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Summary 

The spatial pattern of cooling near a spreading ridge crest was investigated 
with a suite of 71 precisely-navigated heat-flow stations on the Galapagos 
spreading centre, East Pacific, near 86"W longitude. Stations are on crust 
less than 1.0 My old on which bathymetry and sediment distribution are 
well known. Values vary from near zero to greater than 30 HFU (10-6 cal 
cm-2 s-1). The average over the entire region is significantly less than that 
predicted by theoretical conduction models of a cooling lithosphere. We 
observe a regular variation of the heat-flow pattern with a wavelength of 
6 & 1 km approximately normal to the ridge crest. Heat-flow maxima are 
characteristically located near faults and local topographic highs. The 
locations of fields of small sediment mounds, apparently hydrothermal 
vents, are also restricted to these faulted, elevated areas of high heat flow. 
Near-axis, bottom water temperature anomalies of several hundredths "C 
were detected. The low average, the low minima in the heat-flow pattern, 
and the water temperature anomalies suggest that hydrothermal circu- 
lation accounts for approximately 80 per cent of the geothermal heat re- 
leased near the ridge crest. We conclude that the hydrothermal circulation 
pattern is controlled by one or more of the following physical properties 
of the system : highly developed cellular convection, discrete zones of high 
permeability, variation in the strength of heat sources near the base of the 
crust, or bottom topography. Our results imply that heat-flow studies near 
active oceanic ridges will be of most value if they are sufficiently detailed 
and well navigated to define the systematic small-scale variations that 
appear to be caused by hydrothermal circulation. 

Introduction 

In modern theories of sea-floor spreading, new oceanic lithosphere is created by 
the cooling of hot material as it moves away from the axis of a spreading centre. 
This process is one of the major mechanisms by which the Earth releases heat (Mc- 
Kenzie & Sclater 1969; Sleep 1969; Williams & Von Herzen 1974). Even before 
these new tectonic theories were established, ridges were recognized as regions of 
generally high but extremely variable heat fiow (Von Herzen & Langseth 1966). 
Despite a tremendous increase in the number of heat-flow determinations, with few 
exceptions, this characterization of active ridge axis heat flow still holds (Langseth & 
Von Herzen 1971). With the evolution of the sea-floor spreading hypotheses came the 
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development of several theoretical models of a conductively cooling lithosphere 
(Langseth, Le Pichon & Ewing 1966; McKenzie 1967; Sleep 1969; McKenzie & 
Sclater 1969; Sclater & Francheteau 1970; Parker & Oldenburg, 1973). With reason- 
able input parameters, they all predict heat-flow values near the ridge axes (within a 
few tens of kilometres) much higher than have generally been measured. Further, the 
models do not predict the scatter or general pattern of conductive heat flow that is 
normally observed at a spreading centre. 

Heat-flow measurements on spreading ridges suffer from several limitations. 
First, with presently existing techniques, oceanic heat-flow measurements are pos- 
sible only in sediments, whereas active spreading centres are ideally and actually 
characterized by little or no sediment cover. This fact limits measurements to sea floor 
at least old enough to have accumulated a sufficient thickness (a few metres) of sedi- 
ments. Second, local environmental effects, which can disturb the near surface geother- 
mal gradient (Langseth & Von Herzen 1971 ; Von Herzen & Uyeda 1963) tend to be 
more severe near mid-ocean ridges. Topographic variations are large and the sediment 
tends to accumulate unevenly, with greater thicknesses in the topographic lows. 
Finally, these techniques only measure the conductive component of the heat flux. 
There is a growing amount of evidence that the failure of conductive-cooling models 
to explain the observations is due to other heat transfer mechanisms, primarily hydro- 
thermal convection in the crustal rocks (Elder 1965; Pklmason 1967; Erickson & 
Simmons 1969; Le Pichon & Langseth 1969; Sleep 1969; Deffeyes 1970; Talwani, 
Windisch & Langseth 1971 ; Langseth & Von Herzen 1971 ; Hyndman & Rankin 1972; 
Lister 1972; Anderson 1972; Sclater & Klitgord 1973). 

