
ed, the tibia is typically shorter than the 
femur (crural index <loo), and the meta- 
podials are relatively short (femorometa- 
tarsal index 4 0 ) .  They appear consider- 
ably more generalized than Diacodexis. 

The crural and femorometatarsal indi- 
ces tend to be highest in running (curso- 
rial) and jumping (saltatorial) mammals. 
The crural index for Diacodexis reflects 
such habits, falling in the middle of the 
range for living ruminants as well as that 
for rabbits (29). The femorometatarsal 
index is extraordinarily high for an early 
Eocene mammal and is comparable to 
that in many extant ruminants and higher 
than in rabbits (29). Thus Diacodexis 
may have been the most cursorial mam- 
mal of the early Eocene. Among small 
mammals, however, there may be no 
clear distinction between cursorial and 
saltatory habits; some species employ a 
combination of both locomotor modes. 
This is true of tragulids (30, 31), small 
forest ruminants of Asia and Africa, 
which are the closest living analogs of 
Diacodexis. The resemblance of Diaco- 
dexis to tragulids in limb proportions and 
body size suggests that it, too, was an 
adept leaper. It may have used its long 
tail for balance, as do several living 
saltatorial mammals (24, 29). 

The notion that dichobunids are so 
primitive and short-limbed that, were it 
not for their characteristic astragalus, 
they might not be recognized as artiodac- 
tyls is prevalent (3, 5, 32). Diacodexis 
does not fit this image, however, nor do 
other dichobunids which, where known, 
are progressive and cursorially adapted 
like Diacodexis. The skeleton of Diaco- 
dexis appears to be slightly more special- 
ized than that of Messelobunodon and 
nearly as specialized as those of Hyper- 
tragulus, Archaeomeryx, and Tragulus, 
which are considered to be the most 
primitive Ruminantia (Tragulina) (17). 
The only important postcranial features 
which are more primitive in Diacodexis 
than in tragulines are its free proximal 
fibula, retention of metatarsal I, and sep- 
arate cuboid and navicular elements in 
the tarsus. This raises the question of 
whether Diacodexis is representative of 
the primitive artiodactyl skeletal condi- 
tion, or whether it is too specialized to be 
ancestral to Suina and some extinct non- 
ruminant groups. If Diacodexis is repre- 
sentative, we must revise our concept of 
the primitive artiodactyl skeleton and 
assume that reversal of cursorial trends 
(toward elongation and lightening of the 
limbs and reduction in size of some ele- 
ments) must have occurred in various 
nonruminant lineages. While such rever- 
sals are possible (33, 34), it is equally 
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probable, as judged from present evi- 
dence, that the basal artiodactyl was an 
unknown bunodont form with a much 
more generalized skeleton than that of 
Diacodexis. 

KENNETH D. ROSE 
Department of Cell Biology and 
Anatomy, Johns Hopkins University 
School of Medicine, 
Baltimore, Maryland 21205 
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Upwelling of Hydrothermal Solutions Through Ridge Flank 
Sediments Shown by Pore Water Profiles 

Abstract. High calcium ion and low magnesium ion concentrations in sediment 
pore waters in cores from the Galcipagos Mounds Hydrothermal Field on the flank of 
the Galcipagos Spreading Center are believed to be due to a calcium-magnesium 
exchange reaction between circulating seawater and basement basalt. The nonlin- 
earity of the calcium ion and magnesium ion gradients indicates that these 
discharging hydrothermal solutions on the ridge junk are upwelling at the rate of 
about 1 centimeter per year through the pelagic sediments of the Mounds Field and 
at about 20 centimeters per year through the hydrothermal mounds themselves. 

The recent discovery of hot springs on 
the Galftpagos Ridge (1) and the East 
Pacific Rise (2) has proyided the most 
spectacular evidence of ridge crest con- 
vection of seawater through hot basalt. 
The composition of these samples (3), 
together with earlier evidence (4), indi- 
cates that seawater-basalt exchange at- 
tending hydrothermal circulation is im- 
portant in the marine mass balances of 
several elements; the process is a sink 
for seawater Mg2+ and a source of sea- 
water Ca2+. The intense convection of 
water at the center of spreading appears 
to cool the entire crust (5) but is of short 
duration, as reflected in the fact that the 
discharge of high-temperature hydro- 
thermal solutions is limited to young 
crustal segments (1). Convection and as- 
sociated hydrothermal processes contin- 

ue at a much slower rate on the ridge 
flanks, for 5 x lo6 to 7 x lo7 years (6). 
This ridge flank convection process is 
reflected by a deficiency in conductive 
heat flow (6), increasing layer-2 velocity 
(velocity of basalt) (77, and nonlinear 
heat flow profiles indicating upwelling 
and downwelling of solutions through 
sediments (6). Sleep et al. (8) have ar- 
gued that most of the global convective 
heat loss actually takes place on the 
ridge flanks. 

