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We have mapped a 3-km wide, high heat flow anomaly with 
a maximum value of 30 Ilcalorie em -2 S-l within a zone of 
seafloor extelision in the central Gulf of CaliforniCl. From 
seismic reflection data alld thermal modelling jve suggest 
that the Clnomaly is cClused by a 1-km wide basaltic intrusion 
which is roughlJ' 100 m deep and Jess than 18,000 yr old. 

SEAFLOOR spreading associated with the East Pacific Rise can be 
extended to inside the mouth of the Gulf of California, by 
correlating magnetic lineations l • Further into the gulf the 
magnetic lineations are either disturbed by the thick sedimentary 
cover, or the lineations are weak or non-existent due to an 
intrusive or cooling mechanism that is unfavourable to their 
formation 2, The San Andreas fault to the north is recognised as 
the major part of the boundary between two large plates-the 
Pacific and North American. The Gulf .of California is a 
transitional region between predominantly seafloor spreading 
to the south and totally transform fault motion to the north. 
The lack of identifiable magnetic anomalies in the gulf makes 
it necessary .0 look for other evidence to support the idea of 
seafloor extension: The pole of rotation for the Pacific-:-North 
American ptales'ls 50.9 ON, .663 ow (ref. 3). The trend of the 
gulf differs sufficiently from' circle about this pole to 
require ell echelon offset of the transform faults and thus 
requires some seafloor extension in the gulf. Large heat flow4 

and microseismicity5 in the basins also suggest that the gulf is 
undergoing extension as well as transform fault motion. 

ShepardG recognised the similarity between the Gulf of 
California an'li the Red Sea and mapped the ell echeloll strike­
slip faults and rhombic nature of the basins_ Rusnak, Fisher 
ilnd Shepard7 related the opening in the gulf to the strike-slip 
motion of the San Andreas fault and deduced a figure of260 km 
of opening, with Cabo San Lucas originally near Banderas Bay, 
Sinaloa. They.considered the central depressions in the Guaymas 
and FarallOl~ Basins to be extensional features due to their 
perpendicularity to the strike-slip faults. Larso'n l deduced a 
half-spreading rate of 30 mm yr-l by correlating magnetic 
anomaly patterns at the mouth of the gulf. Lawver et al.4 

reported Oil 13 new heat-flow measurements in the Guaymas 
Basin bringing the then total to 16, with three from Yon 
Ilerzell". Large values were found in the north-cast central 
Guaymas Deep. >5 HFU (>200mWm-2

) with the greatest 
being 7.2 HFU (300 mW m- 2) ncar a 160-m high mound in the 
deep. 

l\ leasurcmcnts and techniques 
The most n-..~cnt cruise, in October 1974; collected511 new heat­
Oow I1lcaSlIf<?llwnts in the Guaymas Hasin. Most of the work 

was concentrated in the north-east Guaymas Deep but some 
of the most interesting results came from the south-west 
Guaymas Deep (Fig. 1). 

The thermal gradients were measured using the Woods Hole 
Oceanographic Institution multipenetration heat-flow pr~be9. 
It consists of a 2.5-m probe with three outrigger thermistor 
probes at 1-m intervals. Acoustically telemetered data we~e 
recorded on a precision depth recorder aboard the R V p'--ga~slz 
of the Scripps Institution of Oceanography. Navlgatl?n 
consisted of radar fixes and depths later plotted on the satellite 
navigated bathymetric chart of G. F. Sharman (unpublishe?). 
The radar navigation was accurate to about 500 m, w.lth 
relative positions between individual measurements belllg 
better (~250 m), see Fig. 2. The sediments in the Guaymas 
Basin are extremely uniform and consist almost solely of green 
hemipelagic mud. Thermal conductivities were assumed from 
measurements made on previous cruises4

• The water content 
is very high in the near-surface sediments causing the con­
ductivity in those shallower than 50 cm to be about 1.5 x 10-3 

calorie 0C-I S-I cm-l (0.60 W mol I("I). The conductivity below 
50 cm is assumed to be reasonably constant, based on the 
findings of Lawver et al.4 and is taken to be 1.71 x 10-3 calorie 
0C-I S-I cm-I (0.71 W mol K-I). The heat-flow values are shown 
on the diagram in Fig. 3 and listed in Table I. 