Other indications of hydrothermal circulation near mid-ocean ridge crests, e.g. 
hydrothermally altered rocks (Aumento, Loncarevic & Ross 1971 ; Miyashiro, Shida & 
Ewing 1971 ; Nishimori & Anderson 1974, in press), deposits from hydrothermal 
emanations (Corliss 1971; Sayles & Bischoff 1973), and ophiolitic rocks (Spooner & 
Fyfe 1973) provide qualitative evidence that this mechanism may be an important 
mode of heat transfer. The disparity between measured conducted heat-flow values 
and the theoretical models might determine directly the quantitative significance of 
this circulation for the cooling of an ideal lithosphere. For this reason one of the 
major goals of our investigation was to determine as accurately as possible the mag- 
nitude and distribution of the conducted heat flux near an active spreading centre. 

The Galapagos spreading centre and the adjacent regions of the eastern equatorial 
Pacific have been the subject of numerous geological and geophysical studies (Herron 
& Heirtzler 1967; Raff 1968; Grim 1970; Herron 1972; van Andel & Heath 1973; 
Sclater & Klitgord 1973). Our study included a small area immediately south of the 
spreading centre near 86"W longitude (Fig. l), a region recently investigated in some 
detail by Sclater & Klitgord (1973). The results reported here are part of a subsequent 
and more detailed study obtained on legs 6 and 7 (June-August 1972) of Expedition 
South Tow from R/V Thomas Washington of the Scripps Institution of Oceanography. 
Detailed studies of bathymetry, magnetics, sediment distribution and near-bottom 
water temperature structure from both surface-ship and deeply towed instruments are 
described in Klitgord & Mudie (1974), and Detrick et al. (1974). In this paper we 
discuss results of heat-flow and near-bottom water temperature measurements, and 
their implications for the thermal structure and the cooling of the young lithosphere 
of this region. 

The sea floor is spreading north and south of the E-W trending spreading centre 
located near 0'48". latitude, at a half rate of about 34.4 mm/yr (Klitgord & Mudie 
1974). This sea-floor spreading system is particularly suitable for our study because (1) 
the spreading history is well known, (2) the bottom topography is extremely two- 
dimensional and relatively subdued (Fig. 2), and (3) the sedimentation rate is high due 
to proximity to the equatorial high productivity belt. The latter two factors allowed 
heat-flow measurements to within 5 km of the spreading axis (on crust as young as 
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FIG. 1 .  Panama basin. Bathymetric contours are from van Andel el al. (1971) in 

uncorrected metres. Hatched lines mark area of detailed survey. 

0-1 5 My), without significant bias in the location of each station due to the local sedi- 
ment distribution. 

Measurements and techniques 
The 71 new heat-flow measurements (Table 1) and the bottom water temperature 

data reported in this paper were obtained on leg 7 of Expedition South Tow. Most 
of the temperature gradients in the sea floor were measured with probes designed for 
multiple penetrations of the sediments to depths up to 4m, with apparatus described 
previously by Von Herzen & Anderson (1972) and Corry, Dubois & Vacquier (1968). 
Two measurements of deeper penetration (greater than 10m) were made with therm- 
istor probes attached to a piston corer. Thermal conductivity was determined by the 
needle probe method (Von Herzen & Maxwell 1959). The thermal conductivity of our 
piston cores averaged 1.71 x 10-3 cal cm-2 s-1 "C-1 for the upper two metres and 
1.80 x cal cm-2 s-1 "C-1 on the upper four metres. These values have been assum- 
ed, as appropriate, for the other stations (Table 1). 

Navigation for both the leg 6 and leg 7 of Expedition South Tow surveys was 
accomplished utilizing, whenever possible, a net of 6 acoustic bottom transponders 
emplaced at the beginning of the leg 6 survey. On 12 of our heat-flow stations and both 
of the near-bottom horizontal water temperature profiles, the instrumentation was 
navigated inside the transponder net with near-bottom acoustic equipment attached 
to the hoisting cable (Boegeman et al. 1971); the positioning had an accuracy of 
f 200 m relative to the bathynietry (Fig. 2). On an additional 10 heat-flow stations 
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592 D. I,. Williams et al. 

Fro. 2. Bathymetry and heat flow (HFU) in survey area. Dashed lines indicate 
location of topographic and heat-flow profiles illustrated in Fig. 8. Depths are in 

corrected metres at a 100 m contour interval. 
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it was possible to navigate the ship only acoustically. The position of the heat-flow 
measurement was determined from an empirical relation between wire angle and 
horizontal distance to the relay transponder on stations where relay transponder navi- 
gation was available. We estimate the uncertainty of station positions determined by 
this method at & 400 m. No accoustic navigation was available for the remaining 48 
heat-flow stations. These stations were located by a combination ofsatellitenavigation, 
bathymetry (Klitgord & Mudie 1974), ranges to a single bottom transponder, and 
computer-generated dead reckoning. The quality of these positions varies appreciably 
but the average is probably no better than 1 km. Our ability to locate all our stations 
is somewhat better in latitude than longitude due to the east-west grain of the bottom 
topography. On most stations multiple penetrations were made. The relative positions 
between individual measurements on these stations are generally determined better 
than & 300 m. 