The southern flank of the Galapagos 
Spreading Center is now the best under- 
stood example of a ridge flank convec- 
tion system. Heat flow has been mapped 
in detail to a distance of 30 km south of 
the center of spreading (5, 9) (Fig. 1). 
The variations are believed to reflect the 
flow of water through the sediments to 
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and from the basement aquifer. Low 
heat flow bands are believed to be sites 
of downwelling (basement aquifer re- 
charge), and high heat flow zones (> 12 
heat flow units) are believed to be sites 
where hydrothermal solutions are up- 
welling and discharging. Nonlinear heat 
flow gradients, reflecting advection, sup- 
port this interpretation. The high heat 
flow zone shown in Fig. 1, about 17 km 
south of the axis, is the site of sediment 
mounds composed of Mn02 and non- 
tronite, Fe4Si8020(OH)4, believed to 
originate from the oxidation of discharg- 
ing hydrothermal ~ e ~ +  and Mn2+ (1, 10, 
11). 

We sampled pore waters from pelagic 
sediments around mounds from cores 
taken in March 1979 from R.V. Gillis and 
from mounds from D.S.R.V. Alvin cores 
taken in December 1979 by Dr. Fred 
Grassle of Woods Hole Oceanographic 
Institution. The composition of the inter- 
stitial solutions in the Mounds Hydro- 
thermal Field reflects upwelling of hy- 
drothermal solutions (that is, geother- 
mally warmed, advected waters) whose 
compositions have been altered by reac- 
tion with basalt. The comvositions of 
these solutions reflect seawater-basalt 
reaction on the ridge flanks and differ 
greatly from that of ridge crest hydro- 
thermal solutions. 

The cores discussed in this study were 
taken from locations shown in Fig. 1. We 
separated pore waters from cores by 
centrifuging at 4°C and filtering through 
0.45-pm Nuclepore filters, as well as by 
in situ sampling (by Dr. Ross Barnes, 

Walla Walla College Marine Station). 
The [Ca2+] and [Mg2+] values were mea- 
sured by EGTA (12) and EDTA (13) 
titration, respectively. Chlorinity was 
analyzed by Mohr titration (14) to cor- 
rect for evaporation. Variations from 
seawater values are believed to be due 
entirely to changes in [Mg2+] and [Ca2+] 
(15). 

The [Ca2+] and [Mg2+] values in the 
cores from the low heat flow area are 
close to those of bottom water (Fig. 2A). 
The cores from the high heat flow area 
and the Alvin cores have higher [Ca2+], 
lower [Mg2+], and nonlinear concentra- 
tion versus depth profiles (Fig. 2, B and 
C). These anomalies are larger than 
anomalies arising from in situ diagenesis 
(16) and are believed to reflect ca2+  
dissolution and Mg2+ uptake attending 
seawater-basalt exchange in the base- 
ment. 

The in situ samples should be free of 
most sampling artifacts. Although the 
same is not true for the centrifuge sam- 
ples (17), the concentration anomalies in 
the cores from the high heat flow area 
cannot reasonably be ascribed to such 
artifacts. Artifacts cause [Ca2+l to fall by 
about 3 percent, not to rise (18). The 
[Mg2+l data are more uncertain because 
the observed decrease (1.5 to 2.0 mM) 
corresponds to a concentration change 
of only 3 to 4 percent. Our measured 
Mg2+IC1- ratios are higher by up to 2 
percent than the bottom water ratios, 
as in samples PC 30, ISPW 126, PC 28, 
and PC 29. It is still unknown if this 
difference is real, is a sampling artifact 

86'1 2'W 86'10' 86'08' 86'06' 86'04'W 

V Large gravity cores A Piston cores H In situ pore water probe 
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Fig. 1. Map of the study area. The Galapagos Spreading Center is about 20 km north of this 
area. Contours are depths in fathoms; HFU, heat forming units. 

that also affects the in situ samvles. or is 
A .  

due to an unknown divalent cation inter- 
fering with the titration. However, there 
is no reason to doubt the validity of 
the [ ~ g ~ + ]  decrease in high heat flow 
cores, although its magnitude is uncer- 
tain. 