The average sedimentation rate in the central part of the 
Guaymas Basin is approximately 2.0 m per 1,000 yr (ref. 10). 
This higli sedimentation rate depresses the surface heat flow, 
requiring approximately a + 12 % correction acc~rdin.g to 
Fig. 9 of ref. II. From the seismic reflection profil~ III FIg. 5, 
the south-west Guaymas Deep seems to be underlam by base­
ment which has intruded through older sediments, as evidenced 
by the apparent 0.8 ±0.2 s thick sediment to the north and 0.6 ± 
0.1 s thick sediment to the south. Later we show that the heat­
flow anomaly is consistent with an intrusion of this geomet~y 
with an age of about 2 X 1O~ yr. For this model, the al~omal~ IS 
completely dominated by the transient cooling of the llltrusion 
and the sedimentation rate has a negligible influence. For 
purposes of discussion no corrections will be made to the 
recorded heat-flow values. 

Interpretation . . 
Nearly every other region of active seafloor generatIOn IS 
almost devoid of sediments making heat-flow measurements 
there possible only in isolated sediment ponds. The available 
heat-flow values from these regions Hre apparently dcpressed by 
hydrothermal circulation. The heat-flow values measured in the 
Gulf of California arc significantly higher than those mcasured 
on other spreading centres. Henyey (unpublished) measured it 
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value of 35.8 HFU (1,450 mW m-~) in the Ballenas Channel in 
the northern gulf but this may be an isolated hot spring. ' 

The heat release associated with lithospheric creation for a 
spreading rate equivalent to that of the gulf is estimated to be at 
least 330 calorie S-l per cm of ridge length within 35 kl11 of the 
spreading centre12 or an average heat flow of 47 HFU. At 
most oceanic spreading centres the rate is presumed much 
higher near the centre due to the !lIster cooling produced by 
hydrothermal circulation (compare ref. 12). The Gulf of 
California is diflcrent because the actively spreading zonc may 
be losing heat through the sea floor to a greater extent by 
conduction bt."'Cause of its unusually thick and continuous 
sedill1ent,lry cover. 

Figure 4 shows all the 26 published and new heat-flow values 
in the Guaymas Basin plotted against distance from the pre­
slIllled most recent spreading centre. Additional heat-flow 
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Fig. 2 Detailed chart of 
heat-flow survey of the 
south-west Guaymas 
Deep in corrected metres. 
Bathymetry from G. 
Sharman (unpublished). 
The values progressed 
from the north-we5t side 
of the depression to the 

(9~ south-east side. Seismic 

o Heat-flow penetration' 

• Hour mork 

4 Begin profile 1730z 

• End profile 2335z 

--- IOO-m contour 
-- 20-m con tour 

IU020'W 

. reflection profiles A-A' 
to E-E' indicated by 
solid lines are shown in 

Fig. 5. 

values in the Guaymas Basin to be discussed in a subsequent 
paper reinforce the basic shape of the curve in Fig. 4. It is 
unusual that the background heat flow for the Guaymas 
Basin is remarkably regular at 3.4±0.5 HFU for the total 
length of the basin. The central deep coincides with a higher 
heat-flow zone less than 20 km wide. 

This distribution of conductive heat flow does not fit the 
theoretical models for. a conductively cooled lithosphere 
(see ref. 13). As can be seen in Fig. 4, the observed heat-flow 
values average less than half of the predicted value. Two 
factors, prevalent in the Gulf of California, ,vould tend to 
make the measured values lie below the theoretical curve. 
First, the theoretical models assume continuous intrusion 
whereas in the Gulf of California there is evidence that the 
location of spreading centres changes discontinuously, with 
time. This idea ,\;as first advanced by Bishoff and HenyeyH on 



26 

I r 1 ~,,"'30 ~ 
~~" 
:C"'U 10_ . g, 0 o);---'--,-ltO;----.l..-------.2"',o--:.L--,3~.0;---L--.4."'0 -.h-. --:s;;lo;~::~~76...,.!O;;-· ----' 

Distance along profile (km) 

Fig. 3 Profile across the GuaYT'las Deep showing the heat-flow 
(HFU) values and the shape of the anomaly found. 