As many as 11 heat-flow measurements over horizontal distance of greater than 7 
km were made during a single station with the multipenetration probe described in 
Von Herzen & Anderson (1972). 

In addition to our heat-flow measurements, two near-bottom horizontal water 
temperature profiles were obtained utilizing the apparatus depicted in Fig. 3. The 
lower thermistor was generally maintained within 10 m of the sea floor. The tempera- 
ture of each of the lower two thermistors was recorded twice every 30 s at different 
sensitivities. The upper thermistor temperature was recorded at high sensitivity once 

Hydrographic cable i" 
6 Upper thermistor r I 

"45metres 1 I 

+- Lower thermistor 

5 9  metres 

A -Weight 

FIG. 3. Apparatus used in measuring horizontal water temperature profiles. 
Altitude above the bottom was maintained by echo sounding from the telemeter. 
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every 30 s. The potential temperatures have a precision of about j, 0403°C at high 
sensitivity and & 0.015”C at low sensitivity. Only the high sensitivity records are 
plotted in Fig. 8. 

Observations 

A synthesis of the heat-flow and water temperature data (Figs 2, 5 ,  6 ,  7, and 8) 
lead to the following observations : (1) conductive heat-flow measurements vary regu- 
larly from relatively low values averaging about 2 x 10-6 cal cm2- s-l (HFU) to high 
values averaging about 12 HFU, with extremes of individual measurements ranging 
from zero to greater than 30 HFU. A significant north-south variation in heat flow 
exists with a modulation wavelength of approximately 6 -& 1 km. (Fig. 5). It is clear 
from a close examination of Fig. 5, and particularly from the individual profiles in 
Fig. 6 ,  that the heat-flow pattern is complicated. However, heat-flow maxima are 
marked by an absence of Iow values, and the heat-flow minima are almost as well de- 
fined. (2) The average heat flow gradually increases with distance south of the ridge 

I t I 
I I i 

b 

FIG. 4. Sketches illustrating the eHect of hydrothermal circulation on geothermal 
gradients measured at the sea floor, Heavy solid lines represent isotherms, and 
dashed lines with arrows show the general pattern of convection. (a) Convection 
in crustal rocks below an impermeable sediment blanket. (b) Convection which 
penetrates the sediment cover allowing for exchange with the bottom waters. The 

effect on the conductive heat-flow pattern is shown above each sketch. 
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FIG. 6. Sediment and basement bathymetry from Klitgord & Mudie (1974). Each 
bathymetric profile is from an SIO deep-tow instrument package survey line that 
passes near the heat-flow station. The position of each profile is shown in Fig. 5.  
The location of mounds refers to the fields of sediment mounds discussed in the 
text. In general these mounds are too small to be seen at the vertical scale used in 
the figure. Numbers above the arrows are heat-flow values in cal cm-2 s-l. 
Depths are in corrected metres with a vertical exaggeration of 4:l. Since the heat 
flow stations were not located exactly on the bathymetric survey lines the relative 
geographical positions of the heat-flow stations have been adjusted to best reflect the 
actual bathymetry at the site of the heat-flow station. Only heat-flow measurements 
near each bathymetric profile are shown. As a result not all our measurements 

are illustrated. 
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FIG. 7. A sketch map of our survey area. The heavy east-west trending dark lines 
mark the positions of fault scarps indentiiied by Klitgord & Mudie (1974). If these 
faults are zones of high permeability they could be important in the hydrothermal 
system. The small dots represent the general location of sediment mounds. Note the 

