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INTRODUCTION 

As remarked in our last annual report, there has been much 
excitement in the earth sciences over the confirmation of 
the ocean spreading hypothesis of Hess and Dietz from the 
analysis, initially by Vine and Matthews, and later by 
others, of the magnetic anomaly patterns near the 
mid-ocean ridges. It has been demonstrated that the 
continents have been drifting apart over the past several 
million years and are probably still separating. The process 
is one of creation of new crust for the Earth at the ridges, 
and loss of crust elsewhere, presumably at the continental 
margins. Thus the hypothesis of continental drift, long an 
outcast among the hypotheses which were offered to 
explain the origin of the major features of the Earth's 
surface, has come into its own. 

The demonstration of the creation of new crust at the 
ridges and the estimation of the rate of spreading were 
made possible because of careful measurements of the 
direction of magnetization of accurately dated lava flows of 
ages up to several million years by Cox, Doell and 
Dalrymple of the United States Geological Survey. It has 
been established that during the past few million years the 
Earth's field has reversed roughly once every million years, 
and it has been found possible to correlate these dated 
changes in the direction of the field (the north pole 
becomes the south pole) with the anomaly pattern in the 
oceans. 

Similar patterns of rapid reversals of the field occur at other 
periods of Earth history. Dr. Charles Helsley has shown that 
a similar pattern of reversals can be traced in the rocks of 
the Moenkopi Formation of Colorado which have an age of 
220 million years. There are, however, other periods of 
time, such as the Permian about 225 to 270 million years 
ago, in which the field remained throughout of one sign. 
Dr. Helsley has recently shown that there is a period in 
which the field was of one sign in the Cretaceous, i.e. a 20 
million year period extending from Lower Cretaceous into 
Middle Upper Cretaceous. 

The recent work on ocean spreading has created a 
consensus in favor of drift, but there are significant 
questions which are still unanswered. One of these is the 
configuration of the continents before the breakup. Dr. 
Martin Halpern has collected samples from southern South 
America and West Antarctica. The pattern revealed by Dr. 
Halpern's measurements is consistent with DuToit's 
reconstruction of the southern continents for late Paleozoic 
time, approximately 230 to 350 million years ago. 

Dr. John Graham, who has recently retired from the staff 
of the Division as a result of continuing ill-health, showed 
in 1949 that certain sediments had acquired the direction 
of magnetization at the time at which they were laid down 
and that it was possible to determine which sediments had 
done so. 

ANNUAL REPORT/l 
.~~ . 

Dr. Graham recognized that these discoveries made it 
possible to use the fossil magnetism of rocks for the study 
of such major problems of earth science as continental 
drift, and indeed the study of the ancient positions of the 
continents during the past 19 years stemmed from Dr. 
Graham's initial study. Paleomagnetic studies offer the 
most fruitful line of attack on the problem of the 
determination of the relative positions of the continents, 
and these studies are the focus of the Division's program in 
paleomagnetism. 

There is still another major problem of drift for which we 
do not, in my view, have a satisfactory solution. This is the 
question of the mechanism and, more generally, of the 
processes which have shaped the Earth. Here I think it 
important that we should learn more about the properties 
and composition of the upper mantle and of the processes 
by which the crust has been derived from the mantle. Mr. 
William Manton's studies of the isotopic composition of 
strontium in crustal rocks, Drs. Ian MacGregor and James 
Carter's geochemical studies of the inclusions in diamond 
pipes, Dr. Dean Presnall's analysis of partial fusion, and Dr. 
Glen Riley's studies of the ages of isotopes in pegmatites 
are all related to the problem of the origin of the crust. The 
study of the diamond pipe inclusions is, of course, directly 
related to the problem of mantle composition. 

In the mid 1930's Bernal and Jeffreys suggested that the 
break in the slope of the seismic travel times at 20° arc 
distance found by Jeffreys and Bullen arose as a result of a 
phase transition of the silicates in the mantle to a denser 
crystal structure. For some time it was thought that the 
transition was spread over a greater depth range than had 
been proposed by Bernal and Jeffreys. Recent work at a 
number of laboratories, among which was a Division study 
by Mr. Rodleigh Green and myself, has shown that there 
are in fact two relatively sharp transitions at depths of 
about 350 and 650 km. More important, perhaps from the 
point of view of a mechanism for drift, has been the 
demonstration that the low velocity zone in the upper 
mantle is a zone of high anelasticity, Le. low viscosity. 
Since the principal problem in drift is a mechanical one, it 
is obviously important that more should be known of the 
properties of the upper mantle and of the variation in its 
properties between the continents and the ocean basins, 
between the shield areas and the tectonic areas, and 
elsewhere. Studies by myself and my colleagues, especially 
Dr. John Cleary, Mr. Hugh Doyle and Mr. Green, were 
related to this problem. These studies were based on the 
travel time of body waves. Surface wave studies are 
potentially more powerful tools for the study of the upper 
mantle properties. Here Drs. Mark Landisman and Adam 
Dziewonski, and Mr. Selwyn Bloch and I have been 
developing new techniques designed to obtain the maxi­
mum amount of information from the surface wave train. 
These techniques have been applied so far to Africa and 
Australia. 

During the year Dr. John Reitzel left the Center to become 
Professor of Geophysics at Leeds University, England. Dr. 
Hartmut Porath is continuing the study of the magnetic 
variation in the western United States and of its relation to 
other geophysical phenomena such as heat flow. 

The Division's activities were extended during the past year 
into micropaleontology, palynology and organic geochem­
istry. The studies in micropaleontology and palynology 
have been aided by a magnificent new tool, the scanning 
electron microscope. This instrument has both greater 
depth of focus and greater resolution than the optical 
microscope. In time pictures such as those shown in Plates 
8B-I and 8C-I from Dr. Emile Pessagno's contribution will 
replace the hand drawn pictures customarily used for the 
identification of microfossils. The organic geochemistry 
studies of Dr. Richard Mitterer are concerned with the 
breakdown of proteins in organic material with time. 

The studies of the lunar reflection phenomenon have been 
discontinued with Dr. Philip Oetking's departure to Corpus 
Christi to lead the Ocean Science and Engineering Labora­
tory of the Southwest Research Institute. 

The Geosciences Division and the Department of Geological 
Sciences of Southern Methodist University cooperate in a 

Ph.D. program in geology and geophysics. Three 
students from this program are currently doing thesis work 
under Dr. Landismim and one under Dr. Helsley. 

Anton L. Hales 
Head, Geosciences Division 

1. SEISMOLOGY 

A. Surface Waves 

Mark Landisman 
Adam Dziewonski 

Brian Mitchell 
Robert Masse 
Selwyn Bloch 

During this past year the seismology group has been able to 
make some progress in developing new methods for the 
study of multi-mode seismic signals and in the application 
of these analytical techniques to the study of the source 
and the medium of propagation. These efforts complement 
our continuing study of the physical properties of the 
Earth's interior by means of the generation, propagation, 
disperSion, and attenuation of seismic waves. 

As in previous years, our efforts have been encouraged by 
visits from foreign colleagues. Prof. Stephan Mueller and 
Dr. Claus Prodehl, Geophysical Institute, University of 
Karlsruhe, Prof. Yasuo Sato, Earthquake Research Insti­
tute, The University of Tokyo, and Dr. Flavian Abramovici, 
University of Tel Aviv, were able to come and work with us 
for varying periods of time. A reCiprocal visit by Prof. 
Landisman to the University of Karlsruhe permitted a 
continued exchange of ideas and further progress in the 
study of the velocity distributions and velocity reversals in 
the crust and upper mantle for various regions. The Upper 
Mantle Committee's Fourth International Symposium on 
Geophysical Theory and Computers in Trieste, Italy, and 
the 14th General Assembly of the International Union of 
Geodesy and Geophysics in Zurich, Switzerland, furnished 
additional opportunities for the exchange of research 
results, the evaluation of new ideas, and the renewal of 
international friendships. The biennial graduate seismology 
course has introduced a number of new graduate students 
to the field. 

Two digital techniques for the analysis of transient multi­
mode recordings were intensively developed during this past 
year. The first is called "movin! window" analysis, and is 
based upon the Fourier analys" of a suitably windowed' 
temporal portion of the recor ing. The second process, 
termed the multiple filter technique, uses the fast Fourier 
algorithm to convert the observed time series into sine and 
cosine coefficients for a set of harmonic frequencies. 
Filtration in the frequency domain is followed by inverse 
transformation into "in-phase" and "quadrature" time 
series for a range of periods. 

In either process, the result is a display of amplitudes in db 
and/or of phases in circles, evaluated as functions of linear 
velocity and logarithmic period. An example is shown in 
Figure IA-l, the analysis of signals from an event which 
occurred in southern Malawi, at 02:36:56.8 GMT on 6 May 
1966. The recording was made by the long period vertical 
instrument of the World Wide Standard Seismograph 
Network (WWSSN) observatory at Pretoria, South Africa, 
1288 km from the epicenter. The larger amplitudes are 
found along ridges, which are interpreted as the observed 

GEOSCIENCES/2 



group velocity curves for each of the modes of elastic wave grams. Four events with epicentral locations nearly co­
propagation present in the recording. These and similar linear to the station pair Charters Towers and Adelaide, 
multi-mode dispersion data are currently being used in Australia, were thus analyzed. Figure lA-3 shows the 
several studies of the crust and upper mantle. 	 Rayleigh mode phase velocity results for the approximately 

1800 km path between these stations. The standard 
The signals corresponding to the individual propagating deviation is estimated to be 0.016 km/sec for periods less 
modes may be isolated from the observed composite by than 80 sec and perhaps four times as great for longer 
means of time-variable filters. The characteristics of these periods where the signal-to-noise ratio is poorer. At short 
filters are based upon the observed dispersion. The most periods, the slowest curve should be the most reliable one. 
efficient filters appear to be those which operate in the These events, whose US(:GS magnitUdes ranged from 5.7 to 
frequency domain, and use the fast Fourier algorithm for 6.1, appear to have furnished useful phase velocity informa­
the transformation process. The improvement in signal-to­ tion over a span of periods ranging from less than 20 to 
noise ratio associated with time-variable filtration is illustra­	 more than 300 sec. Comparable results, shown by the open 
ted in Figure lA-2. 	 circles, have previously been measured only for world­

circling paths. 
It appears that more reliable inter-station phase velocities 
can be calculated from the phase function of the windowed 	 Brief highlights from some of the other programs follow. 
cross-correlogram corresponding to a pair of filtered seismo-	 Mr. Masse, a graduate student, has written general purpose 
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Figure 1A-2. Time variable filtration of oceanic Rayleigh mode recorded at Charters Towers, Australia. The observed 
seismogram is shown at left. The filter is indicated by the broken lines and the measured dispersion by the dotted curve. 
The filtered seismogram is shown at the right. 
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Figure 1A -3. Phase velocities measured for the 1800 km path between Charters Towers and Adelaide, Australia. Seismograms 
filtered as in Figure 1A -2 were cross-correlated. The phase {unction of these windowed correlograms was used to calculate 
the results shown. Comparable data from world-circling paths are shown as circles. 

routines for the locked-mode propagation of Love and 	 Dr. Dziewonski is completing dispersion studies for Austra­
lia. 

also being 
Prof. Landisman and Dr. Prodehl are engaged in a study of 
refraction profiles on the western Atlantic coastal plain. 
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2 3 4 6 

P E R I 0 D 
Figure 1A-1. Multiple filter analysis of a multi-mode seismic recording at Pretoria, South Africa, from an event in southern 

Malawi. Contours ofamplitude (5db interval) are shown as functions ofgroup velocity and period. The group velocities of 
other parameters related to the dispersion are 

the Rayleigh mode and the first three shear modes are indicated by lines along ridge crests of the contour diagram. great utility in a number of recent dispersion studies. 
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Rayleigh waves. These routines cover a very broad period 
range and are characterized by efficient curve-following 
techniques. Analytic expressions for various derivatives and 

incorporated into the programs. These routines have found 

--- 29 APR 1963,21'44' 17.2 GMT 
---- 24 JUN 1163,04, 26'37.9 GMT 
_._.- 4 APR 1 64,04'54:01.7 GMT 

4 SEP I 65,14'32'47.9 GMT 

300 

http:2H36M56.8S


Several recent studies of theoretical seismograms, in cooper­
ation with Profs. Slito and Usami, have treated the buried 
torsional source in a realistic medium and a very limited 
source in a simplified medium. The focusing of short period 
energy by the Gutenberg low-velocity zone was demonstra­
ted in the former study. The commonly observed tilt of the 
Rayleigh wave particle motion ellipse was noted in the 
latter study. It appears to be a near-field phenomenon 
observable in the simplest of cases; its existence does not 
imply that the medium has any special properties. 
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B. Body Wave Travel Times 

Anton L. Hales 
Jeanne L. Roberts 

A paper summanzmg the P travel time studies was 
presented at the 14th General Assembly of the Internation­
al Union of Geodesy and Geophysics, Zurich, and has been 
published in the Journal of Geophysical Research (Hales, et 
al., 1968). In another paper Drs. Hales and Cleary with Mrs. 
Roberts (1968) have shown that there is great difference 
between the character of dT/~ at distances between 0° 
and 30° and its character beyond 30°. Beyond 30° dT/~ 
decreases almost linearly with distance as is shown in Figure 
lB-1. Between 0° and 30° dT/~ is discontinuous at 20° 
and 23° to 24° and changes rather slowly between the 
discontinuities. 

Recent studies of dT/d6 by Chinnery and Toksoz (1967) 
and others have shown that there are differences between 
the values of dT/~ found at LASA for Pacific events and 
South American events, suggesting that the lower mantle 
may not be laterally homogeneous. 