the basis of seismic reflection profiles. It is supported by our 
heat-flow measurements and the reflection profiles shown in 
Fig. 5. At (a) on profile D-D' (Fig. 5), there is a slight depres­
sion which has not been completely filled with sediment; 
it has an uncertain age relationship to the central intrusion. 
Probably the depressions are in fact grabens caused by the 
pulling apart of the basement, resulting in an intrusion and a 
thinning of the overlying sediment (Fig. 3, ref. 21). The weight 
and shear strength of the sediments compared with water may 
cause the intnlsion to slow and stop before it reaches the 
surface. This effect of the sediment may even cause the site of 
intrusion to change discontinuously rather than remaining 
fixed as at a normal spreading centre. The second factor that 

'may affect the heat flow is that the ratio of the widths of 
spreading centres to the length of transform faults is much less 
in the Gulf of California than in more normal oceanic spreading 
areas. This could lead to significant lateral heat transfer. 
Although these factors redistribute heat to the flanking regions 
and away from the actively spreading locations, the total heat loss 
remains appro:dmately the same and thus will not explain the 
great discrepancy between the predicted and .observed heat 
flows. 

Assuming that seafloor spreading applies in the gulf, the 
most plausible explanation for the discrepancy is hydrothermal 
heat loss even though there is a thick sediment cover. The 
existence and importance of hydrothermal convection in the 
basement have been discussed by numerous investigators (see 
reference lists in refs 12 and 15). The porosity and permeability 
would be related to dike contacts, the dissolution of minerals by 
thermal waters, the horizontal component of thermal con­
traction, and faulting. In the gulf the evidence is not as com­
pelling as it is at other spreading centres. There is no evidence 
of numerous low heat-flow values and the large scatter in ob-
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served values that have supported previous hydrothermal 
circulation hypotheses. We made approximately 50 km of 
near-bottom horizontal water temperature profiles (see ref. 12) 
in the north-cast GlHiymas Basin but failed to detect any 
temperature anomalies that might be associated with hydro­
thermal vents. Evidence for sediment that was more metalli­
ferOlls than normal was found only in the southernmost basin 
of the gulf (P. Wilde, personal communication). Since this basin 
is nearest to the East Pacific Rise and has a much thinner 
sediment cover IS it is more likely to be subject to hydrothermal 
discharge through the sediment surface. In the heavily sedi­
men ted Guaymas Basin, where the sediments are assumed to 
be relativ~ly impermeable and there is very little expression 
of faulting in the surface sedimerlts, it is hard to imagine the 
free convection that Williams et al. 12 found on the Gahlpagos 
spreading centre. 

Tbermal modeIIillg 
With the line drawings of seismic reflection profiles crossing the 
south-west Guaymas Deep (shown in Fig. 5), available as control, 
the heat-flow data were inverted under the assumption of 
conductive cooling. We first used Horai's modef1' for a dike 
intruded instantaneously and remaining at a constant tempera­
ture for infinite time. This model yields a 1.6-km wide intrusion 
with a depth to its top of 220±30 m, using a background 
heat flow 'of 3.4±0.5 HFU. But this gives either an unaccept­
ably high surface thermal gradient (5 cC cm- l ) or a temperature 
too low for molten rock (400°C). This result implies that the 
measured heat-flow values are not due to a constant temperature 
intrusion but rather to a transient cooling process. Therefore, 
we llsed Simmons'ls method for modelling the transient 
cooling of a dike, which is a variation of that given by Carslaw 
and Jaeger (ref. 19, p. 256). The temperature for a dike is 
given as: 

T(x,y,z,t)=(S/8) E(X,Xl,X2)E(Y,Yl,Y2){E(z,zl>zJ+ 
+ E(z,-Zl>- Z2)} 

where S=source strength, which for a three-dimensional 
source is simply the temperature at the time of the intrusion, 
.here assumed to be 1,100 °C; Xl and X2 are coordinates defining 
the width of the dike; YI and Y2 give the lateral extent of the 
dike; Zl and Z2 are the depths to the top and bottom respec­
tively and E is a dimensionless function defined as: 

where t is the time after intrusion and k is thermal diffusivity. 
If one assumes YI and Y2 are large, greater than 3(4kl)1/2, then 
E(Y,Yt,Y2) is two. For a time of 104 yr the absolute value of 
Yl or Y2 would have to be larger than 0.8 km. Using Figs 2 
and 5, it seems that Yl=-2.0km and Y2=6.0km. Z2 is the 