correlation of these mounds with areas of high heat flow. 
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axis, whereas the tlxoretical heat flow, based on conductive cooling models (Mc- 
Kenzie 1967; Sclater & Francheteau 1970), decreases rapidly with distance from the 
axis (Fig. 5). (3) Near the spreading centre the average of the measured values is much 
less than the theoretical value but at the southern end of our survey this average 
clearly approaches the theoretical curve (Fig. 5). (4) The heat-flow minima tend to be 
on or near topographic lows and the heat-flow maxima are associated with either scarps, 
topographic highs, or fields of sediment mounds (Fig 5, 6 and 7). The mounds are 
found only in the southern half of our area an average about 5-10m high with a 25m 
radius, as determined from deep tow echo sounding and side-looking sonar (Klitgord 
& Mudie 1974). (5) On station 62 (Fig. 9) the observed thermal gradient extrapolated 
to the bottom water temperature yields an apparent penetration of 18.3 m for our 
10 ni piston core. Although there were other indications of somc superpenetration, 
8.3 m seems unlikely. (6) The average of all our measured heat-flow values is greater 
than 5.9 HFU. This is in good agreement with Sclater & Klitgord (1973). It is much 
higher than the world-wide average of conductive heat flow (1.5 HFU, Lee 1970). It is 
also significantly higher than has been measured at other spreading centres on crust of 
similar age (Langseth & Von Herzen 1971). (7) Several significant bottom water tem- 
perature anomalies can be seen in Fig. 8. The largest temperature anomaly is observed 
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The Galapagos Spreading Centre 599 

over the regional topographic high, an east-west ridge located at O"49'N latitude. This 
ridge apparently represents a boundary between different water types above and below 
the ridge crest, as observed by Sclater & Klitgord (1973) and Detrick et al. (1974). The 
other water temperature anomalies cannot be explained by bottom temperature struc- 
ture or currents. Anomalies located at 2.76, 3.26 and 4.80 km along our track aresigni- 
ficantly above the noise level of our measurements and appear on more than one 
sensor. 

Interpretation 
Conductive heat-flow measurements in a hydrothermal area 

(a) General. Since we will use hydrothermal circulation to explain our observations 
it is worthwhile to discuss what we should expect from conductive heat-flow measure- 
ments in a hydrothermal area. Thermal gradients can be radically distorted by hydro- 
thermal circulation. The sketches in Fig. 4 illustrate the effect of a hypothesized water 
circulation pattern on sub-surface isotherms. When the circulating system is confined 
to permable rock which is overlain by an impermeable sediment cap (Fig. 4(a)), larger 
thermal gradients will be measured above the rising limbs than above descending limbs. 
Thermal gradients should grade evenly between the limbs. But if the circulating system 
has free discharge and re-charge (Fig. 4(b)) thermal gradients near the axis of both 
rising and descending limbs can be quite small. In this case, since the sediment tempera- 
tures near the rising limb are much higher, it is still possible to separate these two 
causes. The pattern of heat flow between the limbs depends on the character of the 
system but we should find a heat-flow maximum adjacent to the discharge vent. More 
generally, the net effect of hydrothermal waters venting through the sea floor is to 
lower the regional geothermal gradient. 

(b) Heat-flow minima. Since the Galapagos spreading centre appears to be actively 
spreading and thus is a volcanically active region, high temperature rock and magma 
can be expected near the surface. If conduction is the dominant heat transfer mech- 
anism, we should find a consistently high geothermal gradient; instead we find regular- 
ly spaced minima. Occasional low gradients might be produced by sediment slumping 
(Von Herzen & Uyeda 1963) but the sediment distribution on the spreading centre is 
fairly uniform. Most steep basement slopes (fault scarps) tend to have thinner sediment 
cover, as expected; the thin cover also extends to the base of these slopes, suggesting 
that these may be active fault scarps and that sediment slumping is minimal. Cor- 
rections for the effects of topography (e.g. Lachenbruch 1968), although small, would 
generally tend to accentuate the observed modulation. Similarly, thermal refraction 
caused by the conductivity contrast between rock and sediment is small because of the 
uniform sediment cover. These corrections were derived for regions in which thermal 
conduction is dominant and it would be inappropriate to apply them if thermal con- 
vection might be important. Therefore, no attempt has been made to modify our heat- 
flow values for these effects. We have seen no evidence in the bottom sediment gradi- 
ents for significant temporal changes in bottom water temperature. Small variations 
in the temperature of the bottom water with periods shorter than a few days or longer 
than a few years might be difficult to detect but would not significantly affect our dis- 
cussion. 

The pattern of heat-flow variations, and the lack of evidence for other causes, seems 
to require hydrothermal circulation of sea water in the crustal rocks. Lacking any high 
sediment temperatures that could mark a hydrothermal vent, we conclude that the 
areas of low heat flow represent either (1) regions where the sea water is entering the 
crustal rocks, if the upper boundary of the system is still open, or (2) areas above the 
downgoing limb of a closed convective system. 