Considerable attention is now being given to the problem of 
the inversion of all the seismic data relevant to the 
determination of the properties of the interior. The weakest 
link in the inversion chain may well be the S travel times at 
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Figure 1B-1. Values of dT/d6 calculated over two degree 
intervals compared with dT/d6 as found by Chinnery 
and Toksoz (1967) from the LASA data. The lines 
between 15° and 30° are values from Green and Hales 
( 1968). 

distances of 80° and 100°. These S travel times are difficult 
to determine because SKS precedes S beyond83°, and it is 
difficult to determine precisely where the second onset 
begins. 
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C. Surface Wave Studies in Southern Africa 
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Selwyn Bloch 
Anton L. Hales 

dispersion for a variety .of modes has been 

determined for southern Africa using a number of new 
techniques developed by Mr. Bloch and Drs. Hales, Landis­
man and Dziewonski. Rayleigh wave phase velocities have 
been determined for an array of stations centered around 
Johannesburg, South Africa, with a radius of approximately 
200 km, and for the World Wide Standard Seismograph 
Network stations at Pretoria, Bulawayo and Windhoek. The 
WWSSN stations have also been used for determining 
multi-mode group velocities of both Rayleigh and Love 
waVes from a number of earthquakes located near Kariba 
Dam, Rhodesia, and one in southern Malawi. 

A comparison of the phase velocity dispersion obtained for 
this area with those for other areas of the world is shown in 
Figure lC-1. The shield areas exhibit higher values for both 
group and phase velocity, indicating probable similarities in 
crustal structure. The phase velocity curves for Pretoria­
Windhoek and Bulawayo-Windhoek have lower velocities 
than the shield area curves, and are remarkably similar to 
the phase velocity curves for the central United States and 
Australia. The higher phase velocities for the array are in 
good agreement with refraction studies which show an Sn 
velocity of 4.80 km/sec. 
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Figure1C-1. Rayleigh wave phase velocity dispersion for different areas of the world. 
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2. ivlARINE GEOPHYSICS 

A. East Coast 

Anton L. Hales 
.loe B. Nation 

Charles E. Helsley 

A study of the first arrival phases for the East Coast 
Onshore Offshore Experiment by Mr. .1.13. Nation , Dr. A.L. 
Hales and Dr. C .E. llelslcy has led to the conclusions: 

(a) that the P velocity for the mantle in North Carolina 
varies from 7.1) km/sec beneath the Coastal Plain to R.4 
beneath the Piedmont. 

(b) that the depth to mantle is 30 km on the Coastal 
Plain, 36 km in the Piedmont and 41 km in the Cumberland 

Plateau. 

Tile model derived from the first arrival phases is compati­
ble with the gravity anomaly data along the profile 
(Woollard and Joesting, 1(64) and the two-layer crust 
beneath the Cumberland Plateau of Tatel and Tuve ( 1955). 

Data from the northern profile across Virginia indicate that 
the structure is similar except that the evidence for high 
mantle velocity beneath the Piedmont is inconclusive. 

References 

Tatel, H.E. and M.A. Tuve, "Seismic Exploration of a 
Continental Crust," Geol. Soc. America, Special Paper 
62, p. 35-50, 1955. 

Woollard, G.P. and H.R. Joesting, Bouguer anomaly map of 
the United States, U .S. Geol. Surv. Special Map, 1964. 

B. Gulf Coast 

An ton L. Hales 
Joe B. Nation 

Charles E. Helsley 

The general conclusions drawn from the Gulf Coast 
Onshore Offshore Experiment were: 

(a) that the low velocity sediments exceed 10 km in 
thickness in the vicinity of the coast and become thicker 
offshore. 

(b) that the basin appears to be open to the south at 
least as far as the edge of the shelf. 

C. Indian Ocean Program 

Anton L. Hales 

During the period January through March 196R , a seismic 
refraction program was carried out in the Indian Ocean off 
the coast of South Africa in cooperation with the Bernard 
Price Institute of Geophysical Research, University of the 
Witwatersr<Jlld. The vessel used for the survey was the 
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Figure 2C-J. Stations occupied during the Indian Ocean 
Program. 

whaler, Frank Harvey, commanded by Captain Jensen 
under charter to the Bernard Price institute. 

An Omega navigation system was used throughout the 
survey. l'...leasurements in port and at fixed locations at sea 
suggest that the accuracy for long term measurement is of 
the order of 3 to 4 km with short term accuracies of about 
half that value. 

The positions of the stations are shown in Figure 2C-I. The 
stations in shallow water on the Agulhas Bank were used 
for sediment and crustal thickness studies. The intermediate 
layer phase was very clear as i~ shown by the record section 
in Figure 2C-2. Preliminary estimates indicate that the 
crustal thickness is less than 30 km and that the crust thins 
toward the edge of the shelf. 

The stations on and around the Agulhas Plateau were 
occupied in an effort to determine whether the Plateau is of 
volcanic origin or a continental remnant. Stations were 
located on the Mozambique Terrace for a similar study. 

D. Cayman Trough Studies 

Charles E. Helsley 

The Cayman Trough has long attracted the attention of 
geologists and geophysicists for it is one of the few places 
where there are significant structural features on the 
continent which appear to be the continuation of the 
submarine fracture zone. 

During March of this year a series of heat tlow and seismic 
retlection observations were made in this region with the 
cooperation of personnel from the U.S. Naval Oceano­
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F(r.!;ure 2D-3. Air gun profile nortfzwest of Cuba showing prominent erosional unconformity. 

graphic Office aboard the USNS G iJl lis. The heat flow To the east these faults continue to be present. However, 
measurements were carried out by A.L. Ericson of the the sediments are much thinner and the trough seems to 
Massachusetts Institute of Technology. These observations break up into a series of troughs that have little or no 
werc primarily in the western part of the Cayman Trough interconnect ion. 
(Figure 20-1) and were designed to clucidate the relations 
between the boundaries of the Cayman Trough and the A remarkable erosional unconformity was found north of 
structures mapped on land. Figure 20-2 shows the western Cuba on our return to port. Figure 20-3 shows the air gun 
most crossing of the trough where numerous faults, profile in this region where more than 500 meters of 
unconformities, and erosional features can be seen in the sediment have been removed to expose an older sedimen­
sub-bottom sediments. tary sequence more than 1000 meters tlliek. 
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E. Coral Sca Observations thick crust overlying a normal mantle or a very thin crust 
overlying an abnormally low velocity mantle. Preliminary 

Charles E. Helsley results from profile 7 on the shelf in the Gulf of Papua 
indicate sediments in exccss of 8,000 meters overlying a 

During July and August ]967, a program of seismic basement with a velocity of 5.6 km/sec, which is very 
refraction and reflection observations was carried Ollt in reminisccnt of some of the observations made along the 
cooperation with the Scripps Institution of Oceanography Gulf Coast or Texas. 
in the Coral Sea. The profiles observed are shown in Figure 
2E-I. Wide angle retlection profiling was carried out at During the cruise several interesting structures were out­
most of the stations and a portion of a wide angle retlection lined. An example is the fracture zone that was found along 
section compiled from buoy records of the air gun is shown 17.5°S. This fracture zone terminates against the New 
in Figure 2E-2. The sharp increase in amplitude associated Hebrides Trench on the cast, and apparently coincides with 
with critical reflection from the interfaces at a distance ncar the southern margin of the Coral Sea l3asin in the west. This 
I) km should provide a sensitive means of determining the feature was traced ill detail for 800 km and probably 
velocity in the near surface sediments. These amplitUde continues at least 800 km further west. With the combined 
variations as well as the refracted arrival that begins near 11 use of air gun retlections and bathymetry, the structural 
km allow better determination of the velocity in the analysis of this featurc was much easier for the subbottolTl 
sediment package than could have been done with explo­ retlections often allowed distinction betwcen the several 
sives alone. parallel basins that make up the fracture zone. An example 

of the quality of the air gun records, made at a speed of 
The prel iminary analysis of the records has shown one 11.5 knots during this cruise, is shown in Figure 2E-3. 
interesting feature, namely that in profile 4 the greatest 
velocity observed was 6.8 km/sec, although the profile 
extended to a distance of 80 km. This suggests either a 

1"'.0 

, : ' 
1l.0 

i ~ 1i t
I~.S 

\ ' I 

lil.O I ' , ' II, " t . , 	 ! 
I i \ J I ' 

II.S i ! \ : i (!
i \ < ' I ' ' .1,. .. 

11.0 

, ' , 	 " ' 'L i"" ,. 
10,S , 	 ,:' ;,, \ , ~ U j" 'f" ' i l ' 
10.0 , ' , " " -.ffT 1 ) I )' I ! 

! .: i .' j ~"\~4 i' ~'""f ( . \ i , iI, ' 	 "' , 	 " , ' ~", ' , 1 
" 	 " .., 	 j " P' ".,",,' .', ' " ,,"' 1 , , 11,~, . , '" .- - -, "", ' ' , ' , , ,.- _ .. T ,_! 1 \ : ' , i i ' I i ; I I

'.S " ' " " 'i ' :: " ' \ ' 
f ) I I 1 ' I j , I ' ( \ ' ! . II I

,I I j I I ' . . ,'( 	 \ I , I I i4	 ~ 
W 7.5 

I 	 !1, , , "'I , .I , ,'"I .\ ,) .." ' \ ' I ! I "Il' II !' , ' ' ,i t'I! " JL 1
1.' !ut! lHHI 	

' 

, I ' , \ :' I 1 , \ iT'f- I ", ' ,' I ' ,I , I ' 1 i'" I\ " ' ;' ,) (, i I~)' 1 I I I ( 
, I • ., t ! I 'I • •1 

ii' I I II I i I 	 1 ; ; ; I ; J I .1 ) I I t 11 
I I '; i , \ " , 'P 

S.' 
I j i, I I I ' I • \ IJ'I ' I '" ,,+'"~ 1 1' ' I I 	 .-~ 1 ,.+1 
, 	 J ')L.~~...,.: --" 

'"' tlTitljld I.! III 	
1 

i ) to I' I t : ' , ,' I ' , J -,,~ ,. , ' , j I I' ' . I k ,"-"f-· , ' ' " , , ' , 
I 

i 
; 

! 
, 

I 
' 

I~ )
i 

lI 1 1 
'.S , . \ j I I ) • ',' ,. {' .4.~f! ~-,,-~'F,\ ~- . , c ; ~ ,1 j' i • .., 	 -l\ l "? t -; ..~ *-1" ', " I i ' I t ( I Ii; j l, 1 

i " r , : 1 ! 
•• S itfl,~l'~f,l.I, " 1. *' " " !

t*l!"l.,*t J .., 11	 , ' I.f.ltlt~1rl<i 
_1l=*-44-Att -t ~ ,

I.S # '-1 l' I I 
- ) . I I t \ ( . ' r i ! 
,. , \) ; I . 
~ I; \ ( {i 
? ~ l i ~,.,t t 	 I I , I , I , I , I , , , 

o 	 9 )0 11 12 13 \11 IS )6 n II \9 20 2\ 

DISTRNCE IN KILOMETERS 
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Figllre 2£"-3. Typical air gun recurd jimn the Cural Sea. 

3. 	 EXPERIMENTAL PETROLOGY 

A. 	 The System MgO-Si02-Ti02 and its Bearing on the 
Distribution ofTi02 in Basalts 

Ian D. MacGregor 

Experimental determination of the liquidus and solidus 

relatiollships in the Mg2Si04-1\1gSi03-Ti02-MgTi20S POf­


tion of the system MgO-Si02-Ti02 , with a solid media, 

piston cylinder device, indicates that the following univari­

ant reactions occur between J atmosphere and 40 kilobars: 


En+M=Fo+2Rt (I) 

L2 = Fa + En + 1\1 (:2) 

L3 + Fo = M + En (3) 

L4 =M + En + Rt (4) 

LS + Ivl = Fo + Rt (S) 

Lc,=Fo+En+Rt (0) 

L 7 =1\1 + Fo + Rt (7) 


(where En =MgSi03, M = MgTi20S, Fo = Mg2Si04, Rt = 
Ti0:2, Ln = liquid). The compositions of the liquids 2 
through 7 become progressively more Ti0:2-rich and i'vlgO­
and Si0:2-poor with increasing presSLlre (Figure 3A·l). 
Reactions (I), (3), (4), (5) and (Cl) illtersect at an invariant 
point at 14W)OC and 15.2 kilobars (Figure 31\-2). 
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The results of discrilllinant function analysis (Chaycs and 
Veldc, 1965) sLiggest that Ti0:2 is by far the best oxide for 
distinguishing bet ween Cenozoic basalts from oceanic island 
and circumoce~lI1ic localities. Ilowever, model ultramafic 
compositions in the system MgO-Si02-Ti0:2 give rise to 
successively Ti02-rich partial fusion products with in­
creasing pressure, suggesting a qualitative analogy tkJl 
basaltic magmas are progressively enriched in Ti0:2 the 
greater their depth of origin. Comparison of the experi­
mental compositions with those of Cenozoic basalts sug­
gests that the sueces&ful geographic division into oceanic 
island and circllmoeeanic environments is rel:.tted more to 
the tectonic setting than regional geochemical variations. 

Reference 

Chayes, F. and D. Velde, "'On Distinguishing Basaltic Lavas 
of Circumoceanic and Oceanic Island Type by Means of 
Discriminant Functions," Am. Jour. Sci., 263, pp. 
206-222, 1965. 
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Figure 3A -2. Temperature-pressure section showing univari­
ant equilibria for reactions (]) Ihrough (7). (Solid curves 
give the stable portions of univariant reactions thai 
intersect at the invariant poinl; dashed curves give 
metastable extensions; dash-dot curves are for reactions 
(2) and (7) which do /lot inten-ect at invariant point; 
solid squares give data points; open squares give interpo­
lated data poinls; error hal'S al J70UoC give estinlated 
errors fi)r each pressure where dala availahle.) 