Ta~le 1 Heat-flow data 

Station Latitude Longitude Water depth T P N K Q 
no. eN) (OW) (corrected m) 

12.1 27"04.0' III °24.4' 2,004 2.82 2.7 3 1.71 (0.72) 5.5 (230) 
12.2 27°03.6' 111°24.9' 1,988 2.82 2.7 3 1.71 (0.72) 7.2 (301) 
12.3 27°03.1 ' 111°25.8' 1,955 2.82 2.7 3 1.71 (0.72) 3.6(151) 
12.4 27°02.6' 111°24.6' 2,024 2.83 2.7 2 1.71 (0.72) 12.7 (531) 
12.5 27"02.4' 111°24.3' 2,020 2.82 2.7 1 1.71 (0.72) 30.3 (1268)-
12.6 27°02.2' 111°24.0' 2,014 2.82 2.7 1 1.71 (0.72) 24.7 (1033)-
12.7 27°02.0' 111'>24.0' 2,012 2.82 2.7 1 1.71(0.72) 29.9 (1251)· 
12.8 2r01.8' 111°23.9' 2,010 2.82 2.7 3 1.71 (0.72) 13.6 (569) 
12.9 27°01.5' 111°23.7' 1,952 2.83 2.7 3 1.71 (0.72) 5.3 (222) 
12.10 27°01.3' 111°23.4' 1,898 2.83 2.7 3 1.71 (0.72) 4.8 (201) 

"( is bottom water temperature eC); P is estimated sediment penetration (01) 'Of the I.owcrmost probe used in gradient measurernent~; 
N IS the !lumber of thermistors used for sedimenttclllpcralure gradient measureillents; K is the thermal conductivity in Hr' calorie "C- 1 elll 
S-1 (W m-'1 K -1) (All values are assumed); Q is the heat How in JO-O calorie cm-2 S-1 (10 .. 3 W 01- 2). 

-Only one thermistor on scale. 
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Fig.4 Summary of the previous published values and the ten 
new values. The background heat flow is roughly 3.4 ±O.S HFU 
d35±20 mW m-'). The heat flow anomaly is strikingly regular 
directly over the depressions confirming them as the locus of 

present intrusive activity. 

;..:pth to the base of the dike which we assume is large in 
;oo:rarison to z}_ If Z2 is just twice Z1> it affects Q z only 2 %. 

Simmons (ref. 18, equation 17) gives the surface heat-flow 
J'5tribution as: 

i~ thi.s model, the same thermal properties are assumed for 
.:C dike as for the material into which it is intruded. We 
h>llme the thermal properties of sediments to be more realistic 
'(,au tl 1" • se. Ie coo mg IS probably dominated by the insulating 
.fOpertles of the sediment. But the igneous body should be 
1'1.: t I .. 
. . 0 re edse heat faster, and should be younger than our 
'~Iut~onsindicate. In Fig. 6 however, we show that both sediment 
~'<! Igneous rock thermal properties can be made to match 
;~,data, We have taken a conductivity, K. of 2 X 10'3 caloric 
: S'1 elll'l (0.83 Wm'l K'I) and dilTusivity k of 2 35 x 
,)-1 l~ :! -1 .' . ": 
d fll. S to approXimate a slightly compacted sediment 
,UIlIn'O. Even greater values might be expected considering 
~ Probable metamorphism of the sediments directly above 
" Intruded body, From the seismic rclkction prolile D-IY 