(c) Magnitude of hydrothermal cooling. Using the same theoretical heat-flow model 
illustrated in Fig. 5 (Sclater & Francheteau 1970, equation (23)), lithospheric creation 
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along the Galapagos spreading centre results in a continuous heat loss of 1100 cal s-1 
cm-1 of ridge length. Of this total more than 330 cal s-l cm-l is released through 
crust less than 35 km from the axis. This is a minimum value because it is based on a 
conductive cooling model, and the combination of conduction and hydrothermal con- 
vection would remove heat more efficiently. The heat loss that would result if the 
upper 500 m of the crust were produced by extrusive lavas would account for only 
about 15 cal s-1 cm-1. In this calculation we assume the lava is solidified causing each 
gramme to release 100 cal of latent heat and then cooled from 1250°C to 0°C which 
releases an additional 300 cal of sensible heat. The average of our conductive heat-flow 
measurements within 35 km of the axis gives 36 cal s-1 cm-1 of ridge length. This 
implies that more than 80 per cent of the geothermal heat released in our survey area 
escapes through hydrothermal vents. 

(d) Heatflow vs. age. The increase of conductive heat flow southwards from the 
spreading centre (Fig. 5 )  suggests that the free exchange of water and therefore the 
magnitude of the hydrothermal component of heat loss decreases as sediment 
accumulates. Only after the sediment blanket is sufficiently thick that it begins to form 
an impermeable cap, as is apparently the case near the southern end of our survey, does 
thermal conduction become the dominant heat transfer mode at the sediment/water 
interface. The permeability of these ridge sediments is not known, but they apparently 
remain significantly penetrable to fluid flow to thicknesses of at least 50 m. 

Increasing heat flux with age has been observed on other active ridges (Talwani 
et al. 1971 ; Hyndman & Rankin 1972). However, on the Galapagos spreading centre 
the measured heat flow approaches the theoretical value at a younger age. This is 
probably a result of the higher sedimentation rates and smoother topography, causing 
the upper boundary of the hydrothermal system to be sealed more quickly. 

The observed thermal gradients imply the existence of large horizontal temperature 
variations and furthermore, that the average temperature of near surface rocks increases 
with age. This is contrary to what one might normally expect from a simple model. 

Crest 

FIG. 9. Schematic representation of crestal block faulted topography. The average 
depth of each block increases with age whereas the scarp offset (AH) decreases. 

Dashed line indicates horizontal reference level. 
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(e) Efsect of hydrothermal circulation on crestal topography. The crestal zone of the 
Galapagos spreading centre is dominated by faulted blocks tilted outward with scarps 
facing the crest (Fig. 9) (Klitgord and Mudie 1974). Scarps on blocks 0.25 My are 
offset (A H) an average of about 100 my whereas those in 1.0 My old crust have a A H 
of only 50 m. Further, during this same period, the blocks increase in depth from ap- 
proximately 2600-2700 m. Classical thermal contraction (Sclater & Francheteau 1970), 
iithospheric thickening (Williams & Poehls, in preparation) and the relaxation of dy- 
namic uplift (Lachenbruch 1973) all predict this general decrease in elevation as the 
young crust ages. 

Hydrothermal circulation provides us with an additional mechanism for generation 
of the crestal elevation changes. Circulation of sea water in the crustal blocks pro- 
duces hydration of the oceanic crust. As the crustal blocks spread from the intrusion 
zone, portions of the blocks are reheated from below. This can produce metamorphic 
upgrading of the hydrous assemblage which may account for an additional overall ele- 
vation decrease. In general, low grade metamorphic rocks have larger volume changes 
(A V) of reaction than higher grade metamorphic rocks. This can be demonstrated by 

Table 2. 
Standard temperature and pressure, molar volumes for the reaction : 

Prehnite Chlorite Quartz 
5 CazAlzSi3010(OH)2 + MgsAlzSi3010(OH)s + 2SiOa P 

Epidote (Zoisite) Tremolite Water 
4CazA13Si301z(OH) + CazMgsSisOza(0H)z + 6HzO 

Component Volume (cma/mole) 
Prehnite 142.20 8 
Chlorite 213.01 $ 
Quartz 22-69 t 
Epidote (Zoisite) 136.50 
Tremofite 272.95 t 
Water 18.07 t 

Volume change of solids for the reaction * = -42.05 
* All volumes treated as constants. 
t From Robie et al. (1966). 
$ Calculated from unit-cell dimensions of prochlorite from Steinfink (1958, 1961, 1962). 
0 Calculated from unit-cell dimensions from Preisinger, (1965). 

comparing volume changes from the upgrading of prehnite + chlorite + quartz to 
epidote + tremolite + water. This is a typical active ridge metamorphic suite and the 
reaction produces a volume change of -4 per cent (Table 2), at STP. Thermal ex- 
pansion and compressibility coefficients for these universals are unknown but the low 
pressures and temperatures involved should make the STP calculation accurate to 
within &lo per cent. 