B. 	 The Quantitative Treatment of the Fusion oj" Rocks 

Dean C. Presnall 

Current hypotheses point to the ong1l1 of the now 
differentiated earth from an initially homogeneous cold 
earth by fusion and separation into its three major units: 
crust, mantle, and core (Birch, 1965; Ringwood, 1960). 
Subsequent fusion of the crust and mantle in more recent 
geologic time is thought to playa vital role in controlling 
the compositions of most of the igneous rocks now seen on 
the Earth's surface. Theories have been proposed suggesting 
that the compositions of granites (Winkler, 19(7), andesites 
(Green and Ringwood, 196R), and various types of basalt 

(Kuno, 1(51); Kushiro, IW)iI) arc controlled primarily by 
fusion processes. Lven if one subscribes to tht: cOl\cept 01' 

l30wen thaI fractional crystallization ur basalt is rcsponsible 
ror the production 01' other igneous rOLk types , the 
composition of the basaltiL parent IllllSt ultimately be 
controlled in large Illeasure by I'usion processes. Clearly, it 
is important to be able to analyze the rusion of rocks in a 
quantitative way. 

In a series of excellent papers Bowen (1c)14, 1915, 1933, 
1935, 1941) explained and demollstrated the geometrical 
methods for deriving paths or crystallization on a phase 
diagram. He (Bowen, J92i1, pp. 27, 31 , 33, 4344, 4R) 
discussed fusion hriclly and showed that it docs not always 
yield the same sequence of liquids as are produced by 
crystallization; but despite this demonstration, one fre­
quently encounters the statement that fusion is simply the 
reverse of crystallization. In view of the importance of 
melting phenomenu to petrogenetic theory and in view of 
the confusion that sometimes surrounds this subject , it 
seems useful to present the geometrical methods by which 
the quantitative aspects of fusion may be understood on a 
phase diagram. These methods are exactly analogous to 
those used by Schre.incmakers (I 90S) and Bowen in their 
di scussions of crystallization . 

Bowen (1941) distinguished two types of crystallization, 
equilibrium cl~vstallization and ./i"actional Clystallization. In 
the former, crystals formed on removal of heat continually 
react and re-equilibrate with the liquid. In the latter, the 
crystals are immediately isolated from the system as soon as 
they are formed and prevented from further reaction with 
the liquid. A precisely analogous distinct ion will be made 
here with respect to fusion. Equilibrium jilsion will refer to 
the situation in which the liquid produced on heating 
continually reacts and re-equilibrates with the crystalline 
residue. Fractional jilsion will refer to the situation in 
which the Iiyuid is immediately isolated Crom the system as 
soon as it is formed and is thereby prevented from further 
reaction with the crystalline residue. 
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Figure 3B-]. Diagram 10 illustrate liquid and crystal paths. 
Heavy lines are liquidus boundary cun'es with arrows 
indicating direttions offailing temperature. 
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In nature, all gradations may exist between fractional and 
equilibrium fusion, but it is convenient to start by 
examining the two end-member situations. Consider first a 
phase diagram with a ternary eutectic and with complete 
immiscibility of the solid phases (Figure 3B-l). During 
equilibrium crystallization of composition x, the composi­
tion of the liquid will change along path x-sot, here called 
the liquid path. Simultaneously, the aggregate composition 
of the precipitating crystals will change along the path 
B-rn-x, called the crystal path. During fractional crystal­
lization, the liquid path in this special case is the same as 
for equilibrium crystallization, but the crystal path is 
discontinuous and consists of the point B, the line Y t-Y 2 

and the point t. The lines Y t -s and h-t are tangents to the 
boundary curve pot at the points sand t respectively. The 
discontinuous nature of the crystal path is characteristic of 
layered intrusions formed by fractional crystallization (for 
example, see Wager, 1960, Figures 3 and 4). 

Equilibrium fusion of composition x results in precisely the 
reverse sequence of events as equilibrium crystallization. 
The liquid changes composition along the liquid path t-s-x 
and the aggregate composition of the crystals simultaneous­
ly changes along the crystal path x-moB. 

Fractional fusion of composition x produces quite a 
different result. As with equilibrium fusion, the first liquid 
produced is at the eutectic t. Removal of this liqUid as it is 
formed drives the aggregate composition of the residual 
crystals directly away from t along the line x-m Through­
out this stage of melting, the temperature remains constant 
at t. When the crystal path reaches point m, no further 
fusion takes place until the temperature rises to that of the 
binary eutectic p. Further addition of heat results in no 
increase in temperature while liquid p is produced, and the 
aggregate composition of the residual crystals is driven from 
m to B. After the crystal path reaches B, there is a 

Figure 3B-2. Solidus fractionation lines for the system 
illustrated in Figure 3B-1. A"ows indicate directions of 
change in the aggregate composition of the residual 
crystals during fractional fusion. 
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temperature interval between the eutectic temperature p 
and the melting point of pure B when no fusion takes place. 
Upon reaching the melting temperature of pure B, a final 
liquid is produced of this composition. The liquid path, 
then, is discontinuous and consists of three points t, p and 
B, 35 per cent of the original starting mixture being 
produced as liquid t, 31 per cent as liqUid p, and 34 per 
cent as liquid B. In contrast, the crystal path x-moB has no 
compositional breaks. 

In Figure 3B-l any starting composition (except the one 
corresponding to the eutectic t) will have a similar 
fractional fusion history. The crystal path will always move 
directly away from t until it reaches a side of the triangle, 
and then will move directly toward either A, B, or C. Figure 
3B-2 shows the family of lines that describe this behavior; 
these lines will be called solidus fractionation lines. 

To summarize, equilibrium fusion produces precisely the 
same sequence of events as equilibrium crystallization, 
except in reverse order. On the other hand, fractional 
fusion and fractional crystallization yield distinctly dif­
ferent results. During fractional fusion the liquid path is 
compositionally discontinuous and the production of each 
liquid is separated by a temperature interval during which 
no fusion occurs; the crystal path is compositionally 
continuous. During fractional crystallization the liquid path 
is compositionally continuous and shows only one point of 
overlap (t) with the liquid path produced by fractional 
fusion; the crystal path is compositionally discontinuous 
and contains one point of overlap (B) with the crystal path 
produced by fractional fusion. 

Now consider a ternary system with one component (A) 
showing complete solid immiscibility with the other two 
components, and with these other two components (B, C) 
showing complete solid solution with each other. Assume 
further that the solidus and liquidus curves of the system 
B-C show a continuous decrease in temperature toward B. 
Such a system is diopside-albite-anorthite (Bowen, 1915). 
Figure 3B-3 is drawn nearly identically to the system 
diopside-albite·anorthite except the liquidus boundary line 
rn-n has been drawn perfectly straight rather than curved, as 
it actually exists. 

Crystallization behavior in a system of this type has already 
been treated (Bowen, 1915) and need not be repeated. In 
deriving paths of fusion, it is first necessary to picture the 
shape of the solidus surface. In the previous example 
(Figures 3B-l and 3B-2), this was a trivial matter since the 
solidus surface consisted merely of an isothermal plane. 
Where solid solution exists, as in Figure 3B-3, the solidus 
surface is a sloping, generally curved, surface. In Figure 
3B-3 the solidus surface slopes to the left, and isotherms on 
this surface consist of a family of straight lines, all passing 
through the apex A and intersecting the base B-C. For 
example, all mixtures on the solidus isotherm A -P will start 
melting at the same temperature, and the composition of 
the first liquid to form will be s. For any starting 
composition on the line A-p. say x, subtraction of an 
infinitesimal amount of liqUid s during fractional fusion will 
drive the aggregate composition of the residual crystals 

A 

T' >, > '>.)')\ ') ') \ '\
B D L C 

Figure 3B-3. Solidus fractionation lines (Unes with a"ows) 
for a system showing complete solid solution between B 
and C. The line rn-n is also a liquidus boundary line that 
decreases in temperature toward m A"ows are used as 
in Figure 3B-2. 

directly away from s; the direction of the crystal path at x 
is thus given by the line sox. Repetition of this construction 
over the entire diagram yields a family of solidus fractiona­
tion lines, one of which is j-x-k. These lines are drawn so as 
to be always tangent to lines such as sox at x. Given the 
solidus fractionation line through any aggregate crystalline 
composition (x), the composition (s) of the liquid in 
eqUilibrium with that aggregate crystalline composition is 
defined by the intersection of the tangent to the solidus 
fractionation line at x and the appropriate liquidus bounda­
ry line (m-n). A solidus fractionation line, then, describes 
the crystal path followed during perfect fractional fusion. 
The lines called fractionation curves by Bowen (1941) will 
be referred to here as liquidus fractionation lines; they 
describe the liquid path followed during perfect fractional 
crystallization. 

In deriving crystal and liquid paths during equilibrium 
fusion, one may use familiar methods for determining the 
eqUilibrium crystallization history and recall that equilib­
rium fusion yields precisely the reverse sequence of events 
as equilibrium crystallization. On the other hand, it is more 
convenient and instructive to derive certain parts of the 
equilibrium fusion history directly from the solidus frac­
tionation lines. Figure 3B-4 illustrates the method. From 
the starting composition x lying on the solidus fractiona­
tion line St, tangents to the fractionation lines S2, S3, and S4 

are drawn at P2, P3, and P4. The crystal path, X-P2-P3-P4, is 
the locus of all such points of tangency. At each stage of 
fusion, the starting composition must lie on the join 
between the composition of the liquid and the aggregate 
composition of the crystals. Thus, as the crystal path moves 
from x through P2 and P3 to P4, the liquid path moves 
from at through a2 anda3 to'a4> 

The solidus fractionation lines define only the aggregate 
composition of crystals in equilibrium with liquids on the 
boundary curve m-n. In order to complete the melting of 
composition x at temperatures above P4, the liqUid path 
leaves the boundary line m-n and travels along a curved line 
(not shown) to x as the crystal path moves a short distance 
toward C from P4' Therefore, this part of the 
fusion history cannot be deduced from the solidus fraction­
ation lines; it is necessary to use the liqUidus fractionation 
lines (see Bowen, 1941, for a discussion on the use of 

fractionation lines). 

On the other hand, an understanding of the complete 
course of fractional fusion of composition x does not 
require the liqUidus fractionation lines, for the only liquids 
produced lie either on the boundary line m-n or the base of 
the triangle B-C. That is, the liquid path is discontinuous 
and consists of the lines a l-d and [-C; a I-X and doe are 
tangents at x and e to the solidus fractionation line s 1. The 
point f marks the composition of the first liqUid produced 
on melting the crystalline solid solution e and is determined 
from a knowledge of the binary system B-C; it cannot be 
determined from either the solidus or liqUidus fractionation 
lines. The crystal path during fractional fusion of x is the 
continuous path x-e-c. 

Again, as in the case of the previous example of a system 
with a ternary eutectic, the crystal path during fractional 
fusion is compositionally continuous and the liquid path is 
discontinuous with a temperature gap at the discontinuity 
during which no fusion occurs. 

The methods of deducing crystal and liquid paths on more 
complex diagrams are analogous to those just described. 
One complication arises from the fact that boundary lines 
are generally not straight as shown in Figures 3B-3 and 
3B-4, but space does not permit discussion of this complica­
tion here. 

"'­
m 

), '\ I' '> '. \ C 

Figure 3B-4. A portion ofthe system shown in Figure 3B-3 
to illustrate derivation of liquid and crystal paths during 
equilibrium fusion. The a"ow on the liquidus boundary 
line rn-n indicates the direction ofiecreasi'ng tempera­
ture. 
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C. 	 Mineralogical and Chemical Composition of the Earth's 
Upper Mantle by a Partial Fusion-Partial Crystal· 
lization Model 

James L. Carter 

Work is continuing on the study of the chemical nature of 
the Earth's upper mantle. The thesis proposed in last year's 
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Table 3C-Il. UlUlltered upper mantle chemical compositions 
from partial fusion-partial crystallization models com­
pared to ultramafic rock plus basalt models (Ringwood"', 
1966, and Nicholls, 1967) and an ultramafic rock model. 

annual report for ascertaining the chemical nature of the 
upper mantle under an ultramafic and mafic nodule locality 
(Kilbourne Hole, New Mexico) has been extended to data 
from Dreiser Weiher, Germany; Potrillo, New Mexico; and 
Hawaii. The mineralogy of the unaltered upper mantle 
under these localities was determined by the partial 
fusion-partial crystallization hypothesis and is listed in 
Table 3C-1. In Table 3C·1I the chemistry of the unaltered 
upper mantle, established by this hypothesis, is compared 
to estimates of the unaltered upper mantle composition 
derived by other methods. 

A comparison of the compositions obtained by the dif· 
ferent methods reveals similarities (see Table 3C-II). Dif­
ferences occur mainly for the easily fusible elements n02, 
Na20 and K20. The thesis is advanced that these elements 
are concentrated in magma by the partial fusion of minor 
phases such as amphibole and phlogophite. Since the 
residuum from partial fusion of the unaltered upper mantle 
is more refractory than the unaltered upper mantle com­
position, the upper mantle beneath the continents, and to a 
lesser extent under islands and island arcs, is probably 
composed mainly of residuum material. 

The more refractory region of the Earth's upper mantle is 
lighter than the upper mantle immediately below it. The 
extent and degree of this heterogeneity is unknown. 
Extension of the scheme for ascertaining the chemical 
nature of the upper mantle under an ultramafic and mafic 
nodule locality to additional world-wide nodule localities 
should help to define the degree and extent of this upper 
mantle heterogeneity. 
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D. 	 Petrology and Chemistry of Ultramafic Nodules from 
South Africa 

Ju-chin Chen 

Two-hundred and seventy ultramafic nodules collected 
from the kimberlites in South Africa are being studied 
petrologically and chemically. Rock types include eclogite, 
harzburgite, spinel-harzburgite, garnet.harzburgite, lherzo­
lite, spinel-lherzolite, garnet-lherzolite, wehrlite, clino­
pyroxene-phlogopite, glimmerite, garnet-websterite, 
serpentinite and dunite. Major components of these ultra­
mafic rocks are olivine, orthopyroxene, clinopyroxene and 
garnet; minor minerals include spinel, phlogopite, opaque 
minerals, rutile, kyanite, amphibole, chlorite, serpentine 
and carbonate. Comparison of histograms of olivine and 
orthopyroxene for various harzburgites and lherzolites 
discloses similarity in chief ingredients (olivine = 50-60 
volume per cent, orthopyroxene = 25·35 volume per cent) 
and differences in peakedness and skewness. The clino­
pyroxene and garnet contents are generally less than 4 per 
cent of the total rock (harzburgites and lherzolites) by 
volume. Most of the ultramafic rocks fall close to the 
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Figure 3D-1. Ternary plot of various lherzolite nodules 
from South Africa. 