One may model the shape of the Ca2+ 
and Mg2+ profiles, if one assumes that 
the gradients reflect diffusion and advec- 
tion only, by using the diffusion advec- 
tion model (19). According to a diffusion 
advection equation for a conservative, 
nonradioactive species and assuming 
steady state and constant diffusivity, we 
find that 

where w is the vertical advection rate, C 
is the concentration of the species of 
interest, z is the depth in the sediment 
column (positive upward), and D, is the 
apparent diffusion coefficient of the spe- 
cies of interest. The solution of this 
differential equation is 

where Co is the concentration of the 
species of interest at z = 0 (the sedi- 
ment-water interface), C,,, is the as- 
ymptotic concentration of the species, 
zmax is the asymptotic depth, and 
z* = D,Iw . 

The shape of the conservative species 
versus depth profile is dependent on the 
values of w and z? A small value of z* 
(advection-dominated transport) will re- 
sult in a nonlinear gradient, with the 
degree of curvature related to z*. A large 
value of z* (diffusion-dominated trans- 
port) will give a straight line connecting 
the two end-members. Therefore, given 
the depth variation of a conservative, 
nonradioactive species and an experi- 
mental value for D, (20), the advection 
rate can be calculated. Heat flow probes 
use temperature as the conservative 
tracer; a concave-down nonlinear tem- 
perature gradient is believed to indicate 
upward advection of warm hydrothermal 
water (1, 6, 9). Similarly, Ca2+ and Mg2+ 
gradients can be used as conservative 
chemical tracers in the Galhpagos 
Mounds Hydrothermal Field. 

The advection rates we have calculat- 
ed from the [Ca2+] values of high heat 
flow cores average about 1 cmlyear (Fig. 
2B). Temperature profiles from samples 
PC 22 and PC 30 are linear, as would be 
expected for this slow upward advection 
rate (21). Upward advection rates in the 
region calculated from temperature pro- 
files measured while piston coring in the 
mounds are about 30 cmlyear. Our three 

SCIENCE, VOL. 216 



Alvin cores were also taken directly 
through mounds. The advection rates 
calculated from the [ca2+] values 
through mounds are approximately 20 
cmlyear (Fig. 2C). 

The calculated advection rates imply 
that the mounds themselves act as chim- 
neys for upwelling water (I, 11, 15). The 

flow through the mounds is at least 20 
to 30 times more rapid than the slow 
upward percolation of water in the sur- 
rounding sediment. The mounds contain 
about 10 m of nontronite gravel, which is 
much less resistant to flow than the 
surrounding sediments and probably fa- 
cilitates rapid flow. The mounds general- 

Fig. 2. The [Ca2+] and 
[Mg2+l values in pore waters 
from (A) a low heat flow 
area, (B) a high heat flow 
area (mounds area), and (C) 
hydrothermal mounds (sarn- 
pled by Alvin); concentra- 
tions for Ca2+ and Mg2+ are 
in rnillirnoles per liter, and 
the C1- concentrations are in 
grams per kilogram. Samples 
ISI'W 1 17 and 126 were col- 
lected with Ross Barnes's in 
situ pore water sampler. Val- 
ues in (A) are very close to 
bottom water values (indi- 
cated by arrows). High 
[Mg2+] values in some pore 
waters may be sampling arti- 
facts. High asymptotic 
[Ca2+] and low [Mg2+] val- 
ues in (B) and (C) are be- 
lieved to be due to seawater- 
banalt exchange in the un- 
derlying basement. Solid 
lines are the calculated gra- 
dients based on the use of a 
diffusion advection model 
and the indicated advection 
rates (w). The advection 
rates from [Ca2+] values in 
mounds (C) are 10 to 20 
times those of cores taken 
between mounds (B). The 
relationship between Ca2+ 
enrichment and Mg2+ deple- 
tion is not as simple as 
shown in (B). 
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ly overlie faults in the basement. These 
cracks in the basalt are likely places for 
the venting of hydrothermal water and 
thus produce more rapid advection rates 
at the base of the sediment in these areas 
than at the base of the surrounding sedi- 
ments. Both effects are probably impor- 
tant in the formation of the hydrothermal 
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18. S. Emerson. ~e r sona l  communication: M. Bend- 22. We thank the officers. scientists. and crew of mounds. Mounds might form over base- 
ment faults, supplying an increased flow 
of warm water rich in Fe2+ and Mn2+. 
The nontronite gravel formed by these 
solutions reduces the resistance to flow, 
thus reinforcing the rapid flow of water 
through the sediment and possibly facili- 
tating the formation of mounds. 