Thus, if the hydrated crustal blocks are 5 km thick, less than 50 per cent of the 
crust undergoing this reaction would produce the entire observed elevation decrease 
assuming that all of the volume change goes into elevation change. Similarly, the scarp 
offsets may be maintained to some extent by the existence of large horizontal tempera- 
ture differences within bloclts and between adjacent blocks. We would expect the offset 
to be reduced as the crust ages and these temperature differences decrease. It is clear 
that hydrothermal circulation and the resulting chemical alterations can have a sub- 
stantial effect on crestal topography. Until we have a better understanding of the 
thermal, petrologic and chemical properties of the oceanic lithosphere it will be diffi- 
cult to separate these effects from those of classical thermal contraction, lithospheric 
thickening and dynamic uplift in controlling crestal topography. 

(f) Geographic distribution and magnitude of heat flow. The geographical distribu- 
tion of our data is insufficient to determine whether the observed variations in heat 
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flow largely are two-dimensional, like the topography, or three-dimensional. Further- 
more, a theoretical model with inherent uncertainties is required to estimate the mag- 
nitude of heat released by hydrothermal circulation on the spreading centre. We can 
only say that this circulation appears to control the near-axis conductive heat-flow 
pattern and that this pattern bears only a limited relationship to the actual heat flux. 
In regions where the hydrothermal system still has a free exchange with the bottom 
water, the theoretical models provide a more realistic means to estimate the heat flux 
than the measured values of conductive heat flow. Even where the sediment forms an 
impermeable upper layer, hydrothermal circulation may persist in the crustal rocks 
below the sediment, which clearly requires a large number of measurements spaced 
significantly closer than the scale of the circulation pattern to obtain a reliable value of 
the regional heat flux. 

Character of the hydrothermal system 

(a) Hydrothermal uents. Reasonably clear evidence for hydrothermal vents is pre- 
sented from the bottom water temperature anomalies of Fig. 8. With expressions 
developed empirically by Rouse, Yih & Humphreys (1952), and discussed by Batchelor 
(1954) and Turner (1969), it is possible to make a rough estimate of the heat transfer by 
steady-state thermal plumes of this size. The rate of heat loss F represented by a two- 
dimensional plume is 

cal s-1 cm-I 

and for a three-dimensional plume 

I; = r5;:' - exp (71r / z  2)13/2 cal s-1 

where g' = ag (T-TO) with g the gravitational acceleration and T the anomalous tem- 
perature observed at distance z above the bottom and at  distance x orradiusrfrom the 
vertical axis of the plume. The coefficient of thermal expansion a is taken for the fluid 
medium at ambient temperature TO. These equations assume that the composition of 
the plume water is not significantly different than the bottom water, that the plume is 
from a point or line source, and that is not significantly affected by bottom currents. 

We estimate the anomaly near 2.76 km in Fig. 8 at 1600 f 300 cal s-1 for a three- 
dimensional plume or 13.4 -l 3.6 cal s-1 cm-1 for a two-dimensional plume. The un- 
certainties derive from those associated with the temperature data. We have assumed 
that the profile was directly above the source, so that the values of P should be con- 
sidered minimal. 

Exrusive lava flows can be expected to heat the water that quenches and cools them. 
However, in an area as small as the one covered by our water temperature profile lava 
flows should be very infrequent with the lava cooling quickly. Therefore, we feel that 
the observed temperature anomalies are more probably caused by thermal plumes 
rising from hydrothermal vents. 

The correlation between heat-flow maxima and the occurrence of small sediment 
mounds (Figs 5 and 6(d), (e) and (f) suggests that these mounds are hydrothermal vents. 
They seem to have no expression in the basement topography and they tend to be 
lineated as though they were above a hydrothermal fissure in the basement rock 
(Klitgord & Mudie 1974). We can only speculate about the character of the flow from 
these vents. It could be continuous or periodic. The fact that these mounds appear only 
in areas of high heat flow implies the elements of the hydrothermal system remain 
nearly fixed with respect to the underlying crust for long periods of time. At the 
observed sedimentation rates, it would take more than one hundred thousand years to 
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bury one of these mounds after it became inactive. Interestingly, our station 62 has 
combined the qualities of a relatively low thermal gradient and high sediment tem- 
peratures (Fig. 10) expected of a measurement near an active hydrothermal vent (Fig. 
4(b)) and is located within one of these fields of sediment mounds. This explanation of 
the unusual temperature-depth relation seen in Fig. 10 may be more probable than 
excessive superpenetration of the coring apparatus. 