Eclogite 

"O~ .. .. .... .. 
301 

.. .. 

~ 

10 
.. 

.. 
.. 

20 

.. 
.. 

30 

.. .. 
.. .. 

I 
040 

.." 
.... 

'iIIo. 
50 

.. .. .. ...... 
60 

.. .. 
.. .. . 

70 80 

%Ct 

Figure 3D-2. Modal clinopyroxene versus garnet for 
Roberts Victor Mine eclogites. 

olivine-orthopyroxene side in the ternary plot of Ol-Opx. 
Cpx (Figure 3D-I). 

The lack of a straight line relationship in the plotting of 
clinopyroxene (Cpx) versus garnet (Gt) in eclogites (Figure 
3D·2) indicates the general alteration character of these 
rocks. 

Chemical analyses of these ultramafic rocks are under way. 
Both major (Si, n, AI, Fe, Mn, Mg, Ca, Na, K, Cr, Ni) and 
trace (Sr, Rb, Li, Zn, Pb, Cs, Cu, Cd, Ba, V) elements will 
be studied by atomic absorption. By means of the studies 
mentioned above it is hoped to shed some light on the 
chemistry of the upper mantle. 

E. 	 Chemistry of Clinopyroxene and Garnets of Nodules 
from the Roberts Victor Mme, South Africa 

( Ian D. MacGregor 
James L. Carter 

Coexisting clinopyroxenes and garnets from eclogites and 
lherzolites have been analyzed. Both minerals show a wide 
range of chemistry (Table 3E.I). There is a sympathetic 
variation of chemistry between the coexisting phases, but 
little correspondence of chemical variation to a differentia· 
tion index, such as the Fe:Fe+Mg ratio. The chemical data 
suggest that the nodules have a complex history involving 
an origin, either by fractional crystallization from a cooling 
magma, or as residua from partial fusion. Subsequent 
subsolidus and liquid-crystal reactions have helped to cloud 
the original history of the samples. Work is continuing on 
the chemistry of the coexisting phases, by use of the 
electron microprobe for variations in major and minor 
elements, and by use of the atomic absorption spectro­
photometer for trace elements, to help in the elucidation of 
the complex history of the nodules. 
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MONTEBRASITE 
STAR LODE 
SOUTH DAKOTA 

20+ 

1+ 

~OOO 60001000 

GARNET CLINOPYROXENE 

(weight percent) (weight percent) 

19.5 - 22.5 1.2 - 15.3Al203 

Ti02 0.02 - 0.48 0.08 - 0.6 

Cf203 0.02 4.29 0.04 - 3.42 

FeO* 6.52 -21.3 1.8 - 7.7 

MgO 536 - 21.0 7.3 - 17.0 

CaO 3.61 - 26.63 8.6 22.4 

MnO 0.14 - 1.22 0.03 - 0.29 

Na20 0.06 035 1.5 7.8 

K20 0.0002 - 0.056 0.02 0.34 

*Total Fe as FeO 

Table 3£-1. Range of chemistry of garnets and clina­
pyroxenes of nodules from the Roberts Victor Mine, 
South Africa. 

4. GEOCHRONOLOGY 

A. Pegmatite Studies 

Glen H. Riley 

The decay constant of Rb87 is an important parameter in 
geologic studies involving radioactive dating. Two very 
careful determinations, based on laboratory time and using 
completely different techniques, are in good agreement 
(1.47 x 10-11 sec· l , Flynn and Glendenin, 1960, and 
McMullen, Fritze and Tomlinson, 1966). Aldrich et al. 
(1956) reported a value of 1.39 x 10-11 sec-1 using a 
technique based on geologic time. The discrepancy is 
Significantly outside the limits of experimental error. 

A geologic calibration requires the assumption that a given 
rock unit becomes an isolated, closed system for all the 
decay schemes it contains at the same pOint in time. 
Aldrich et al. chose to compare Rb-Sr ages with U-Pb ages 
in minerals from zoned lithium-rich pegmatites. If the 
geologic decay constant is in fact uniformly 6 per cent 
lower, it implies that the lepidolite lattice effectively closes 
with respect to the Rb-Sr system substantially later in the 
pegmatite's history than the monazite and urariinite which 
define U-Pb closure. If the time difference is sufficiently 
long for Significant growth of Sr87, then this isotope may 
be used as a natural tracer to investigate the development of 
pegmatites in their early stages of crystallization. 

BLACK HILLS, APPARENT AGE SEQUENCE 

GRANITE 

PEGMATiTIC MICROCLINE 

MUSCOVITE T

BIOTITE 60 my. 

LEPIDOLITE 

POLLUCITE l 

REPLACEMENT ZONES 70 my. 

EXCESS 
87 

Sr IN PHOSPHATES 

ALBITE 

SPODUMENE 

Table 4A -J. Rb-Sr age summary and location ofexcess s,.87 
in zoned pegmatites from the Black Hills, South Dakota. 

The area chosen for this study was the Black Hills Uplift, 
South Dakota, where large complex pegmatites intrude 
Precambrian schists around the periphery of the Harney 
Granite. Detailed Rb-Sr isotopic measurements have been 
made on samples of the granite and three pegmatites. One 
of these pegmatites (Bob Ingersoll) was used by Aldrich et 
aL in their half-life determination. The data indicate that an 
apparent age difference exists between pegmatitic minerals 
and the related Harney Granite, and that age differences are 
present within the mineral assemblage of each pegmatite. A 
large excess of the isotope Sr87 is observable in a number 
of Rb-poor phases. The apparent age sequence and location 
of anomalous strontium is summarized briefly in Table 
4A-1. 
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Figure 4A-1. Slow cooling hypothesis for the development 
of zoned pegmatites. The Rb/Sr ratio inferred from the 
bulk composition of each zone implies that successive 
zones crystallize with increasingly higher ratios ofinitio.I 
S,.87/S,.86 (Jotted line). Thus the initial S,.87/S,.86 value 
of core zone (and replacement unit) magma approached 
unity for a 60 mi/.lion year time delay after isolation of 
the pegmatitic flUid. 
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Figure 4A-2. Concentration of excess s,.87 as a function of total (common) Sr concentration in a montebrasite nodule frbm 
the Star Lode, South Dakota. Non-linear points (20, 1, 2, 3, 4) are thought to be related to subsequent weathering 
phenomena. 

A survey of the isotopic abundance of Sr87 in phosphates 
from complex pegmatites from world-wide localities has 
shown that an excess of this isotope is the rule rather than 
the exception (Riley, 1967). Thus, it is to be expected that 
all such pegmatites will exhibit age discordance of at least a 
few percent. Under these conditions, a geologic half-life 
calibration of Rb87, where decay scheme comparators are 
extracted from different minerals in the pegmatite system, 
will lead to an erroneous value. 

A possible mechanism explaining both the apparent age 
sequence and excess Sr87 in the phosphate minerals is 
shown schematically in Figure 4A-I. Here the assumption is 
made that each zone in the pegmatite crystallizes slowly 
over a lengthy period of time (arbitrarily chosen as 10 
million years). The tonnage and mineralogical composition 
of each zone (Norton, Page and Brobst, 1962) have been 
used to comeute the zonal Rb-Sr ratio (full lines); the 
consequent SrM7/Sr86 ratio in the remaining magma as each 
zone develops is shown as a dotted line. The strontium 
isotopic composition in the core zone, while substantially 
enriched in Sr87, is inadequate to explain even higher 
values observed in some apatite crystals. 

STRONTIUM ppm 

The distribution of excess Sr87 in four individual phos­
phate megacrysts (apatite, griphite and montebrasite) has 
been studied. I t is found, that the rubidium, common 
strontium and the Sr87/Sr8q ratio are very inhomogene­
ously distributed throughout the crystals. Nevertheless, 
there is a systematic correlation between excess Sr87 'and 
common strontium (Figure 4A-2) suggesting that almost 
isotopically pure sr87 was incorporated into the phosphate 
crystal, the deposition sites being controlled by the 
abundance of strontium of normal isotopiC composition. 
Departures from the linear relationship are all margin 
samples for which other studies (Mossbauer spectra, natural 
'Y-ray spectra) show various weathering phenomena. Their 
significance is not germane to this brief report. 

It is clearly seen that zoned pegmatites are complex 
systems, both chemically and isotopically. A fine structure 
of isotopic and age data exists, and will be important in 
elucidating their early cooling history. The comparison of 
ages derived from two independent decay schemes co­
existing in particular mineral phases will be a critical test of 
the slow cooling hypothesis; this work is presently 1 in 
progress. 
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B. 	 Rb-Sr Investigations of Igneous Suites from the Nor­
wegian Caledonides 

Hannes K. Brueckner 

Salic, mafic, and ultramafic rocks in the Norwegian 
Caledonides are being studied utilizing Rb-Sr isotope 
techniques. The aim of the study, in addition to determi­
ning ages, is to ascertain the extent and mechanisms of 
material exchange between the upper mantle and the crust 
in an orogenic zone. The results obtained to date may be 
summarized as follows: 

(1) A Rb-Sr whole rock isochron of a granite intrusion (the 
Herefoss Granite) within the Precambrian Shield adjacent 
to the Norwegian Caledonides yields an age of 1.00 x 109 
years and an initial Sr87/Sr86 ratio of 0.704. Isochrons 
from granitic basement gneisses within the Caledonian 
orogenic system (the Basal Gneiss Region) yield similar ages 
and initial ratios. The basement gneisses are interpreted as 
large scale granitic intrusions that were subsequently 
recrystallized during Caledonian deformation (see also 
Brueckner, Wheeler and Armstrong, 1968). The low initial 
Sr87/Sr86 ratios (0.704 to 0.706) of the 1.00 x 109 year 
old igneous complexes suggest a mantle origin. 

(2) Rb-Sr results from Caledonian geosynclinal metasedi­
ments do not define isochrons and have not proved useful 
in age determinations. 

(3) Present day Sr87/Sr86 ratios of gabbros and related 
monzanites and syenites from Vester~en and near ~ksfjord 
range from 0.703 to 0.709. It is hoped that precise ages 
may be determined for these rocks. During the coming 
year, the study will be extended to associatfd suites of salic 
and ultramafic rocks. 
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C. 	 Origin of the Lebombo Rhyolites 

William I. Manton 

To supplement the data that have already been published 
(Manton, 1968) analyses have been completed of 25 
additional samples from the Mbuluzi Gorge which traverses 
the rhyolite succession in Swaziland at the southern end of 
the Lebombo monocline. All the data obtained from the 
Lebombo to date are plotted in Figure 4C-1. The salient 
features are: (1) the inhomogeneity of the basaltic magmas; 
(2) the difference between the Sr87/Sr86 ratio of the 
rhyolite magmas at the two ends of the monocline; and (3) 
the homogeneity of the rhyolite magmas in each area. 

Interpretation is difficult. If it is assumed that the 
continental upper mantle is like the oceanic and has much 
the same values of Sr87/Sr86 over large areas, it would 
seem that the homogeneity of the rhyolite magmas argues 
more in favor of their derivation from the mantle than from 
the crust. The lack of isotopic homogeneity in the basaltic 
magmas may imply they were selectively contaminated 
during their passage through the crust. On the other hand, 
this lack of homogeneity may be used to argue that the 
continental upper mantle, unlike the oceanic, is inhomo­
geneous. If this were to prove to be the case, it would be 
difficult to fmd the homogeneous source of the Lebombo 
rhyolites. 

The ongm of the Lebombo Rhyolites will be pursued 
through two new research projects. The first will be to 
carry out lead isotopic analyses on the samples already 
analyzed for strontium. The second, which is under way 
and is described in Section 4D, is to investigate the isotopic 
homogeneity of the continental upper mantle by means of 
the eclogitic and ultramafic inclusions of the kimberlite 
pipes. 
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D. 	 Isotopic Composition of Lead and Strontium in Eclog­
ites and Related Rocks (with Dr. M. Tatsumoto, V.S. 
Geological Survey, Denver , Colorado) 

William I. Manton 

Five eclogites from the Roberts Victor MineS South Africa, 
have been analyzed and found to have V23 /Pb204 ratios 
ranging from 1.56 to 11.0 and Pb206/Pb204 ratios ranging 
from 15.36 to 18.88. When V238/Pb204 is plotted against 
Pb206/Pb204 a straight line is obtained, the slope of which 
corresponds to an age of 2.3 x 109 years (Figure 4D-l). It is 
inferred that the eclogites are of this age. The date for the 
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kimberlite (1 sample) and the garnet peridotite (I sample) 
falloff the line defined. by the eclogites. The garnet 
peridotite appears to be much younger. 

To date only the isotopic composition of strontium in the 
eclogites has been measured. It ranges from 0.704 to 0.710. 

Although the data are stili incomplete, the following 
conclusions may be drawn: 
(1) The eclogites in the Roberts Victor Mine are of great 
age and were aCCidentally incorporated in the kimberlite 
magma. 
(2) The garnet peridotites are not related to the eclogites. 
(3) The upper mantle beneath the Roberts Victor Mine has 
remained a closed system since the early Precambrian. 
(4) Melting of old eclogite may have produced the basalts 
with high Sr87/Sr86 ratios reported from the Lebombo. 

E. 	 Ages of Southern Hemisphere Rocks Bearing on Conti­
nental Drift 

Martin Halpern 

During this past year an examination of continental drift, 
based on published age data and Rb-Sr dating of rocks from 
key areas in Antarctica and Argentina, led to the recon­
struction illustrated in Figure 4E-l. Results to date reaffirm 
the existence of DuToit's '~Samfrau" Geosyncline linking 
South America, Africa, Antarctica and Australia during the 
late Paleozoic (Halpern, 19(8). 

Programs planned for the coming year or presently under­
way will examine the geology and ages of rocks at other 
locations along this Paleozoic orogenic belt. 