.1u· ... n· ,-' . 
III 'Ig. 5, It seems thaI the anomaly is due to an intrusion 
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that is direcly underneath the depression. From Fig. 5 the 
intrusion seens to be present and ,ipproximately the same 
shape on proJles A-A' through 0-0' and is vague but present 
on E-E'. Thl intrusion seems to extend from one transform 
fault to the aher. On profile 0-0', closest to the profile of 
heat-flow stat:ms, the depth to the top of the intrusion seems 
to be about 1~0-200 m. Figure 6 shows that using a depth of 
200 m and re:lOving the background heat flow, our anomaly 
is closely mached with a width of 1.3 km, and an age of 
17,000 yr. Fo t/lis model a maximum heat flow of 53 HFU 
would be read led at about 2,700 yr after the emplacement of 
the intrusion.rhe observed heat-flow maximum of 30 HFU is 
found twice Dr any model that assumes z=200 m, once at 
about] ,000 y and again at ] 7,000 yr. The earlicr time value 
seems unaccC'>table because it produces a very steep-sided 
anomaly as hown in Fig. 6, unlike the profile measured. 
If one assum6 a depth to intrusion of 100 m, then an age of 
] 8,000 yr ver) nearly models the observed anomaly. A greater 
depth to the htrusion is more difficult to modei with thermal 
properties of ediments, although the thermal properties of the 
intrusive rockwill fit the observed curve for a depth to intrusion 
of slightly gmter than 500 m. . 

The seismi( reflection profile indicates that the base of the 
intrusion ma),be 4 km in width, equivalent to about 65,000 yr 
of spreading :t the half-rate of 30 mm yr-1 •. It secms plausible 
to assume tha the most recent intrusion is simply the latest in a 
continuing seles of recent intrusions now totalling 4 km. If the 
most recent inrusion was emplaced into an older intrusion not 
at thermal eqlilibrium then our model would be less represen­
tative and mtch more recent ages of intrusion are possible. A 
1.3 krn wide iltrusion would account for 21 ,000 yr of spreading. 

. Since we havemore than 42 m of sediment (2 m per] ,000 yr for 
21,000 yr), w assume that the intrusion has always been 
covered. Hyctothermal cooling which might account for 
removal of abJUt half the heat would be roughly equivalent to 
doubling the Ilermal conductivity (similar to the conductivity 

Fig,S Line drawings of seismic reflection profiles. Line of 
profiles ShOWl on Fig, 2. In profile O-D', a indicates a possible 
depression Cat is either just forming or is being filled and b 

indicat~ the area of the main heat-flow anomaly. 
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Fig.6 Results of Simmon'sls model for heat-floyproduced by 
a cooling intrusion. 

of the intrusive rock). Although there are many variable para­
meters not defined by our data, the results from he model can 
be summarised as indicating an intrusion approxmate1y 1.0 km 
wide, beneath 150± 100 m of sediments and less;han 18,000 yr 
old. 

Conclusions 
Our findings allowed us to use heat-flow measurenents to model 
a reasonably young intrusion, something that is nrely achieved. 
It does seem reasonably certain from our result that the gulf 
is not being opened by a continuing constant ntrusion as is 
presumed at most oceanic spreading centres. )iscontinuous 
and episodic intrusio.ns into a thick sedimentar cover would 
explain the lack of magnetic anomalies in the gilf. Apparently 
the intrusion is continuous between transform faults and is 
believed contemporaneous. 

The Gulf of California has an average sedinent depth of 
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about I kill (ref. 16). This, coupled with the high background 
heat flow, suggests that temperatures of 200 "C should generally 
be found ncar the sediment-rock interface: This is in addition 
to large areas where the thermal gradient is several times as 
high. If the.upper regions of the basement are as porous and 
permeablc as we believe, the Gulf of California would be one of 
the Earth's most important geothermal resources. This theory. 
though, can only be tested by drilling. 

More measurements are needed in this area to trace the 
assumed lateral extent of the anomaly. Since the intrusion 
seems to be continuous between the transform faults, one 
would hope that the heat flow remains uniformly high in this 
region. Other sites in the Guaymas Basin and particularly the 
Farallon Basin to the south may be undergoing current intru­
sion and should be investigated. 

We thank Captain Larry. Davis and the crew of the R V 
Agassiz for assistance. Richard Zuck of Woods Hole, Mas­
sachusetts, and Ken Green of MIT assisted with the instrumen­
tation and measurements. M. A. Landin, T. D. Lara, R. N. 
Hernandez, and A. Velazco of the Ciencas Marinas of Ensenada. 
Baja California, assisted us with navigation work. Richard 
Schwartzlose of Scripps organised the cruise. We thank Vic 
Vacquier and John Sclater for comments. 'The Mexican 
Government extended us permission to work in their waters. 
This study was supported largely by gr-dllts from the US 
National Science Foundation, 

Received June 23; accepted July 31, 1975. 