The ca2+  and M ~ ~ +  profiles in the 
Galtipagos Hydrothermal Mounds Field 
provide evidence for convection in sedi- 
ments independent of heat flow measure- 
ments. The nonlinear gradients can be 
used to calculate upward advection rates 
of about 1 cmlyear through pelagic sedi- 
ments around mounds. The advection 
rates calculated from [Ca2+] in mound 
cores, about 20 to 30 cmlyear, are in 
good agreement with the rates calculated 
for other mounds from temperature pro- 
files. The data and gradients provide 
important new information about the ex- 
tent and importance of ridge flank con- 
vection; information on such convection 
up to now has been confined to geophys- 
ical studies. Future work should be di- 
rected toward further characterizing the 
composition of the hydrothermal fluid 
entering the sediments in this area. 

CYNTHIA R. P. MARIS 
MICHAEL L. BENDER 

Graduate School of Oceanography, 
University of Rhode Island, 
Kingston 02881 
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Blade Technology in the Egyptian Nile Valley: 

Some New Evidence 

Abstract. An  Upper Paleolithic site with blade technology was excavated at Nazlet 
Khater, Egypt. Radiocarbon dates center around 31,500 years ago, indicating that 
the Egyptian Nile Valley was not an isolated enclave where blade technology 
appeared late in comparison with other eastern Mediterranean areas. This sitejlls a 
gap in the record of human history in Egypt between 40,000 and 20,000 years ago. 

In the Egyptian Nile Valley, blade 
industries of Upper Paleolithic style are 
known from many sites that were exca- 
vated by the Combined Prehistoric Ex- 
pedition (1, 2). The investigators corre- 
lated these industries with a period of 
Nile aggradation that, on the basis of 
numerous radiocarbon dates, occurred 
less than 19,000 years ago. With the 
reassessment of the Nubian chronology 
(3, #), the Khormusan industry, original- 
ly estimated to date between 27,000 and 
18,000 years ago, is now considered to 
be much older, possibly dating back 
more than 40,000 years. This is more 
consistent with the Middle Paleolithic 
features of the Khormusan industry, but 
the new chronology implies that there is 
a gap of more than 20,000 years in our 
knowledge of the record of human his- 
tory in the lower Nile Valley. Indeed, no 
archeological complexes or Nile sedi- 
ments have been placed with any confi- 
dence within this interval (2). The exca- 

vations of the Belgian Middle Egypt Pre- 
historic Project at Nazlet Khater near 
Tahta in Upper Egypt (5, 6) have now 
provided evidence of the presence of 
blade-producing communities within this 
interval along the Nile. 

During the past 4 years four sites were 
excavated in the lower desert of Nazlet 
Khater (Fig. 1). This lower desert is that 
part of the desert which belongs to the 
Nile Valley. Nazlet Khater 1 is situated 
on a small elevation adjacent to the edge 
of the cultivated zone. Nile sediments- 
gravels, silts, and clays-form the core 
of this elevation. The uppermost gravel 
deposit, of Nilotic origin, which is 5 m 
above the alluvial plain and partially 
covered by Nile silts, contains numerous 
Middle Paleolithic artifacts. The upper 
part of the elevation, consisting of local 
wadi-slope deposits, is rich in artifacts 
(more than 1000 per square meter) that 
are also of Middle Paleolithic age. The 
differences between the industries repre- 

Fig. 1. Topographic map of the area in the vicinity of the modern village of Nazlet Khater and 
the Paleolithic sites of Nazlet Khater (NM 1, I B ,  2, 3 ,  and 4. The contour lines are in meters. 
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