A cooperative program between a Uruguay scientist and Dr. 
'Halpern to examine the ages of rocks from the crystalline 
basement of Uruguay for their bearing on the paleogeo­
graphic fit of South America and Africa is in the planning 
stage. 

Reference 

Halpern, M., "Ages of Antarctic and Argentine Rocks 
Bearing on Continental Drift," Earth and Planetary 
Science Letters,~; pp. 159-167, 1,968. 

5.. PALEOMAGNETISM 

A. Paleomagnetic 
Sequences 

Studies of Continuous Stratigraphic 

Charles E. Helsley 

During the past ten years paleomagnetiC studies have 
established generalized· polar wander paths for most ,of .the 
continents. The divergent, yet consistent, nature of these 

observations, along with the magnetic anomaly patterns 
observed on the flanks of mid-ocean ridges, has provided 
world wide evidence in support of the hypothesis of 
continental drift. The problem is no longer to establish that 
drift has taken place, but to establish the motions of the 
continents during their drifting episodes and to continue to 
study the polarity reversal history of the magnetic field. 

(1) Cretaceous Studies 

Paleomagnetic studies of Cretaceous rocks from 
more than 35 widely separated sites in North America have 
provided additional evidence for the position of the 
Cretaceous paleomagnetic pole. All of the data from 
structurally uncomplicated areas are highly consistent and 
thus provide strong support for the dipolar character of the 
Cretaceous magnetic field. Moreover, the polarity at all but 
two of the sites is consistently normal, suggesting that the 
Cretaceous period may be characterized by a magnetic field 
dominantly of one polarity. The published literature 
concerning Cretaceous rocks substantiates this hypothesis 
and indicates that reversals are present primarily in the 
Lower Cretaceous and the upper . portion of the Upper 
Cretaceous period. The longest period of constant normal 
polarity consistent with the data presently available is 
about 25 million years and is present in rocks from upper 
Albian to middle Santonian age. This period of constant 
normal polarity is about half as long as the c:onsistently 
reversed Kaiman interval of the Pennsylvanian and Permian. 
Magnetic anomaly patterns at sea show a smooth interval 
older than anomaly 32 (80 million years in age) which may 
correspond to this long period of normal polarity observed 
in Cretaceous rocks from North America. 

(2) Triassic Studies 

Oriented cores, taken at ·stratigraphic intervals of 
9-12 inches, have been collected from the basal 450 feet of 
the Moenkopi Formation . along the 'Dolores River in 
w~stern Colorado. The NRM of these samples (Figure SA-I) 
indicates a long period of reversed polarity, followed by a 
long normal interval. These PFriods are followed by three 
thinner reversed intervals seIParated by very thin (2()'3Q 
feet) normal units. Three noi1Pal and two reversed interVals 
are known from reconnaissance measurements in the 
overlying 150-f9~t secti~n. The upper 150 fe~t of the 
formation have not been sampled. Additional reversals are 
known from the ~verlYing Chinle Formation. Samples,with 
clustered NRM results remain tightly grouped upon de­
magnetization. Samples. that were .initially scattered, how~ 
ever, generally remain scattered even after thermal or AC 
demagnetization. Several sequences of samples collected at 
6- to 12-inch intervals show pronounced systematic changes 
in declination and inclination similar to those observedrfu 
archeoPlagnetic work and are thus interpreted. as evidence 
of secular variation of the Triassic field. Systematic/(,han~s 
of declination and inclination in the. transition zones 
between reversals have not been obs.erved. T.hese.;results, 
plus those ofPicard~(1964). suggest that periodic sequences 
of normal and lev(/:rsed polarity zones (more than 15) are 
<;paracteristic of the Triassio red beds QfJfle westerQ.unite~ 
States.f, 
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Figure 5A-l. Reversal sequences observed ill Lower Triassic Moenkopi Formation. 

Reference 

Picard, M.D., "Paleomagnetic Correlation of Units Withi :.l 
Chugwater (Triassic) Formation, West-Central 
Wyoming," Bull. Amer. Assoc. Petrol. Geol., 4i), pp. 
269-291, 1964. ­

B. 	 Reversals as;] Stratigraphic Auxiliary Tool 

PeterJ. Burek 

The directions of the remanent magnetization of rock 
samples from the Middle and Upper Buntsandstein (Lower 
Triassic) in southwest Germany fall into two groups with 
normal and reversed polarities. Nine reversely 1l1agnetized 
zones have been observed, five of which could be correlated 
over a distance or approximately 350 km. Polarity reversals 
arc not related to differences in the lithology, suggesting 
that they are caused by polarity reversals of the geomag­
netic field. A stratigraphy based upon pol:trily reversals 
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agrees with the correlation of sedimentation cycles ob­
tained by stratigraphic studies using vertical facies changes 
and fossil soils which were carried out simultaneously with 
the paleomagnetic work (Figure 5B-I). This suggests that 
reversals can be used effectively as markers in certain 
fossil-poor sedimentary sequences. Comparison of these 
results with the equivalent North American Triassic paleo­
magnelic data indicates that on a world·wide basis the older 
Mesozoic (Triassic) is characterized by numerous field 
reversals (more than 12), quite in contrast to the long 
reversed Kiaman Interval of the Upper Paleozoic (Permian). 

C. 	 Structural Effects of Sea-floor Spreading in the Gulf of 
Aden and the Red Sea on the Arabian Shield 

Peter J. Burek 

A review of recen t oceanographic research shows that the 
Gulf of Aden and Red Sea can no longer be considered as 

simple gnlbcn structures, but arc rin troughs in an early 
stage of development. A comparison between hot h truughs 
del1lonstrates that the Aden rin trough is the more mature. 
Intrusion and extrusion or basic igneolls material, which is 
interpreted as the emplacement of a quasi-oceanic crllst, 
resulted ill an expansion of the rift troughs, i.c. ocean-110m 
spreading, til liS separa t ing the Arab ian block from A(rica. 

Volcanism , epirogenic and orogenic events, as well as 
movement along pronounced rault systems on the Arabian 
Shield, are closely associated with the evcnts in ~he rift 
troughs. Four major regional features are related in age and 
trend to the Gulf or Aden and Red Sea: 

(I) Two volcanic episodes which differ in age and 
geographic location can be separated into: (a) the "Trap 
Series" (Figure 5C-I) which occurs only in the Gulf of 
Aden area and ranges in age from Late Cretaceous into 
Early Miocene (the most intense volcan ism occurred, 
however, during Eocene to Oligocene time); and (b) the 
"Aden Volcanics" Belt (Figure 5C-2), which extends from 
the Afar Depression over the western Arabian Shield tn 
southeast Turkey. The age of these volcanics spans Miocene 

to ReLent time with eruptiun peaks during thc Plio 
Pleistocene. 

en Twu dillercnt sets or epirogenic warps which arc 
essentially parallel and adjacent to the rifl troughs can be 
recognized: (a) structures related to the Gulf of Aden 
(Figure 5C-I) appeared during the Lower Cretaceous. They 
reached their present configuration during the Late Eocene 
and Oligocene. (b) cpirogenic structures (Figure 5C-2) that 
parallel I he Red Sca arc youllger .md occur only on the 
northcrn Arabian Shield where the structures associated 
with the Gulf of Aden die out. The first indications of their 
appearance are found during the Late Cretaceous, but their 
present morphology was developed during Plio-Pleistocene 
times. 

(3) Orogenic structures (the Toros-Zagros Muuntains 
and its S-shaped ["oreland belt) surround the Arabian Shield 
10 the north and east (Figure 5C-2). Orogenic phases are 
apparently correlative with cpirogenic movemcnts observed 
on the Shield. 

(4) Pronounced fault syslems such as the initial Red 
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- -paleogeographic evidence indicates Late Cretaceous move­
ments, the major tectonic activity peaks date from Miocene 
to Recent. Since the estimated extension of the Suez 
Graben cannot account for the whole amount of separation 
in the Red Sea, it seems reasonable to suggest that the 
northeast movement of Arabia, associated with the spread· 
ing in the Red Sea, occurred along the Levant (Aqaba­
Orontes) fault zone. The subsequent volcanic, epirogenic 
and orogenic development is very similar to that for the 
spreading in the Gulf of Aden. 

The separation of the Arabian Shield from the African 
continents is our most recent example of continental drift 
and thus most suitable for the study of the tectonic effects 
of ocean floor spreading. The structural evolution of the 
Arabian Shield implies that the tectonic forces that caused 
epirogenic and orogenic movements and volcanism origina­
ted in the rift troughs, i.e. they are related to sea-floor 
spreading. 

D. Chemical Demagnetization Experiments on Red Sand­
stones 

Peter J. Burek 

Paleozoic red sandstones from Derik, southeast Turkey 
(Lower Cambrian) and from Wadi Ram, Jordan (Upper 
Cambrian-Lower OrdOViCian), exhibit NRM directions par· 
allel to the present geomagnetic field. Thermal and alter­
nating field demagnetization do not yield very clear trends 
of NRM directions. On pressing 3n HC I through the 
samples (see Figure SD·I) the red staining is removed and 
the directions of NRM move considerably. This implies that 
the secondary component is of chemical origin due to 
recent groundwater circulation. The Cambro-Ordovician 
magnetic pole positions for the Arabian Shield can now be 
determined and are found to lie west of North Africa in the 
Atlantic Ocean. 
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rupole moments with the crystalline field gradient). Then 
there will be a number of different energies at which 
absorption takes place. If now the source is moved relative 
to the absorber with a velocity of a few mm/sec, a very 
small amount of energy is added to or subtracted from the 
emitted gamma-ray. The counting rate at the detector will 
drop whenever this Doppler velOCity brings the emitted 
gamma-ray into coincidence with an absorption energy in 
the absorber. The spectra shown are obtained by this 
technique (Figures SE-I and 2). 
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Figure 5E·/. Mossbauer spectra ofa griphite crystal. 

With a given radioactive source one looks at one particular 
nucleus. An apparatus has been built using a CoS7 source 
which emits a gamma radiation appropriate for interaction 
with FeS7. Iron is the most suitable Mossbauer element. It 
is of broad interest in geology and of particular importance 
in paleomagnetism. A Mossbauer spectrum yields infor­
mation on the oxidation state of iron, the ratio Fe2+/Fe3+, 
crystal structure, magnetic state, and order-disorder reo 
lations. 

As an example, a griphite crystal (five feet across), on 
which Dr. Glen Riley has done isotopic analyses, was 
studied. The spectrum of the sample from the center of the 
crystal exhibits only Fe2+, whereas the one from the 

Lepidocrosite 

Red bed 

Sea fault system and the Levant fault zone are associated 
with the different movements of the Shield. 

The time sequence of the structural evolution of Arabia can 
be separated in two phases: 

Phase I. The Gulf of Aden extension of the Carlsberg 
Ridge first became active during the early Cretaceous and 
continued to develop in several phases that culminated in 
Late Eocene time. The spreading in the Gulf of Aden 
resulted in a north-northwest movement of the Arabian 
Shield (Figure SC-l). Left-lateral movement along the 
initial Red Sea-Suez fault system allowed the separation of 
Arabia from the Nubian Shield. The shield area itself 
underwent repeated compressional stresses resulting in 
epirogenic warping (Figure SC·1). Several phases of orogen­
ic folding and thrusting in the unstable shield margin are 
associated with the northward drift of Arabia. Volcanism 
around the western Aden trough is confined to the marginal 
fault systems. 

Phase 11. The evolution of the Red Sea Basin is younger 
(Figure SC-2) than the Gulf of Aden. Although 

COUPLING TO REGULATOR AND COMPRESSED AIR SUPPLY 
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Since red sediments often do not react to standard 
demagnetization techniques (AC or thermal demagneti­
zation), chemical demagnetization of clastic sediments 
seems to be a most promising tool. 

E. Mossbauer Spectroscopy - A New Tool in Geology 

Wulf A. Gose 

During recent years the Mossbauer effect has proven to be a 
most useful tool in solid state physiCS. The techniques 
involved and the parameters determining the shape of the 
spectrum are now well enough understood that it is possible 
to exploit Mossbauer spectroscopy as an analytical tool. 

,The Mossbauer effect involves nuclear resonance phenom­
ena as follows: a gamma-ray of appropriate energy is 
emitted by a solid radioactive source; as this radiation 
passes through a solid absorber some of it is absorbed 
resonantly by suitable nuclei. The nuclear levels in the 
absorber may be split by hyperfine interaction (coupling of 
the nuclear magnetic dipole moment with the magnetic 
electrons or coupling of nuclear electric mono- or quad­
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from Baja California. 

margin shows both Fe2+ and Fe3+ (Figure SE-I) indicating 
that the crystal has been partially weathered. This may 
explain the rather striking changes in the strontium 
concentration found by Dr. Riley. 

The advantages of this experiment are that the only sample 
preparation needed is grinding, and that one can work with 
much smaller crystallites than can be measured by X-ray 
techniques. In particular, Mossbauer spectroscopy makes it 
possible to investigate the nature of the staining of red 
sandstones. Preliminary studies of red beds from Baja 
California (Recent to Pliocene) yield rather intriguing 
results. Figure SE·2 shows the spectrum of a Pleistocene 
sample together with spectra of three pure minerals, 
hematite, maghemite and lepidocrosite. Hematite can clear­
ly be excluded as a constituent of this rock sample, as can 
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increase in Z from CIM to W AL associated with the eastern 

western U.S. by the Center and the University of Alberta, 
Edmonton, where Dr. Gough had constructed another 20 
variometers. The instruments were arranged along four 
east-west profiles crossing the Southern Rockies and 
Colorado Plateau, and extending well into the Great Plains 
and the Basin and Range Province (see Figure 6-1). Previous 
geophysical studies had indicated that the boundaries of 
these three provinces are marked by decreases in mantle 
seismic velocities and increases in heat flow going from the 
Great Plains west to the Basin and Range Province. 

