
chloride as the only anion. The solu- 
tion compositions, and the cationic 
composition of sea water from reported 
data (3), as well as the electrode-po- 
tential measurements, appear in Table 
1. The electrode measurements were re- 
peated several times; reproducibility 
was within 0.3 mv. 

We have attempted to make the cali- 
brating solutions so like the sea water 
that we can assume that calcium ion 
has the same activity coefficient in the 
several solutions. Then, using an em- 
pirical electrode equation written in 
terms of concentrations rather than ac- 
tivities, we determine from the data 
in Table 1 the ionized calcium in this 
sea water to be 0.0086 ? 0.0002M. 

The total calcium in sea water of this 
chlorinity being 0.0102M, we compute 
that about 84 percent of the calcium 
in sea water is ionized and that about 
16 percent is presumably complexed 
with sulfate, carbonate, and bicarbon- 
ate. This result is in fair agreement with 
Garrels and Thompson's (2) value of 
91 percent ionized calcium. Their 
chemical model for sea water made 
use of individual-ion activity coef- 
ficients and thermodynamic dissociation 
constants for a number of quantitative- 
ly important ion pairs or complex ions. 
They used an activity coefficient for cal- 
cium ion of 0.28, calculated from mean 
salt activity-coefficient data for KCl 
and CaCl2 by use of data from Latimer 
(4) and Harned and Owen (5). 

For purposes of comparison with the 
results of Garrels and Thompson, we 
may compute the activity of calcium 
ion in this sea water, using their ac- 
tivity coefficient and our measurement 
of the percentage of ionized calcium. 
Because calcium is 0.0106M in sea 
water of 19.373-ppt chlorinity, the ac- 
tivity of calcium is 

(0.0106)(0.84)(0.28) = 0.00249 

a value slightly lower than Garrels and 
Thompson's calculation-O0.00264 for 
sea water of 19.00-ppt chlorinity. 

Another activity coefficient for cal- 
cium ion in sea water has been re- 
ported by Berner (6), who measured 
the pH of sea water in equilibrium 
with calcite or aragonite at known pres- 
sures of carbon dioxide. His experi:- 
ments yielded a total-activity coef- 
ficient, relating the activity of calcium 
ion to the total concentration of cabl 
cium in the sea water. For standard 
artificial sea water of 19.OOp~pt chlorin- 
ity Berner determined the total-ac- 
tivlity coefficient for calcium at 0.203 
? 0.0 10. 
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Because the products of total con- 
centration and total-activity coefficient 
and of ionic-activity coefficient and 
ionic concentration equal the same ac- 
tivity, our measurement of concentra- 
tion off ionized calcium may be com- 
bined with Berner's total-activity co- 
efficient and with the known total con- 
centration to evaluate the ionic-activity 
coefficient of calcium in sea water. The 
small difference in chlorinities is 
neglected, and the ionic-activity coef- 
ficient its found to be 0.24 + 0.02- 
somewhat lower than the value used 
by Garrels land Thompson, but within 
the range fof results from mean-salt 
data, depending on whose mean salt 
activity-coefficient data are used (7). 
With this smaller activity coefficient, 
the activity of calcium in this sea water 
is 

(0.0106)(0.84)(0.24) - 0.00214 ? 0.00023 

We conclude, as did Berner, that 
these results, together with the recent- 
ly reported (8) electrode measurement 
of magnesium in sea water, affirm the 
essential validity of the sea-water model 
of Garrels and Thompson. Their as- 
sumptions that individual-ion activity 
coefficients are, to a first approximation, 
dependent only on ionic strength, and 
that major deviations may be attributed 
to ion-pair or complex-ion formation, 
are useful as long as too much ac- 

curacy is not expected. As more ion- 
specific electrodes become available one 
should be able to establish the distribu- 
tion of the chemical species in sea 
water with somewhat greater precision. 

MARY E. THOMPSON 
JAMES W. Ross, JR. 

Department of Geology, 
University of South Carolina, 
Columbia 29208, and 
Orion Research, Incorporated, 
Cambridge, Massachusetts 02139 
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Lower Cretaceous Rocks (Neocomian-Albian) 

Dredged from Blake Escarpment 

Abstract. Algal calcarenites, Neocomian to Aptian in age, dredged from 3000- 

to 5000-meter depth on Blake Escarpment, are the oldest rocks yet obtained 

from deep-sea outcrops. Five thousand meters of post-Aptian subsidence of the 

Blake Plateau is thus established. Aptian-Albian calcilutites obtained from depths 

of less than 3000 meters mark the establishment of an offshore environment. 

