady-state temperature field near the ridge axis is determined by thermal
equilibrium between heat conduction and advection, release of latent heat as melt solidifies in a vertical narrow dike zone and a
horizontal magma lens, and hydrothermal circulation, represented here as enhanced thermal conductivity, in the shallow crust.
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shallow mantle, where temperature fields have the
greatest spatial gradients [18]. In each calculation
the total melt production rate in the upwelling
mantle is calculated from a numerical model for
a passive spreading center [19]. Each combination
of the assumed mantle temperature, 7y, and half
spreading rate, u, yields a calculated maximum
crustal thickness, H.*, which equals the total
melt production rate divided by the full spreading
rate. A model parameter B is introduced to denote
the fraction of the total melt produced in the up-
welling mantle that eventually migrates to the
crustal level to create the new oceanic crust, i.e.,
H.=pB-H.*, where H. is the crustal thickness. The
remaining fraction of the melt that does not make
to the crustal level, i.e., (1—B)-H.*, is assumed to
have frozen in the upper mantle.

Seismic observations over the world’s ocean ba-
sins indicated that, on average, the oceanic crust
has more-or-less a constant thickness for half
rates greater than 10 mm/yr (e.g. [20-22]), below
which the average crustal thickness appears to
decrease with spreading rate. Using this observa-
tion as a constraint, the value of B is adjusted in
our model runs to produce a 6-km crust for a
reference mantle temperature of 1350°C at a given
spreading rate. This simplified approach yields a
linear increase in crustal thickness with mantle
temperature [18].

We envision that when the melt reaches the
crustal level beneath the ridge axis, it is injected
into a narrow vertical dike zone and a thin hori-
zontal magma lens (Fig. 2) [13]. The crystalliza-
tion temperature of the melt (here chosen to be
1200°C) determines the steady-state depth of the
lens at the ridge axis. If the entire crust beneath
the ridge axis is cooler than 1200°C, however, a
steady-state magma lens is not permitted in the
crust. In this case, melt solidification in the nar-
row vertical dike zone is assumed to be the only
mode of crustal accretion.

Hydrothermal cooling is treated as an enhanced
thermal conductivity, K.*, within the crustal re-
gion penetrated by seawater circulation, which is
assumed to occur within the cold and brittle crust
(< 600°C). Here the enhanced thermal conductiv-
ity is parameterized by K.* = Nu-K;, where K, is
the actual thermal conductivity of the crust and

Nu is the Nusselt number of hydrothermal circu-
lation defined as the ratio of convective to con-
ductive heat transfer in a hydrothermal convec-
tion system.

We solve simultaneously the momentum bal-
ance equation that governs the flow field and
the thermal equilibrium equation that describes
steady-state heat balance in a model box centered
at the ridge axis with appropriate boundary con-
ditions. The computational method, model grid
spacing, and methods of obtaining numerical so-
lutions are described in detail in an early study
[18].
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Fig. 3. The calculated depth to top of magma lens (defined
as depth of the 1200°C isothermal at the ridge axis) for a
reference mantle temperature 7Ty, =1350° as a function of
spreading rate, together with seismic observations [18]. The
enhanced heat conduction due to hydrothermal circulation is
assumed to occur only in the crust where the temperature is
less than the Tcyorr. The two curves show the results of a
suite of numerical experiments with Nu=28 (solid line) and
10 (dotted line), respectively, while all other parameters are
held constant. Data sources: G, East Pacific Rise south of
the Garrett transform [29]; O, East Pacific Rise north of Or-
ozco transform [30]; SEIR, Southeast Indian Ridge [31];
CRR, Costa Rica Rift [32]; RR, Reykjanes Ridge [33];
AAD, Australia-Antarctica Discordance [31]; MARK, Mid-
Atlantic Ridge at the Kane Fracture Zone [34]; Jdf, Juan de
Fuca Ridge [35,36]; Lau, Lau Basin [37]; sEPR and nEPR,
southern and northern East Pacific Rise, respectively [38,39].
Gala 92°W and Gala 94°W represent the ranges of the AMC
depth observed at 91.5-92.7°W and 92.7-95°W, respectively,
along the GSC; no AMC is detected at the GSC 97°W area
[12,17].
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4. Results