The heat transfers we have calculated for some of the plumes, deduced from Fig. 8, 
represent a significant percentage of the total regional heat loss. Yet, just a few metres 
above the bottom, the predicted and observed temperature anomalies are less than 
0.1 "C. Larger temperature anomalies would be expected closer to the vent. Also if the 
vented water were warmer and more dense (due to chemical differences) than the sur- 
rounding sea water, it might collect in pools such as those found in the Red Sea. 

(b) The deep hydrothermalsystem. The circulation pattern could be controlled by one 
or more of the following physical properties of the system: (1) variation in the strength 
of heat sources near the base of the crust, (2) bottom topography, (3) discrete zones of 
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FIG. 10. Relative temperature versus depth for station 62. Depths are from the 
bottom of the piston corer weight stand. Any amount of superpenetration would 
increase these depths. Temperatures are relative to the bottom water temperature 
(2.04"C f *Ol"C). There were four thermistors mounted on the core barrel. 
The lower two, whose position are indicated by arrows, were sensing relative 
temperatures which were greater than 3.9"C, the highest our instrumentation was 

set to record. 

high permeability, or (4) cellular convection. Only limited conclusions may be inferred 
from the heat-flow data. Hot intrusives rising to near the base of the oceanic crust, 
spaced at  about 6 km along our track could force the entire system. The pattern of 
steep scarps suggests that the surface might have undergonenorth-southextensionand 
block faulting which could be a by-product of deep intrusive east-west trending dikes 
associated with sea-floor spreading. The occurrence of heat-flow maxima near topo- 
graphic highs and heat-flow minima near topographic lows may imply topographic 
control as proposed by Lister (1972). This correlation bctween topography and the 
heat-flow pattern, although approximate, appears to be more than a coincidence. 
The data seem to indicate that the convection is not entirely controlled by the major 
vertical faults. The heat-flow maxima and minima on the Galapagos spreading centre, 
are not always located near the steep scarps (faults?) (Fig. 7). This is in contrast to 
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the pipe model of Bodvarsson & Lowell (1972) and to observations in the high tempera- 
ture areas of Iceland (Bodvarsson 1961) and most continental geothermal areas 
(McNitt 1965) where the hydrothermal activity at the surface is in close proximity to 
dike contacts and vertical faults (zones of high vertical permeability). This could imply 
that the young oceanic crustal rocks on this spreading centre, and perhaps elsewhere, 
have a finer scale of permeability than rocks in continental geothermal areas. 

(c) Cellular convection. Cellular convection through permeable rock was first sug- 
gested by Elder (1965) as being the mechanism by which large amounts of heat might 
be removed from active ocean ridges. The apparent regularity of the modulation in 
heat flow has led us to consider this mechanism. 

Convection in a homogeneous medium is theoretically possible whenever the 
critical Rayleigh number is exceeded. This dimensionless parameter R is defined by 

R =  k a g A T H I u v  

where the properties of the fluid saturated medium are given by permeability k, thick- 
ness k, upper to lower surface temperature difference AT, and thermal diffusivity K. 
The properties of fluid are defined by coefficient of thermal expansion a and kinematic 
viscosity v. Erickson & Simmons (1969) and Lister (1972) discuss the magnitudes of 
these parameters and stress that the principal unknown is the permeability. It is clear 
that the Rayleigh number decreases away from the ridge crest because of the inevitable 
decrease in the temperature differences (AT) and average permeability (k).  Local 
periodic changes in the strength of the heat source will also affect the AT and hence the 
Rayleigh number. In a closed system with a plane evenly-heated lower boundary and 
a plane isothermal upper boundary the critical Rayleigh number is near 40 (Lapwood 
1948). However, when the upper boundary is not plane, any positive Rayleigh number 
is above the critical value. Despite this, low Rayleigh numbers would not be expected 
to produce large scale flows. Elder (1965, 1967) explains how problems can be studied 
utilizing computer-generated solutions or laboratory modelling (e.g. Hele-Shaw cell). 
Other studies have been reported by Lapwood (1948), Donaldson (1962), and Wooding 
(1959). 