The summer of 1967 was not magnetically active, but a few 
bays as well as a moderate storm were recorded by about 
80 per cent of the instruments. A computer plot of a bay 
on September 1, 1967, is shown in Figure 6-2 for the two 
southern lines operated by the Center. Line 3 shows the 
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both horizontal and vertical variations support, therefore, 
the interpretation that the mantle conductiVity rises in two 
steps from the Great Plains to the Basin and Range 
Province. 

Similar results have been obtained for the two northern 
lines operated by the University of Alberta, indicating that 
the observed variation anomalies are north-south trending 
features over the Center's array. It is intended to separate 
the internal from the external field to arrive at a more 
quantitative interpretation of the observed conductivity 
anomalies. 

To investigate the course of the eastern front anomaly in 
New Mexico 12 instruments were putout in eastern New 
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Figure 6~3. Amplitudes and phases of a Fourier analyzed 
bay ofSeptember 1,1967. 

goethite. The spectrum is tentatively interpreted as being 
due to lepidocrosite, biotite and maghemite. Other samples front of the Rockies. Most remarkable, however, are the 
will be studied, for this tentative interpretation could have high Z variations observed on both proftles over the 
rather far reaching implications with respect to the genesis Wasatch Front in Utah (EME, SLN, MC1, GCC), which 
of red beds and the mechanism of their magnetization. forms the eastern boundary of the Basin and Range 

Province. The fact that upward vertical variations of 
stations near the Wasatch Front correlate with westerly 
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6. MAGNETIC DEEP SOUNDING 

Hartmut Porath 

The program of mapping variations in the electrical 
conductivity of the upper mantle in the western United 
States by observing differences in geomagnetic variations of 
periods of 15 minutes or more and relating these dif­
ferences to variations in other geophysical parameters, such 
as heat flow and mantle seismic velocities, which are 
indicative of upper mantle inhomogeneities, has been 
continued. The program began with the development of a 
low cost magnetic variometer by Gough and Reitzel 
(1967a) to record simultaneously geomagnetic variations 
with a large number of instruments. This makes it possible 
to separate the observed variation field into an external and 
an internal component, thus improving prospects of a 
quantitative interpretation of the conductiVity anomalies. 

Twenty-two variometers were completed by the summer of 
1967. The first eight of these instruments were put out by 
Reitzel in October 1966 in Colorado along a proftle 
crossing the eastern front of the Rocky Mountains in an 
effort to locate a northward continuation of the conduc- . 
tivity anomaly discovered by Schmucker (I 964) in 
southern New Mexico. Schmucker found the vertical 
variation (z) to increase by a factor of three east of 1060 

Long. (about 100 km west of the Rocky Mountain Front) 
and interpreted this to be due to a rise of mantle 
conductivity west of 1060 Long., or, because of the close 
relationship between temperature and electrical conduc­
tivity in the mantle, to a rise in the mantle isotherms. A 
similar increase in Z was also observed by Reitzel in 
Colorado east of 1060 Long. (Gough and Reitzel, 1967b), 
indicating the variation anomaly to be associated with the 
eastern front of the Rockies and marking the boundary 
between the Southern Rockies and the Great Plains. 

In the summer of 1967,42 variometers were put out in the 

horizontal variations and the very low Z amplitudes of 
stations west of the Wasatch Front (EUR, BAK, VEY, HIK) 
suggests high mantle conductivities in the Basin and Range 
Province in accordance with the high heat flow of this 
region. 

The eastern front anomaly is absent on Line 4 indicating 
that it swings towards the east in northern New Mexico. A 
small increase in Z for station TUC is, however, observed 
for the storm on September 20, 1967, and a bay on 
September 28, 1967, which have azimuths of the horizontal 
field different from the bay on September 1, 1967. This 
might indicate that TUC lies near the edge of the eastern 
front anomaly, but that its presence in the vertical variation 
depends on the direction of the inducing horizontal field. A 
reversal in Z is observed at CUB, which might be due to a 
conductivity anomaly associated with the boundary be­
tween the Colorado Plateau and the Southern Rockies. 

Fourier transforms have been computed for the. bay of 
September 1, 1967, and the amplitudes and phases of the 
vertical variation for various periods are shown in Figure 
6-3 for the two southern lines. The eastern front anomaly is 
present for periods up to 60 minutes, whereas the Wasatch 
Front anomaly persists for a period of 90 minutes. Phase 
differences between stations near the boundaries of the 
three provinces, Great Plains, Southern Rockies and Basin 
and Range, are due to the additional internal vertical field 
induced by the external horizontal field perpendicular to 
the lateral inhomogeneities in conductivity. 

The horizontal variations Hand D vary substantially over 
the Center's array. The N.,.C;; component H increases, 
whereas the E-W component D decreases from east to west, 
which can be mainly attributed to spatial gradients in the 
external horizontal fields. ;Ehe induced internal part of the 
horizontal field increases the external field and is apparent 
in the steepening of the gradient in H and a local increase 
superposed on the general decrease in D over the eastern 
front of the Rockies and the Wasatch Front. The results of 

1, 1967 
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Figure 6-1. Map of western U.S. showing locations of 
variometer stations. Triangles denote stations operated 
by the University ofAlberta. Also shown are the stations 
of Reitzel's Colorado line and the Montana array (see 
AnnualReport 1966-1967). 
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Mexico, west Texas and Oklahoma in the spring of 1968. 
The lack of sizeable magnetic events during the time of 
recording will, however, prevent more than a preliminary 
analysis of variation anomalies in this region. 

Forty-two instruments will be recording in the summer of 
1968 in eastern California, Arizona, New Mexico and west 
Texas to map the southward continuation of the eastern 
front and Wasatch Front anomalies. 

References 
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7. ORGANIC GEOCHEMISTRY 

Richard M. Mitterer 

It has been estimated that in one year plants synthesize 
about 1017 grams of organic matter (Vallentyne, 1957). 
Thus the total weight of all organic compounds formed 
since life originated is almost equal to the weight of the 
Earth. The fate of this vast amount of organic matter, 
whether metabolized by other organisms, incorporated into 
sediments, or transformed into coal or petroleum, is one of 
the major concerns of organic geochemistry. 

Proteins and their constituent amino acids comprise about 
one-third of all organic compounds being biologically 
synthesized. Their occurrence in materials of geologic 
interest, such as modern and fossil mollusk shells, sedi­
ments, and rocks, suggests that they may be of some 
Significance from the geologic viewpoint. 

This year a program in organic geochemistry was begun at 
the Center. Much of the early effort was given to building 
an amino acid analyzer. With this instrument, now in full 
operation, it is possible to detect as little as 10-10 mole of 
amino acid. In checking out the amino acid analyzer a 
survey was made of the amino content of various types of 
carbonates. Modern shells, fossil shells, worm tubes and 
oolites were analyzed. Some representative chromatograms 
illustrating the variety of carbonates which contain protein 
and amino acids are shown in Figure 7-1. 

Figure 7-IA depicts the amino acid composition of protein 
from a modern mollusk shell, in this case from the inner, 
nacreous layer of the pearl oyster Pinctada. The outer, 
non-nacreous layer has a strikingly different composition 
with about half of the protein consisting of a single amino 
acid, glycine. Pteria. a mollusk closely related to Pinctada, 
has a very similar protein composition in its nacreous and 
non-nacreous layers. Both genera have a geologic range: 
extending at least back to Devonian, making them two of 
the most primitive pelecypods still in existence. It may be 
that the protein composition of these shells resembles that 
of the earliest calcified mollusks. 

The amino acid remnants in fossil shells are illustrated for 
Mercenaria in Figure lB. Significant changes have occurred 
in the protein as a result of fossilization of the shell. The 
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total amino acid content has been found to vary inversely 
with age of shell. Relative changes in the amino acid 
content have also occurred. Threonine, serine, cystine and 
arginine have disappeared completely in Early Pleistocene 
and older shells. Some new, non-protein amino acids such 
as alloisoleucine and ornithine have appeared. The relative 
changes in the amino acid content of fossil shells are 
suffiCiently systematic to offer a means for determining 
approximate ages of unknown shells. 

Mollusks are not the only invertebrate group capable of 
forming hard parts. Serpulid worms are colonial forms 
living in tubular carbonate structures which they fabricate 
by secreting a mucous upon which CaC03 is deposited. 
Figure lC depicts the amino acid composition of the 
protein isolated from the wall structure of these worm 
tubes. 
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Figure 7-1. A mino acid composition ofselected carbonates. 
Asp - Aspartic acid, Thr Threonine, Ser Serine, Glu 

Glutamic acid. Pro Proline, Gly Glycine, Ala 
Alanine, Val - Valine, Met Methionine, lie ­
Isoleucine, Leu - Leucine, Tyr Tyrosine, Phe ­
Phenylalanine, Lys Lysine, Ar.g Arginine, a-AB ­
a-Aminobutyric acid, Alloile Alloisoleucine, 'Y AB 
'YAminobutyric acid, Orn Ornithine. 

These examples illustrate the well-known association of an 
organic matrix with hard parts in biological systems. Such a 
relationship has not heretofore been recognized in inorganiC 
systems. Figure ID represents a chromatogram of an acid 
hydrolyzate from the outer portion of an oolite sample 
from Great Salt Lake. Oolites are spheroidal, concentric 

carbonate particles formed around a nucleus of foreign 
material such as quartz grains or shell fragments. Various 
theories have been proposed for their origin. One suggests 
that they are chemical precipitates. Another theory is that 
organisms living in the environment cause the deposition of 
CaC03 in some as yet unknown manner. The presence of 
boring algae and uncharacterized organic matter, noted in 
Bahamian oolites (Newell, Purdy and Imbrie, 1960), sup­
ports the latter view. The proteinaceous material found in 
Great Salt Lake and Bahamian oolites is the first reported 
occurrence of a specific organic substance in oolitic 
samples. No significant amount of free amino acids was 
detected. The source of the proteinaceous material could be 
either the algae or the uncharacterized organic matter. 
Regardless of the source, however, the important question 
is whether or not the proteinaceous substance is involved in 
the formation of the oolites. This question cannot be 
answered at the present time. 

The diverse carbonate forms described above appear to have 
one common relationship. All have been found to contain 
proteinaceous material. The universal association of an 
organic matrix and hard parts in living systems, such as 
mollusk shells and worm tubes, has suggested a possible 
genetic relationship (Wilbur, 1964). It is intriguing, how­
ever, that supposedly inorganic forms such as oolites have 
now also been found to contain proteinaceous material. 
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8. 	 MICROPALEONTOLOGY 

A. 	 Upper Cretaceous Planktonic Foraminifera and Bio­
stratigraphy of the Western Gulf Coastal Plain 

Emile A. Pessagno, Jr. 

The work described in this section is a continuation of 
work begun at the University of California, Davis. 

(1) An 	Analysis of the Morphology, Phylogeny and 
Classification of Upper Cretaceous Globigerinacea. 
[A more complete account of this research has been 
published (pessagno, 1967).] 

The importance of foraminifera particularly in economic 
paleontology and stratigraphy was recognized in the 1920's 
and 1930's by Cushman, White and other American 

workers. The planktOnic foraminifera were sadly neglected 
in the United States until the advent of the classical work 
of Bolli, Loeblich and Tappan, et al. (1957). The Euro­
peans, however, were impressed by the biostratigraphic 
potential of the planktonic foraminifera at a much earlier 
date. The work of Bolli (1945, 1951), Subbotina (1952), 
Bronnimann (1952), Reichel (1950), Mornod (1950), Sigal 
(1952), Dalbiez (1955), and that of other European 
workers did much to foster an interest in planktonic 
foraminifera among American workers. 

The last comprehensive survey of Upper Cretaceous fora­
minifera from the Gulf Coastal Plain Area was made by 
Cushman (1946). Although some planktonic foraminifera 
were described and figured by Cushman, his monographic 
study devoted itself largely to the benthonic foraminifera. 
In addition, changes in the taxonomy of planktonic 
foraminifera have been so great within the last 20 years that 
most of Cushman's data are now obsolete, and thus are not 
very useful to those studying the Upper Cretaceous 
stratigraphy of the coastal plains. 

The present study concerned itself primarily with an 
analysis of the Upper Cretaceous planktonic foraminifera 
from the western Gulf Coastal Plain Area. Over 1200 Upper 
Cretaceous samples were collected from the coastal plain 
area of M~xico, Texas, and southwest Arkansas (Figure 
8A-I). The principal objectives of the work are two-fold: 
(1) to study the external and internal morphology of Upper 
Cretaceous planktonic foraminifera, and thereby bring 
about a better defmition of taxa, and (2) to determine the 
phylogenetic relationship of the Upper Cretaceous taxa 
studied. 

Two new families of Upper Cretaceous planktOnic fora­
minifera have been erected: (I) the Marginotruncanidae 
Pessagno (Turonian to Santonian) and (2) the Abathom­
phalidae Pessagno (Maestrichtian). Both of these new 
families are morphologically distinct and have great signif­
icance in the phylogeny of the planktonic foraminifera. 

The Marginotruncanidae Pessagno, n. fam. are characterized 
(1) by having extraumbilic~umbiliCal apertures and (2) by 
having large portici (not te·· a) with infralaminal accessory 
apertures. This family inclu es Whiteinella Pessagno, n. gen. 
and Marginotruncana Hofker (emended). Whiteinella lacks a 
well developed keel, whereas Marginotruncana Hofker may 
be either single or double keeled. There seems little doubt 
that the Marginotruncanidae represent an intermediate 
group forming an important phylogenetic link between the 
Rotaliporidae Sigal and the Globotruncanidae Brotzen. 