I Larson, R. L., Bull. Geol. Soc. Am., 83, 3345-3359 (1972). 
2 Larson, r. A., Mudie, J. D., and Larson, R. L., Bull. Geol. Soc. Am., 83, 3361-

3368 (1972) 
J Minster. J. B., Jordan, T. H., Molnar, P., Haines, E., Geophys. J. R. astr. Soc~ 

36(3),541-576 (1974). 
4 Lawver, L. A., Sclater, J. G., Henyey, T. L., and Rogers, 1 .• Ear/h planet. Sri. 

Lell., 19(2), 198-208 (1973). 
S Reid, I., Reichle, M .• Brune, Jr, and Bradner, H., Geophy •• J. R. aslr. Soc .• 34(3). 

365-379 (1973). 
6 Shepard, F. P., Geol. Soc. Am. lI{nll., 43, 32 (1950). 
1 Rusnak. G. A., Fisher, R. L .. and Shepard, F. P .• in Marini' Geology of Ihe Gulf of 

California, A Symposium, Mem. 3, Am. Ass. Petrol. Geol .• 59-75 (Tulsa, 1964). 
8 Von Herzen. R. P., Sciellfe, 140, 1207-1208 (1963). 
9 Von Herzen. R. P .• and Anderson. R. N .• Geophys. J. R. aSlr. Soc., 16, 427 (1972). 

10 Calvert, S. E., Bull. Geol. Soc. Am., 77, 569-596 (1966). 
II Von Herzen. R. P., and Uyeda, S .. J. geophys. Res .• 68. 4219-4250 (1963). 
12 Williams. D. L., Von Herzen, R. P .• Sclater, J. G., and Anderson, R. N., Geophy •• 

J. R. asrr. Soc., 38(3). 587 (1974). 
IJ Sclater. J. G., and Francheteau, J .• Geophys. J. R. astr. Soc .• 20, 509-542 (1970). 
" Bischoff. J. L.. and Henyey. T. L .. BIIII. geol. Soc. Am., 85(12). 1893-1904 (1974). 
" Lister, C. R. B., Geophys. J. R. asrr. Soc .. 39, 465-509 (1974). 
16 Phillips, R. P., in: Marine Geology of Ihe Gulf of California, A SymposilUlJ, 

Mem. 3. Am. Ass. petrol. Geol., 90-121 (Tulsa, 1964). 
J1 Horai. K.,}. geophys. Res., 79(1 I), 1640--1646 (1974). 
18 Simmons. G .• Revs. Geophys .• 5(2). 109-120 (1967). 
19 Carslaw, H. S., and Jaeger, J. C .• CO/lduclion of /real ;n solids (Oxrord University 

Press,Oxrord, 1959). 
20 Atwater. T., BIIII. g,ol. Soc. Am .• 81, 3513-3536 (1970). 
21 Thompson. G. A., Can. geol. Surv. Pop. 66, (14), 280-290 (1966). 

er f 

Three-dimensional model of purple membrane 
obtained by electretl microscopy 
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resolution lIlap of the purple membrllle has been 
obtained by electron lIIicroscop·y of tilted, umained speci­
mens. The protein ill the membrane contains ,even, closely 
packed, a-helical segments which extend rOlghly perpen­
dicular to the plane of the II/ell/brane for 1II0S of its width. 
Lipid hilayer regions fill the spaces betwee! the protein 
molecules. 

TilE purple mcmbranc is a specialised part of the :cllmcmbranc 
of Halv/Jacferilll1l "alobilllll l

• Oesterhclt and Stockenius 2 h.\Ve 

shown that it functions in I'il'o as a light-driven hydrogen ion 
pump involved in photosynthcsis. It contains identical protein 
moleculcs of molecular weight 26,000, which make up 75% 
o(the total mass, and lipid which makes up the remaining 
25 % (ref. 3). Rctinal, covalently linked to each protein molccule 
in a I: I ratio is responsiblc for the characteristic purple colour'. 
These components togcther form an extremely regular two' 
dimcnsional array'. 

We have studied the purple membrane by electron microscoPY 
using a mcthod for dctermining the projected structures of 
unstained crystalline specimens". By applying the mcthod to 
tilted specimens, and lIsing the principles put forward by 
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