Hele-Shaw (1898) showed that cellular convective motion in a horizontal slab of 
homogenous saturated porous material of thickness Hand lateral extent L is similar to 
that in a vertical cavity of width a<H,L  where the permeability k = a2/12. The 
theory may be found in Lamb (1932, section 330). Although the motion in a Hele-Shaw 
cell is only two-dimensional most convective motion of this type perferentially forms 
two-dimensional rolls and there is the great advantage that the flow can be visualized. 

Utilizing a Hele-Shaw cell similar to Elder’s (1965), we have attempted to model the 
Galapagos spreading centre problem. Fromthe few simpleexperiments so far conducted, 
only preliminary conclusions are possible (Willams 1974). (1) It appears the ridge topo- 
graphy has a strong influence on the position of the cellular convection, forcing the. up- 
going limbs under topographic highs as seen in Fig. 1 1 (a). This would produceameasured 
heat-flow pattern similar to Fig. 6(a) and (c). The downgoiiig limbs are forced under 
topographic lows (Fig. 1 l(b) and (c)). (2) In the Galapagos spreading centre model, 
the topography seems to have very little influence over the wavelength of the cellular 
convection. This may be because the amplitude of the topographic undulations is much 
less than the depth of circulation. (3) Most studies to date (Elder 1965; Donaldson 
1962; Lapwood 1948), including ours, have found that Rayleigh cells are approxi- 
mately equidimensional at Rayleigh numbers near the critical value. As the Rayleigh 
number increases the cells gradually become less constrained to the equidimensional 
shape (Fig. 12). The range of stable wavelengths in a porous medium has not yet been 
determined. With our observed modulation wavelength of 6 km, equidimensional 
Rayleigh cells would penetrate approximately 3 km and greater depths are certainly 
possible. 
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FIG. 1 1 .  Photographs illustrating the effects of topography on the motion in 
Hele-Shaw cell. The topography, simulating the Galapagos spreading centre, can 
be seen near the upper edge of the pictures and is scaled to a 3.75 km deep circu- 
lation system. The horizontal line just below this is part ofthelaboratoryapparatus. 
The dark, nearly vertical lines are the rising and descending limbs of Rayleigh cells 
The three photographs show (a) a rising limb in the centre, flanked by two de- 
scending limbs. (b) A descending limb in a topographic low. (c) A rising limb under 
a topographic high. It can be seen that below the upper boundary the cells are not 

as rigidly constrained by the topography. 
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These conclusions are primarily based on experiments with a Hele-Shaw cell 
modelling a completely closed and isothermal upper boundary. Preliminary experi- 
ments with a Hele-Shaw cell having an upper boundary open for free discharge and 
recharge have yielded similar results. 

The motion in a Hele-Shaw cell is only two-dimensional. This is sufficient when- 
ever the motion in the actual system is dominated by two-dimensional rolls. If, how- 
ever, the motion were three-dimensional, the addition of another degree of freedom 
should tend to reduce the range of stable wavelengths but could also weaken the de- 
pendence between topography and wavelength. 

This type of study, as mentioned earlier, cannot be conclusivein determining thecon- 
trolling parameters of ocean ridge hydrothermal circulation. However, laboratory 
modelling and mathematical and numerical analysis can provide valuable insight. 
More work is obviously necessary in these areas before we can more accurately de- 
scribe actual spreading ridge systems. 

Conclusions 

Lithospheric cooling along the Galapagos spreading centre at 86"W Longitude, as 
determined from surface heat-ff ow measurements, appears dominated by hydrothermal 
convection. The conductive heat-flow values alone do not provide an accurate estimate 
of the total heat flux, but if theoretical cooling models are accepted, hydrothermal 
convection accounts for approximately 80 per cent of the geothermal heat released 
along the Galapagos spreading centre through crust less than 1 My. As sediment ac- 
cumulates, the rate of discharge from the hydrothermal system apparently decreases 
and the average of the observed heat-flow values begin to agree, in general, with theor- 
etical conductive cooling models. The horizontal wavelength of the convective flow on 
the Galapagos spreading centre is 6 f.1 km; water may penetrate several kilometers 
into the crust. The results of this study show the difficulties in resolving systematic 
patterns in the heat-flow distribution on spreading ridges from heat-flow surveys. If 
the Galapagos spreading centre is typical of these ridges, numerous, closely-spaced 
measurements with precise navigation combined with a relatively uniform sediment 
cover, appear to be necessary ingredients for recognition of the heat-flow pattern. 
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