As an illustration of the influence of spreading
rate and hydrothermal cooling, Fig. 3 shows the
calculated depth to top of the magma lens (de-
fined as the depth of the 1200°C isotherm beneath
the ridge axis) for a reference mantle temperature
of Ty, =1350°C and Nu=8 (dashed line) and
Nu=10 (solid line), respectively. The predicted
trend matches the seismic observations quite
well: the magma lens deepens from ~1-1.8 km
at fast ridges (40-75 mm/yr) to ~2.2-3.5 km at
intermediate ridges (~30 mm/yr). Data for the
three GSC locations with good seismic constraints
are also shown in Fig. 3. It is apparent that GSC
is within the sensitive range of intermediate
spreading rates, where models predict a sharp
transition from a deep lens at 30 mm/yr to no
lens <20 mm/yr, even if the mantle temperature
T and the corresponding crustal thickness are
assumed to remain a constant.

We next calculate the mantle temperature
anomalies, ATy, (where T, =1350°C+AT,,) that
are required to produce the observed crustal
thickness at each of the three GSC locations,
92°W, 94°W, and 97°W, for which there are seis-
mic refraction measurements. The resulting tem-
perature and velocity fields within the crust are
shown in Fig. 4. In these calculations, the Nusselt
number, Nu, which simulates the effect of hydro-
thermal cooling, is kept constant in order to iso-
late the effects of other parameters. In our model
the mantle temperature influences the thermal sys-
tem of the crust and shallow mantle mostly
through its effects on the calculated crustal thick-
ness that represents the magma supply.

At 97°W, where the GSC spreads at a half-rate
of 23 mm/yr and the ridge axis is characterized by
a rift valley, the observed Moho is at a depth of
5.6 km beneath the seafloor [12]. Reproducing the
observed crustal thickness of 5.6 km here requires
a negative mantle temperature anomaly ATy, =
—10°C (Fig. 4a). Within the crust the calculated
temperature is mostly below 600°C except in a
small region in the lower crust right beneath the
ridge axis, where temperature exceeds 1000°C with
the potential to allow partial melt to be present.
But the calculated crustal thermal structure for
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Fig. 4. The calculated temperature and flow fields within the
crust at the three GSC locations where seismic constraints
are available. (a) GSC at 97°W with half-spreading rate of
23 mm/yr. (b) GSC at 94°W, half rate of 25.5 mm/yr. (c)
GSC at 92°W, half rate of 27 mm/yr.
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this ridge section is too cold to host a steady-state
magma lens in the crust, which is consistent with
the observation that an AMC reflector was not
identified west of 95°W at the GSC [17].
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On the high magma supply section at 92°W, the
GSC is spreading at a slightly higher half-rate of
27 mm/yr with seismic crustal thickness of 7.4 km
and an axial topographic high [12]. Fig. 4c shows
the calculated temperature field with an excess
mantle temperature ATy, = 30°C that can produce
enough magma supply to make the 7.4-km crust.
The calculated depth to the 1200°C at the ridge
axis is at 1.7 km, similar to the depth to the top of
the AMC observed in this area. The resulting
thermal structure is very similar to that of a fast
spreading ridge (>40 mm/yr) [18], even though
the half-spreading rate here is only 27 mm/yr.
Therefore, the observation of an axial high at
this section of the GSC should not be a surprise
at all: it has the characteristics of a fast spreading
ridge including thermal structure and shallow
magma lens, except that here it is due to the near-
by Galapagos hotspot producing a higher magma
supply and thicker crust.