The Abathomphalidae are characterized (1) by having 
extraumbilical-umbilical apertures and (2) by possessing 
true tegilla with infralaminal (not intralaminal insofar as is 
known) accessory apertures. This family includes Abathom­
phalus Bolli, Loeblich and Tappan, and Globotruncanella 
Reiss (emended). Abathomphalus possesses a weakly devel­
oped double keel, whereas Globotruncanella is keelless, 
sometimes possessing an imperforate peripheral band. The 
Abathomphalidae evolved either from the Globotrun­
canidae or the Rotaliporidae and may well have given rise 
to the "Globorotalidae" Cushman of the Early Tertiary. 
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Assemblage Zone: Archaeoglobigerina blowi Sub­ The present study has yielded but a few radical changes in 
zone (Dictyomitra multicostata Zonule to Plano­the dating of lithic units in Texas and Arkansas previously 
globu/ina glabrata Zonule); Globotruncana elevata established on the basis of megafossils (Stephenson et al.,
Subzone Pseudotextalaria elegans Zonule to Globo­1942). Notable among these changes are Navarroan ages for 
truncana calcarata Zonule); and Rugotruncana sub­the Upson Clay and San Miguel Formation of the Rio 
circumnodi[er Subzone (Globotruncana Iapparenti 

.~~ Grande area of Texas (approximate latitude of Eagle Pass) 
s.s. Zonule to Rugotruncana subpennyi Zonule). and all but perhaps the lowermost part of the Marlbrook 
Archaeoglobigerina blowi Subzone: early Taylorian Marl of Arkansas. 
(early Campanian); Globotruncana elevata Subzone: 

late Taylorian (late Campanian); and Rugotruncana 
 Correlation with the type European Upper Cretaceous 
subcircumnodifer Subzone: early Navarroan (early stages is rendered difficult by the imprecise and often 
Maestrichtian). obsolete definition of the stages in their type areas, and by 

a lack of accurate data concerning the stratigraphic distribu­
(6) The Globotruncana contusa .- stuarti[ormis Assem­ tion of planktoniC foraminifera in the type sections of the 

blage Zone: Globotruncana gansseri Subzone to stages. The first of these problems affects all Upper
Abathomphalus mayaroensis Subzone. Middle to Cretaceous biostratigraphy regardless of the group of 
late Navarroan (middle to late Maestrichtian). organisms used for correlation. It can perhaps only be 

(1) the association of diagnostiC taxa at given 
to 
solved by an international stratigraphic commission chosen 

This system of zonation (see Figures SA-3 through 5) is modernize the definition of the European stages. The 
based on: second problem can be solved by detailed sampling of strata 
stratigraphic horizons, (2) the range zones and concurrent included in the type sections of each European stage for 

Two new species have been erected among the Plano­
malinidae: Globigerinelloi(1es bollii Pessagno and Globi­
gerinelloides prairiehillensis Pessagno. One new genus, 
Loeblichella Pessagno, and one new species, Praeglo­
botruncana bronnimanni Pessagno have been erected under 
the Rotaliporidae. One new genus, White/nella Pessagno has 
been erected under the Marginotruncaidae Pessagno, n. fam. 
Three new species: Whiteinella archaeocretacea Pessagno, 
Marginotruncana bouldinensis Pessagno, and Margino­
truncana pseudolinneiana Pessagno have been erected under 
the Marginotruncanidae. At the generic level~ one new 
genus, Archaeoglobigerina Pessagno, has been added under 
the Globotruncanidae. The latter family includes the 
following new species: Archaeoglobigerina blowi Pessagno, 
Archaeoglobigerina bosquensis Pessagno, Rugoglobigerina 
tradinghousensis Pessagno, Globotruncana hilli Pessagno, 
Globotruncana loeblichi Pessagno and G1obotruncana 
stephensoni Pessagno. 

A neotype has been erected for Rosalina canaliculata Reuss, 
IS54. Where necessary, lectotypes have been established for 
species described by workers in syntypic series. 

The more important Upper Cretaceous planktonic species 
have been illustrated (Pessagno, 1967). Hundreds of plank­
tonic specimens were thin·sectioned both for form analysis 
studies and phylogenetic studies. Means and standard 
deviations were calculated for many of the form analysis 
measurements. Such studies have greatly enhanced the 
definition of many taxa and have given the investigator a 
clearer insight into their phylogenetic relationships. 

(2) Upper Cretaceous Stratigraphy of the Western Gulf 
Coast. [A complete account of this work is in press 
(Pessagno, 1969).] 

The Upper Cretaceous strata of the Gulf Coast region of 
Mexico, Texas and southwestern Arkansas contain a rich, 
abundant, well-preserved and hitherto poorly studied 
assemblage of planktonic foraminifera. The rapid evolution 
and cosmopolitan nature of these planktonic microfossils 
make them an ideal biostratigraphic tool for the develop· 
ment of detailed, long distance systems of zonation. In the 
present study the planktonic foraminifera have been uti­
lized to subdivide the Upper Cretaceous of the western Gulf 
Coast region into the following biostratigraphic units (see 
Figures SA-I through 5): 

(1) The Rota/ipora s.s. Assemblage Zone: Rotalipora 
evoluta Subzone to Rotalipora cushmani - green­
homensis Subzone. Late Washitian to early Eagle. 
fordian (early to late Cenomanian). 

(2) The 	Marginotruncana helvetica assemblage Zone: 
Marginotruncana sigali Subzone to Whiteinella 
archaeocretacea Subzone. Middle to late Eagle­
fordian (Early to late Turonian). 

(3) The Marginotruncana renzi Assemblage Zone: early 
Austinian (Coniacian). 

(4) The 	 Globotruncana bulloides Assemblage Zone: 
Marginotruncana concavata Subzone to Globotrun-
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Arkansas, Texas and eastern Mexico. 

cana [omicata Subzone. Middle 
(early to late Santonian). 

(5) The Globotruncana [omicata 

range zones of the various taxa, (3) the relative abundance 
of important taxa at various stratigraphic horizons, and (4) 
the phylogeny and evolution of Upper Cretaceous plank. 
tonic foraminifera. It has become established through the 
analysis of more than 1200 fossiliferous samples from the 
surface and subsurface in both the western part of the Gulf 
Coast region and in the Caribbean region. Where possible 
samples were collected within the framework of measured 
sections of the lithic units under study. 

Samples for planktonic foraminifera were collected as far 
south in the western Gulf Coast region as the approximate 
latitude of Tampico, Mexico (22°N Lat.) and as far north as 
Brownstown, Sevier County, Arkansas (34°N Lat.) (Figure 
SA-I). At a given stratigraphic horizon such as the 
Globotruncana elevata Subzone, there are few species of 
planktonic foraminifera which do not occur in both the 
Tethyal faunal province and southern part of the Boreal 
faunal province. In most cases planktonic species which do 
not occur in both areas are new species whose stratigraphiC 
and geographic distribution are yet unknown. The present 
study indicates that the aforementioned system of zonation 
is applicable at the zonule level at least as far north as the 
latitude of Brownstown, Arkansas. Furthermore, Olsson's 
(1964) work in New Jersey together with work in progress 
in California by the writer, Douglas (in progress), and 
others suggests that the system of zonation introduced 
herein can be applied at the subzone level at least as far 
north as 400N Lat. in eastern North America and as far 
north as 34° in western North America. 

One of the chief by-products of this study is the creation of 
a regional correlation chart (Figure SA-2) for the Upper 
Cretaceous of the western Gulf Coast region based on 
planktonic foraminiferal zonation. Accurate biostrati· 
graphic dating of lithic units in eastern Mexico utilizing 
planktonic foraminifera indicates that a number of forma· 

to late Austinian tional units are time-transgressive from north to south. 
Units like the San Felipe Formation and Agua Nueva 
Formation are considerably older in northern Mexico near 

stuarti[ormis Monterrey than they are in southern Mexico near Tampico. 

planktonic foraminifera. Until a detailed reanalYSis of the 
majority of the type European stages is made the writer 
prefers to use North American stage names, particularly 
those of the standard Gulf Coast section. 

The Eaglefordian Stage of the standard Gulf Coast Upper 
Cretaceous section has been subdivided into three new 
substages: (1) the Lozierian, (2) the Bocian, and (3) the 
Sycamorian. 

The Boquillas Formation in Val Verde and Terrell Counties, 
Texas, has been subdivided into a lower unit termed the 
Rock Pens Member and an upper unit termed the Langtry 
Member. The terms Atco Chalk and Bruceville Chalk-Marl, 
first used informally by Durham (1957) have been formally 
described herein. 
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B. Studies of Planktonic Foraminiferal Wall Structure 

Emile A. Pessagno, Jr. 

It has always been assumed that planktonic foraminifera 
have primary test walls which are completely radial hyaline 
in character. The term radial hyaline has a two-fold 
connotation to the majority of workers: (1) a more or less 
morphologic connotation which describes the crystals 
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comprising the test wall as being equidimensional, euhedral 
microprisms oriented with their long axes normal to the 
surface of the test, and (2) a crystallographic connotation 
which states that the coaxes of the crystals are oriented 
normal to the surface of the shell (Towe and Cifelli, 1967, 
p. 744). This two-fold definition undoubtedly evolved from 
the work of Sorby (1879, p. 64) who noted that many 
hyaline foraminifera have their shells composed "--of small 
prisms of calcite having their principal axis perpendicular to 
the surface of the shell." 

The term radial hyaline itself was first formally defined by 
Wood in 1949 who stated that the radial hyaline test is 
comprised of crystals of calcite oriented with their coaxes 
normal to the surface of the test. Towe and Cifelli (1967) 
suggest that the terms radial hyaline and granular hyaline be 
stripped of all morphological implications and be restricted 
to describing the preferred orientation of coaxes or the lack 
of such a preferred orientation. 

It seems obvious that a revised and more precise terminol­
ogy is needed in discussing foraminiferal wall structure. 
However, conSidering the rapid advances in knowledge as a 
result of numerous studies being undertaken with both the 
scanning and transmission-type electron microscopes, it is 
felt that any change in terminology at the moment would 
be premature. The following terminology is used on an 
interim basis: 
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Figure SA-4. Range Zones and Relative Abundance of Upper Cretaceous Planomalinidae, Schackoinidae, and Rotaliporitiae. Figure SA-5. Range Zones and Relative Abundance of Upper Cretaceous Marginotruncanidae, Globotruncanidae, and 
Faunal Composition ofAssemblage Zones, Subzones, and Zonules. Abathomphalidae. Faunal Composition ofAssemblage Zones, Subzones, and Zonules. 
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(1) Nadial hyaline: Tests comprised of euhdcral prisms 
uf calcite oricnted with their c·axes norm~d to the surface ; 
usually comprising "calcite crusts" of the outer test wall 
(Bc\md Ericson, 19(3). 

(2) Micfograllular hyali/le: Tests comprised of minute 
anhedral grains of calcite having uncertain cryst:illographic 
orientation; usually comprising lamellar portion or primary 
test walls and septa as well as port ici , tegill:! and apertural 
tbps. 

(3) Ultragranlll1lr hyaline: Large, generally euhedral 
crystals of calcite oriented with their c·axes normal to the 
surface of the test. One or n]()re isolated crystals ur calcite 
usually comprising secondary structure such as coarse 
spines. 

Pessagno ( 1968 ; see also Pessagno and M iyano, IlJ(8) has 
studied the wall structure of planktonic foraminifera with 
(1) the transmission·electron microscope, (2) the scanning 
electron microscope, (3) dark field illumination and (4) 
phase contras!. The results obtained using these fOllr 
independent methods of investigation are as follows : 

(I) Upper Cretaceous Globigerinacea Ilave primary test 
walls, septal walls. port ici and tegilla which arc micro· 
granular hyaline in charactcr. Some ornamental structures 
such as the rugosities and beads of the Globotruncanidae 
are III t ragran ular hyaline in cha racter and arc essen t ially 
plastered down on a m icrogra n ular hyal ine base. 0 t hers, 
such as the costae of the Heterohelicidae, microgranular 
hyaline. 

(2) Cenozoic planktonic foraminifera possess primary 
outer walls which arc either entirely microgranular hyaline 
or both microgranular hyaline and radial hyaline (pris­
maliC) . 

Work by B1:' and Ericson (1963) at Lamont indicates that 
epipelagic (i.e. near surface) individuals of Globorotalia 
trwu:alulil1oides (d'Orbigny) possess thin shell walls, where­
as mesopelagic individuals (living at depths of 500 meters) 
develop thick "calcite crusts." The present investigations 
demonstrate that the thin-walled epipelagic tests are en­
tirely microgranular hyaline in character. The thicker 
walled tests of mesopelagic individuals consist of an inner 
laminated, rnicrogranular hyaline layer and an outer radial 
hyaline (prismatic) "calcite crust" (figure 88-2; Plate 8B-l, 
Figures 2 and 4). 

The anhedral microgranules of calcite in the lamellar part of 
the test average about 0.5 microns in size and are far too 
small to isolate optically (Plate 8 B-l, Figure 1). Their 
precise orientation can only be determined through elec­
tron diffract ion and X-ray diflradion teclllliques. A com­
posite picture of the orientation of such crystals optically 
can perhaps be obtained by examining planktonic fora­
miniferal wall structure with dark Cield illumination. With 
dark field illumination the microgranular laminated layer of 
mesopelagic specimens of G. trwu;al1llinoides (d'Orbigny) 
appears upaque (see Plate 7, Figure 2 of Pessagno and 
Miyano, 19(8) suggesting refracl ion of light as a result of 
the ranuolll orientation of the microgranules. The radial 
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hyaline "calcite crust"' on the other hand appears perfectly 
translucent, undoubtedly renecting the preferred orienta­
tion of the euhedral prisms. 

It is hypothesized that since Upper Cretaceous planktonic 
foraminifera possess microgranular hyaline primary test 
walls, it is quite conceivable t hat they were all epipclagic or 
surface dwellers. "Calcite crusts" seem to have first 
appeared among Early Tertiary (Late Paleocene?) fura­
minifera. It is possible that the large euhedral prisms of 
calcite comprising the "calcite crusts" of Cenozoic plank­
tonic foraminifcra may serve as a protective coating to 
mesopelagic individuals living in the bathypelagic zone at 
depths of about 500 meters. Conceivably, at such depths 
the solution of CaC03 would be more rapid due to 
increased pressure and decreased pH. Park (1966) indicates 
thut a pH minimum (7.5 to 7.7) exists between 200 meters 
and 1200 meters in the northeastern Pacific. It is postulated 
that under such conditions larger crystals comprising the 
"calcite crust" might dissolve less readily than the minute 
granules of calcite comprising the microgranular hyaline 
part of the test. It is further postulated that severe 
ecological changes Illay have led the planktonic fora­
minifera to assume a mesopelagic as well as an epipelagic 
way of life during the Cenozoic. 