The semiconsolidated Upper Creta- 
ceous and Tertiary coastal-plain sedi- 
ments that underlie Blake Plateau have 

been cored where they outcrop on the 
upper part of Blake Escarpment (1, 
2, 3). Below 2500 m the escarpment 
is precipitous, and the high seismic 
velocity (5.1 km/sec) of the material 
implies a well-consolidated rock that 
could not be sampled by normal tech- 
niques for deep-sea coring (4). 

Dredging was first attempted from 
Blake Escarpment in March 1966 (5). 
Of ten dredge lowerings near 290N 
in depths of 2300 to 4800 m, three 
hauls (No. 3, 4, and 7) were produc- 
tive (Fig. 1). From three more low- 

rings in the area of Blake Nose (Fig. 
1), a fourth successful haul (No. 12) 

was taken in 4800-mr depth from near 
the base of the steep north face of 
this feature. 

All rocks recovered are carbonates 
resembling the formations of the 
coastal-plain sequence of Florida and 

the Gulf Coast. That each dredge haul 
recovered in-place rocks is suggested 
by the relatively large size of the 
fresh angular fragments; by the broken 
surfaces (Fig. 2); by the uniform lithol- 
ogy of the contents of any one haul; 
and by the strong pulls on the cable, 
measured by the accumulator (5500 to 
6000 kg) (6). Bottom-photographs of 
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Table 1. Details of four samples dredged from Blake Escarpment. Bracketed velocities were determined from the same sample; comp, com- 
parable with. 

Haul 
Source Wirelout Lithology Velocity (7) Fauna, flora Age (No.) on) reeseLmhlg (km/sec) 

E-9-66-7 28057.5'N 2375 Gray and tan very-fine-grained cal- f3.34 Thalmanninella sp.* comp T. mul- Aptian- 
76045'W cilutite; hard where more recrys- 3.44 tiloculata, ?Globigerina sp. comp Albian 

tallized and soft and chalky where 5.03 G. Washitensis, Conicospirillina (after 
not, and with some pyrite. flakes sp., Cadosina sp., ophthalmidiids, Percival) 
and pyrite filling the foraminiferal few ostracods, Nannoconus sp.t 
chambers comp N. truitti, Nannoconus sp. 

comp N. minutus, Nannoconus sp. 
comp N. elongatus 

4 28059'N 3130 Gray, thin-bedded calcarenite, with 4.68 Textularia sp., miliolids Aptian? 
76043.5'W a disrupted framework of medium- 5.38 

grained ooliths and fossil debris in 
a fine-grained calcilutite matrix 

3 28059.5'N 3200 Massive, vuggy, fine-to-very-coarse- 3.04 Textularia sp.,* Trocholina sp., Neocomian- 
76045'W grained dolomitic algal calcaren- - 3.02 ?Conispirillina sp., few miliolids, Aptian* 

ite, with some algal fragments 1.3.70 Cayeuxia sp. comp C. kurdista- 
reaching pebble size and with nensis 
euhedral dolomite rhombs distrib- 
uted throughout 

12 30015'N 4800 Massive, fine-to-very-coarse-grain- 4.50 Trocholina sp.* comp T. in!fragra- Neocomian- 
760211W ed algal calcarenite, with some 5.24 nulata, Textularia sp., ?Quadrii- Aptian* 

algal fragments reaching pebble 5.68 morphina sp., few miliolids, Ca- 
size yeuxia sp. comp C. kurdistanensis, 

few Thaumatoporella parvovesic- 
ulifera, Salpingoporella sp., few 
Bouenia sp., gastropods, few echi- 
noid spines 

* Fauna and age after N. K. Brown, Jr., Esso Production Research Co. t Nannoconids identified and aged by S. F. Percival, Jr., Mobil Oil Corp. 

the escarpment reveal that the lime- 
stones outcrop both as ledges of 
bedded strata and as massive rocks. 
The steepness of the slope is apparent 
in the compass-oriented photographs, 
which show the bottom dropping off 
sharply to the east (Fig. 2). 