At 94°W, the GSC axial topography is transi-
tional, displaying neither an axial valley nor a
topographic high. The crustal thickness here
(~6 km) is very close to the global average [20-
22]. The calculated depth to the 1200°C at the
ridge axis is at 2.5 km, again within the range
of the observed AMC depth in this area. The
calculated temperature field (Fig. 4b) is typical
for an intermediate spreading-rate ridge with a
magma lens at the mid-crustal level (3£0.5 km).
Comparison of results in Fig. 4 shows that ridge-
axis thermal structure is very sensitive to small
changes in magma supply at the intermediate
spreading rates corresponding to the GSC.

To investigate the combined effects of mantle
temperature variations and hydrothermal cooling,

Pl
Fig. 5. The calculated depth to top of magma lens (defined
as depth of the 1200°C isothermal at the ridge axis) (left
axis) and the calculated crustal thickness (right axis) as a
function of mantle temperature anomaly (bottom axis) for
three different half-spreading rates (u=23, 25.5, and 27 mm/
yr) and two Nusselt numbers (Nu=8 and 10). Note a
‘threshold’ mantle temperature above which small changes in
mantle temperature can cause dramatic change in axial ther-
mal structure, resulting in a sharp transition from the pres-
ence of a magma lens to absence of such a lens in the crust.
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a set of calculations was conducted for a range of
mantle temperature anomaly ATy, and Nu num-
ber values of 8 and 10, respectively, for each of
the three GSC locations (Fig. 5). Here again the
depth to a magma lens is determined by the loca-
tion of the 1200°C isotherm within the crust at the
ridge axis. When a magma lens is not present in
the crust, the depth to the 1200°C isothermal in
the mantle is instead plotted in Fig. 5, which is a
simplified way to denote the absence of a magma
lens in the crust and does not imply a magma lens
in the mantle. The predicted crustal thickness as a
function of mantle temperature is also shown.
Note that this calculated crustal thickness crosses
6 km at the reference mantle temperature,
ATy, =0°C, as required by the choice of the B
value.

These modeling results clearly show a ‘thresh-
old’ effect in which small changes in mantle tem-
perature can lead to significant changes in axial
thermal structure and a sharp transition from the
presence to absence of a magma lens in the crust.
Such a ‘threshold’ effect arises because ridge-axis
thermal structure at intermediate rates is only
marginally sufficient for maintaining a steady-
state magma lens, and thus any perturbations in
the magma supply, and/or perturbations in the
degree of hydrothermal cooling, could decide the
fate of whether or not a steady-state magma lens
can be maintained. This predicted ‘threshold’ ef-
fect (or sharp transition, which is also a function
of spreading rate) is consistent with the observed
variations in magma lens depth and axial mor-
phology along the GSC [12,17] and the Southeast
Indian Ridge [23].

In summary, model calculations predict that a
shallow magma lens should exist along the GSC
east of 92.5°W, where increased magma supply
due to the influence of the nearby Galapagos hot-
spot had produced a thicker (> 6 km) crust. On
the other hand, the ridge west of 95.5°W, where
reduced magma supply had resulted a thinner
(<6 km) crust, is predicted not to have a magma
lens within the crust: the crust is apparently too
cold to host a steady-state magma lens within the
crust. Although the GSC within the transitional
zone between 95.5°W and 92.5°W could have a
magma lens within the crust, it is at a much great-

er depth than the GSC east of 92.5°W, making it
more sensitive to any local variations in either
magma supply or hydrothermal cooling. Further-
more, the total range of our calculated mantle
temperature anomalies (from —10°C at 97°W to
30°C at 92°W) are in general agreement with the
calculated total mantle temperature anomaly of
~30°C for the Galapagos based on simpler 1-D
melt calculations [12] and within the range of the
inferred mantle temperature variations from geo-
physical data modeling [10,12].

5. Discussion

Modeling results in Fig. 5 suggest that thermal
structure of the intermediate spreading ridges is
governed by crustal accretion variables. The syn-
thesized effects of three model parameters, i.e.,
T, u, and Nu, are shown in Fig. 6 and compared
with observations at the three GSC locations. The
two curves shown in Fig. 6 represent the values of
the crustal thickness or mantle temperature anom-
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Fig. 6. Model results showing the transition from the pres-
ence to absence of a magma lens within the crust as a func-
tion of spreading rate (horizontal axis), curstal thickness (left
axis), and mantle temperature anomaly (right axis). Data are
from three locations of the GSC [17]: 92°W with an axial
high morphology and a relatively shallow magma lens (filled
triangle); 94°W with a rifted high or transitional morphology
and a relatively deep magma lens (open triangle); 97°W with
an axial valley and no magma lens (open square).
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aly at the critical state that separates the presence
and absence of a magma lens within the crust.
The critical states are marked as filled triangles
in Fig. 5 and are the intersections of the constant
Nu curves and the linear function (dashed line)
between crustal thickness and mantle temperature
anomaly.

The good correlation between the predicted
magma lens depth and the observed axial topog-
raphy supports the notion that axial topography
is directly linked to the thermal structure and thus
the strength of the axial lithosphere [24-26]. The
abrupt changes in both the observed depth to the
magma lens and axial morphology at the GSC
also support the hypothesis of a ‘threshold’ effect
[13,25] at the intermediate spreading rates, in
which small changes in magma supply can lead
to significant changes in axial thermal structure,
magma lens depth, and axial morphology as illus-
trated in this study (Fig. 5 and 6).

There are, of course, limitations of this rather
simplified model, which cannot yet explain some
features of the field observations. For example,
there is clearly local variability in the AMC depth
at the GSC 91.5-92.7°W section (Fig. 1f), where
the TWTT changed by as much as 0.7 s. This
significant change might be due to intra-segment
spatial or temporal variability in magma supply
similar to that reported for the southern East
Pacific Rise [27]. Similarly, a sharp change in
the AMC depth of ~0.4 s of TWTT is reported
between 92.7°W and 91.5°W, implying as much
as 1 km of change to the top of the magma lens
within a short distance of less than 20 km. Fu-
ture studies should investigate whether the ob-
served sharp changes are caused by spatial or/
and temporal changes in local magma supply
and should examine the potential role of faulting,
and thus enhanced hydrothermal circulation, in
controlling local variability. Furthermore, the ef-
fect of mantle temperature in our modeling is to
regulate the magma supply to the crustal accre-
tion. If lateral variations in mantle composition
can produce the systematic changes in magma
supply reflected in the crustal thickness variations,
then the conclusions of the threshold-type sensi-
tivity reported in this study could similarly be
applied.

6. Conclusions

We have carried out a set of numerical experi-
ments to investigate the thermal equilibrium of
the GSC, which spreads at intermediate half rates
of 20-30 mm/yr while its various sections appear
to have been influenced to different degrees by the
nearby Galapagos hotspot. Model results reveal
that the ridge thermal structure here is highly sen-
sitive to small changes in magma supply:

e At the 92°W area, where the observed crustal
thickness is 7.4 km and an axial high is present,
the calculated depth to the top of a magma lens
is 1.7 km. The magma lens depth is predicted to
increase westward to 2.5 km at the 94°W area,
where the measured crustal thickness is 6.0 km
and the axial topography is transitional be-
tween an axial high and rift valley.

o In contrast, at the 97°W area where the crustal
thickness is only 5.6 km and a rift valley is
present, the model results predict no steady-
state magma lens in the crust.

These results provide a simple physical expla-
nation for the recent observations along the GSC,
where abrupt changes in both magma lens depth
and axial morphology occur within a short dis-
tance but crustal thickness changes only modestly.
They also illustrate the critical importance of hot-
spots in influencing the crustal thickness and the
associated changes in the thermal structure of
mid-ocean ridges, especially at the sensitive range
of the intermediate spreading rates.
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