The shallowest dredge haul (No. 7) 
contained soft, chalky calcilutite and 
hard, recrystallized, thin-bedded cal- 
cilutite from the very top of the prom- 
inent bench at 2500 m (Fig. 3). The 
apparently interbedded nature of this 
part of the section suggests a grada- 
tional contact, from soft calcilutite 
above to the hard limestones of higher 
velocities that form the 5.1-km/sec 
seismic layer below. Haul 4, from 
below the 2500-m bench at 3130 m, 
recovered hard, thin-bedded oolitic cal- 
carenites having velocities of 4.68 and 
5.38 km/sec (7). 

On the basis of the microfossil as- 
semblage, the age of the rocks from 
haul 7 is considered Aptian to Albian; 
planktonic Foraminifera dominate the 
very-fine-grained calcilutite, suggest- 
ing a more-offshore facies than the 
calcarenites found below 3100 m on 
the escarpment. The pyrite in the cal- 
cilutites also implies an environment 
of quiet waters contrasting with the 
agitated environments in which the cal- 
carenites must have been deposited. 
Thus, in the area of the escarpment, 
a transgression to a more-offshore 
facies apparently occurred before the 
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Aptian-Albian. The horizon forming 
the bench at 2500 m falls within the 
upper part of the Lower Cretaceous 
(Fig. 3). 

The calcarenite facies recovered in 

hauls 3 (Neocomian-Aiptian) and 4 (Ap- 
tian?) (8), including the oolitic grains, 
algal fragments, miliolids, and arena- 
ceous Foraminifera, originated in shal- 
low water and is similar to the normal 

78? 77? 76? 75? 
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Fig. 1. Sites of dredge and camera lowerings from R.V. Eastward. Seismic-reflection 
and refraction lines (3, 4), a JOIDES core hole that penetrated to Lower Eocene (2), 
and several cores taken from the upper part of the escarpment (2) are located. Ages 
of the unconsolidated Tertiary and Upper Cretaceous sediments cored are indicated 
by initial letters (M, Miocene; 0, Oligocene; E, Eocene; UC, Upper Cretaceous). 
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facies of the early Trinity (Aptian) 
and the Fort Pierce (Late Jurassic?- 
*Neocomian) formations of southern 
Florida (9). 

Haul 12, from the base of Blake 
Nose in 4800 m, included calcarenites 
in which Foraminifera and algal 
fragments abound and the matrix is 

thoroughly recrystallized. Velocities 
measured in samples from haul 12 
were 4.5 to 5.7 km/sec, resembling 
those measured at these depths in 
nearby refraction profiles. The fauna in 
haul 12 imply Neocomian to Aptian 
age for these rocks. The similarity of 
the calcarenites in hauls 3, 4, and 12 
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Fig. 2 (top left.) The sea floor and dredged 
rocks. Photograph 98, from station E-9- 
66-98 (29009'N,76?45'W), shows massive 
boulders outcropping and the escarpment 
dropping off to the east. Photograph 103, 
from station E-9-66-103 (28050.3'N, 
76042.2'W), shows ledges of platy rocks 
and the escarpment dropping off to the 
east. The compass in the photographs is 
10 cm in diameter. The freshly broken 
surface (E-9-66-3, Fig. 3) contrasts mark- 
edly with the older manganese-coated sur- 
face. The platy, angular rocks from haul 
E-9-66-7 are comparable with the platy 
rocks in photograph 103. 

from depths of 3100 m and greater 
suggests the outcropping of a continu- 
ous horizon of calcarenitic limestone 
along the lower part of the escarp- 
ment. 

The similarity of the lithologies and 
fauna of the dredged rocks to the 
Lower Cretaceous of southern Florida 
suggests that the same shallow-water 
environment extended as far east and 
north as Blake Nose. The abundance 
of algal fragments in the calcarenites 
requires a nearby source. During the 
Lower Cretaceous, algal and perhaps 
coral banks apparently formed a bar- 
rier-reef structure extending north of 
the Bahamas (10). 

The rocks from the base of the 
escarpment (5000-m depth) represent 
sediments laid near sea level, whereas 
the rocks from 2000- to 3000-m depth 
represent sediments laid down at 
depths approaching those at which 
Blake Plateau now lies. Thus 5 km 
of slow, uniform subsidence over a 
wide area of the continental margin 
is well substantiated, both by the wells 
in the Bahamas and Florida and by 
the dredging from Blake Escarpment. 
This area is a continuation of the con- 
tinental-rise trough found along the 
continental margin to the north (11). 

In addition to these dredged rocks 
of subsided shallow-water facies, many 
cores of pre-Pleistocene deep-sea sedi- 
ment have been obtained from all the 
oceans (12). The oldest so far reported 
from the Pacific are Albian; from the 
Atlantic, Upper Cretaceous. The Neo- 
comian-Aptian algal limestones recov- 

Fig. 3 (bottom left). Outcrops on Blake 
Escarpment at 290N. Prominent reflecting 
horizons are labeled #1, #3, and #4 
(3); deeper layers are indicated by the 
velocity range observed (kilometers per 
second) (4). Dashed arrows indicate data- 
extrapolated significant distances. Uncon- 
solidated sediments (A) sampled by cor- 
ing (2); rocks below 2300 m sampled by 
dredging (E). 
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ered from Blake Escarpment are the 
oldest in-place rocks yet dredged from 
the floor of the deep Atlantic; they 
may even be older than the shallow 
reefal deposits of Lower Cretaceous 
age dredged from the Pacific guyots 
(13). 
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Geological Observatory, Colunmbia 
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Garnet Zoning: An Interpretation 

Based on the Rayleigh Fractionation Model 

Abstract. Manganese zoning in almandine garnet is interpreted by the use of 
calculations based on the Rayleigh fractionation model. A close similarity of a 
measured manganese zoning profile and a calculated profile indicates that the 
assumptions used in the calculations are good. These assumptions are: complete 
removal of garnet from a homogeneous reservoir as the garnet crystallizes, and 
a nearly constant manganese fractionation factor between garnet and reser- 
voir. 

Compositional zoning in almandine 
garnet, as measured with the electron 
microprobe, appears to be the rule 
rather than the exception; and it is 
most clearly characterized by decreas- 
ing Mn outward from the garnet cen- 
ter (1). This report offers a semiquanti- 
tative interpretation of zoning in gar- 
nets. 

In a study of mineral growth his- 
tories and metamorphic reactions in the 
Kwoiek area of British Columbia 80 
miles (130 km) northeast of Vancou- 
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ver (2), it was recognized that zoned 
almandine garnets are ubiquitous; Mn, 
Fe, and Mg zoning patterns of most 
of the garnets are similar to those 
shown in Figs. la and Ic. The Mn pat- 
tern of Fig. 1 b is an exception, dis- 
cussed below. The bell-like shape of the 
Mn profiles suggests that the cause of 
the zoning might be progressive deple- 
tion of Mn from the rock surround- 
ing an individual garnet as the garnet 
grows. Because the garnet is zoned, 
successive layers are not in mutual 

chemical equilibrium, and they cannot 
be in equilibrium with the rock exter- 
nal to the garnets. In fact, only the 
infinitesimally thin outer layer of the 
garnet can possibly be in equilibrium 
with the rest of the rock at any stage 
of garnet growth. The model proposed 
below is consistent with a concept of 
garnet growing from a reservoir of min- 
erals which internally reequilibrate with 
changing conditions and which are 
therefore individually homogeneous. 

Rayleigh (3) derived a mathematical 
expression for the composition of a 
liquid as it condensed and was contin- 
uously removed from a multicompo- 
nent vapor. This system is analogous to 
a garnet growing from a homogeneous 
reservoir and zoning as it grows. Neu- 
mann et a!. (4) and McIntire (5) used 
a similar approach in considering the 
theoretical distribution of trace ele- 
ments in crystals crystallizing from a 
magma as well as the concentration of 
trace elements in the magma during 
crystallization. Based on the basic 
method of Rayleigh (3), the following 
is a derivation of the formula used for 
the present work, which gives the 
weight, percent of an element at the 
garnet edge as a function of the weight 
of garnet crystallized from the rock. 
The terms used are: 

MG =,weight fraction of element in 
garnet edge; . 

W~jr- = weight of element in rock 
external to crystallized garnet; 

Wp, = weight of rock external to 
garnet; 

MR = weight fraction of element in 
rock excluding that in garnet; 

X -fractionation factor, MG/MR; 
WO =- initial weight of rock, prior to 

garnet crystallization; 
W11? =,initial weight of element in 

rock, prior to garnet crystallization; 
MO = initial weight fraction of ele- 

ment in rock, prior to garnet crystalli- 
zation; 

WG =total weight of crystallized 
garnet. 

MG- = dW (1) 

Equation 1 is a statement of the assump- 
tion of removal of garnet from the 
rock as the garnet crystallizes. 

MG =XVA MR~ Wr X( 

Equation 2 states that the weight frac- 
tion of Mn in garnet is proportional 
to that in the rest of the rock; A may 
be an equilibrium fractionation factor 

1647 