Plate Description 

Plate 88-1 : Description 

Globorotalia trwu:atulil1oides (d'Orbigny) 

Electron micrograph of septal wall made from two-stage 

replica of horiwntal section. Negative (reverse) print of 

portion of septum. Note microgranular character of test 

wall. xI7 ,000. 


2 	 Globorotalia trul1catulinoides (d'Orbigny) 
Electron micrograph of radial hyaline "calcite crust" of 
outer wall. Note euhedl<:! prisms of calcite. Negative 
(reverse) print from two-stage replica of horizontal 
section. x31 00. 

3 	 Scanning electron micrograph of the test surface of 
Hastigerina mW1"ayi Thomson. Note microgranular char­
acter of test. Some pores seem to be surrounded by 
rather high rims of microgranules. Other pores lack such 
rims. Node-like mounds of microgranules occur in 
interpore areas. Recent Atlantic Ocean. x3000. 

4 	 Scanning electron micrograph of primary wall of 
Globorotalia truncatulinoides (d'Orbigny). Natural sec­
tion. A = radial hyaline "calcite crust" ; B =micro­
granular laminated layer. x2000 . 
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C. 	 Upper Cretaceous Radiolaria of the California Coast 
Ranges 

Emile A. Pessagno, Jr. 

Nearly 65 years ago Steinmann (1905) noted the associa­
tion of serpentinites, spilitic lava and radiolarian chert in 
alpine "eugeosynclinal" strata. The radiolarian chert com­
ponent of "Steinmann's trinity" is nearly as characteristic 
of "eugeosynclinal" rocks as the serpentinites and spilitic 
lava. "Eugeosynclinal" strata such as those of the Fran­
ciscan Complex of the California Coast Ranges are notori­
ous for their paucity of marine invertebrates. Yet in 
California as elsewhere in the world, one group of inverte· 
brate organisms with great stratigraphic potential, the 
radiolaria, has been sadly neglected. Because of their 
abundance, planktonic/cosmopolitan nature, and exceed· 
ingly great variety of form, the radiolaria should serve as a 
valuable biostratigraphic tool not only to the geologist 
attemption to disentangle the complex stratigraphy of 
orogenic belts, but also to the oceanographer attempting to 
determine the age of the oceanic crust (e.g. JOIDES Deep 
Sea Drilling program, JOIDES, 1967). 

For several years Dr. Pessagno has been engaged in a study 
of the stratigraphic distribution, morphology and phy­
logeny of California Upper Cretaceous radiolaria. In the 
thick, relatively unfossiliferous, and often highly disturbed 
Upper Cretaceous sequence of the California Coast Ranges, 
radiolaria are the only invertebrate fossils that are con· 
sistently abundant. A large number of well preserved 
specimens have been extracted from limestone nodules, 
mudstones and radiolarites occurring in the Upper Cre· 
taceous portion of the Great Valley Sequence. Nearly 1200 
samples have been collected from measured sections of 
strata cropping out in the Coast Ranges from Contra Costa 
County (near Mt. Diablo) northward to Tehama County. 

The results of this study thus far can be summarized as 
follows: 
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(I) A rich, diversified radiolarian assemblage containing 
well over 250 species, the majority of which are new, has 
been recovered from strata ranging in age from early 
Cenomanian to early Maestrichtian (dating based on associ· 
ated planktonic foraminifera and mollusca). At a given 
horizon, such as the Upper Campanian, the radiolarian 
assemblage shows far greater diversity than either the 
planktonic foraminiferal or molluscan assemblages. For 
example, whereas more than seven species of planktonic 
foraminifera seldom occur in late Campanian strata at this 
latitude, it is not unusual to find more than 70 species of 
radiolaria at the same horizon. 

(2) The California radiolarian assemblage underwent a 
rapid evolution during the course of Late Cretaceous time. 
Many species are short ranging and highly distinctive (see 
Plate 8C.I), often being restricted to a single stage or parts 
of a single stage. 

(3) The rapid evolution displayed by radiolaria at the 
specific, generic and family levels indicates that they can be 
used to subdivide the Upper Cretaceous portion of the 
Great Valley Sequence into at least ten basic zonal units. 
This system of zonation can be readily integrated with 
those based on tried zone fossils such as the planktoniC 
foraminifera, ammonites, and Inoceramids. When a system 
of radiolarian zonation has been established for the less 
structurally complex Great Valley Sequence in the eastern 
portion of the California Coast Ranges, it is likely that it 
can be utilized to work out the stratigraphic succession of 
the highly complicated Franciscan Complex to the west. In 
fact, some Franciscan red cherts which were chemically 
disentegrated during the course of this project have yielded 
Upper Cretaceous radiolaria whose range zones have been 
established through this study of the Great Valley Se­
quence. 

Figure BB·2. Schematic diagram showing the structure of 
the outer wall ofa mesopelagic specimen ofGloborotalia 
s.s. as seen in horizontal section. fA) radial hyaline 

"calcite crust" composed of euhedral calcite prisms 

oriented with their C-axes normal to the test surface; (B) 

microgranular hyaline laminated inner portion of outer 

wall. 


_ 

Plate 8C·I: Description 	 (I) Palynology of the Cedar Valley Formation 

All figures are scanning electron micrographs of Upper Five localities in the supposed Cedar Valley Formation of 
Cretaceous radiolarians from the Coast Ranges of northern Iowa have been sampled and all have palynologic fossils 
California. present. Ten samples taken as segments of a complete 

channel ofthe rocks exposed in Pavlovec's Spillville Quarry, 
Distinctive bean·shaped Spongodiscid. Late Campanian SE 1/4 Sec. 20, T. 97N, R. 9W, Winneshiek County, Iowa, 
to early Maestrichtian age. Marker equals 50 microns. have been the primary object for study to date. Spores, 

chitinozoans, acritarchs, and scolecodonts are present in the 
2 Aberrant Nasselline from strata of early Cenomanian section. Relative percentages of the four groups are shown 

age. Marker equals 50 microns. in Figure 9-\. Samples A through E were taken from the 
"Productellll zone;" F through I were taken in the 

3 	 Three raged Spongodiscid restricted to strata of Ceno­ "Rhombohedral calcite zone;" and sample J was taken 
manian and early Turonian age. (3) Marker equals 50 from the marl at the top of the section (Tri-State 
microns. (6) Marker equals 25 microns. Guidebook, 1966, p. 18). 

4 Cenomanian Nasselline of the Sciadiocapsa family Samples A through E are indicative of a near shore, 
group. Marker equals 50 microns. lagoonal environment, and open circulation marine is 

indicated in the remainder of the section. 
5 Late Campanian Nasselline of the Sciadiocapsa family 

group. Marker equals 100 microns. The spore assemblage of the studied section consists of 28 
genera and 40 species; 7 genera and 21 species are 

7 Early Maestrichtian Nasselline of the Sciadiocapsa considered to be new. A complete assemblage list follows 
family group. Marker equals 25 microns. the text. Comparison with previously reported assemblages 

from Canada (McGregor, 1960) and the Old Red Sandstone 
8 Early Maestrichtian Nasselline of the Sciadiocapsa of England (Richardson, 1960, 1962, 1965) indicates an 

family group. Marker equals 25 microns. age assignment of Upper Eifelian or Lower Givetian. This 
age assignment differs from previous determinations made 

9 Spongodiscid, restricted to strata of Turonian and on the basis of invertebrate fossils which usually place the 
Coniacian age. Central portion oftest depressed; quite Cedar Valley in the Upper Givetian or Lower Frasnian. A 
thin, shOWing spiral arrangement of meshwork in Frasnian age assignment has been made for supposed Solon 
transmitted light. Marker equals 50 microns. member rocks by N. Norton (personal communication). 

The Solon member designation of the section used in this 
to Cenomanian Nasselline of the Sciadiocapsa family study was according to the Iowa Geological Survey usage; 

group. Marker equals 25 microns. however, D. Koch (personal communication) reports some 
workers favor plaCing the section in the Wapsipinicon

II Coniacian Spongodiscid; perhaps related to Hagiastrum Formation. 
Haeckel. Marker equals 25 microns. 

Two sections each of the Rapid and Coralville members 
12 Distinctive Cenomanian Nasselline of the Sciadiocapsa have fossils indicating a close similarity to the Calloway 

family group. Marker equals 50 microns. Formation of Missouri and an age assignment of Upper 
Givetian or Lower Frasnian. 
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9. 	 PALYNOLOGY Acanthotriletes sp. a new species 
Ancyrospora ancyrea (Eisenack) Richardson, 1962 

Palynologic Studies of the Devonian Ancyrospora cf. grandispinosa Richardson, 1960 
Apicuiatisporis elegans McGregor, 1960 

James B. Urban Acinosporites sp. a new species 
Acinosporites sp. b new species 

PalynologiC 	 studies have been conducted on Devonian Archaeozonotriletes sp. a new species 
Biharisporites sp. a new species fossils recovered from the Calloway Formation of Missouri, 
Calyptosporites proteus (Naumova) Allen, 1965 the 	 Woodford Formation of Oklahoma and strata from 
Diaphanosporites sp. a new species Iowa that have been identified as belonging in the Cedar 
Diatomozonotriletes sp. a new species Valley Formation. 
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Plate He-\. 
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Diboli.l'poritcs sp. a Ilew species 
Dibroc/wsporites 1/0dO.l'llS U rban, 196~ 
i::mphalZisporiles sp. a new species 
h"/lIphanisporiles rotatU.l' McGregor, 1960 
Geminospora sp. a new species 
Gemino.l'pora sl'albardiae (Vigran) Allen, 1%5 
Grallu/ari.l'poriles Inuninensis A lIen, 1965 
Leiotri/ctes dissima/is McG regor, 1960 
Leiotrileles marginalis McGregor , 1960 
I_ciolriletes mierodeltoides McGregor, 1960 
Leiotriletes sp. a new species 
Planisparites delueidlls MeG regor , 1960 
Rhahdosporires sp. a new species 
cf Raislriehia sp. a new species 
Retusotriletes dubius (Eisenack) Richardson, 1%5 
RetllS()triletes distillCfUS Richardson, 1965 
Retusolriletes laevigatus Gucnnel, 1963 
Retusotri/etes sp. a new species 
Tho/isporiles sp. a new species 
Verrucosisporiles uncatus (Naulllova) Richardson , 1965 

Plus seven new genera each with a single species 

(2) A Study 	of the Morphology of the Spore Genus 
A ncyrospora Richardson 

Specimens referable to the spore genus A /1cyrospora 
Richardson were encountered during palynologic studies of 
the Cedar Valley Formation of Iowa and the C:llloway 
Formation of Missouri. Examination of specimens with the 
scanning electron microscope reveals differences in mor­
phology not reported to date . Further, the differences in 
morphology have a relationship to stratigraphic and geo­
graphic differences. Forms referrable to A. grandispinosa 
Richardson, 1960, and A. allqrea (Eisenack) Richardson, 
1962, have been noted only from thc lower 40 feet of the 
Solon member of the Cedar Valley Formation. The 
associated assemblage indicates all age assignment of Upper 
Eifelian or Lowcr Givetian. Ancyrospora simp/ex Gucnnel, 
1963 , has been recovered from the Calloway Formation. 
The associated assemblage appears to be correlative to the 
Middle Frasnian, Albertensis Zone of Canada . 

(3) Chitinozoa 	of the Calloway Formation (Devonian) 
of Missouri 

PalynologiC fossi ls have been recovered from six sections of 
the Calloway Formation in north-central Missouri. One 
section exposed in a quarry (four miles north of Williams­
burg, Missouri, SW 1/4 Sec. 9, TASN, R.7W) has yielded a 
diverse chitinozoan assemblage consisting of four genera 
and eight species. One interesting aspect of distribution is 
the restriction of the chitinozoans to a single interval four 
feet thick in 35 feet of section. All samples have spores 
present, but spore species diversity is greatest in the interval 
con taining the Chitinozoa. 

Morphologic studies with the scanning electron microscope 
have shown Chitinozoa to have one to three wall layers. 
The variation in number of layers appears to be related to 
other morphologic variations of ta.xollomic importance. 

Plate 9-1: Description 

All figures arc scanning electron micrographs except 17 
which is a transmitted light photograph. All specimens were 
photographed at magnifical 'ions twice the given figure and 
subsequently reduced by hall'. 

Proximal side or Am.yrospora cf ancyrea (Eisenack) 
Richardson , 1962. x2S0. 

2 Distal side of (I). x250. 

3 	 Section broken along the flange. The inner exoexine is 
shown consisting of an inner solid layer changing 
outward to a net-like part, thin on the distal but built 
up in successive concentric layers along the equator to 
form the flange . The homogeneous outer exoexine is 
present on the distal and flange surfaces. x II 00. 

4 Spines of Ancyrospora simp/ex Guennel , 1963, with 
anastomosing bases and multifucate tips. x 1500. 

5 Equatorial view of a specimen of Alleyrospora simp/ex 
Guennel, 1963. Note prominent triradiate ridges. x250. 

6 A myrochitina sp. a. x250. 

7 Allcyrochitina sp. h. Note operculum. x300. 

8 Operculum of (7) . xROO. 

9 Section of a wall of Angochitina sp. showing a single 
homogeneous layer. x2500. 

10 Section of a wall of Ancyrochilina sp. showing three 
layers presen t. x5000. 

I I Acinosporiles sp. a (new species). Proximal view. x250. 

12 Distal ornamentat ion of I I. x 1500. 

13 Ancyrochitina sp_ x250. 

14 Spines on the neck of( 13). xD50. 

15 Ancyrochitina cf spinosa Eisenack. x250. 

16 Genus A sp a. Gen. et sp. nov. x250. 

17 	 Transmitted light photomicrograph of( 16). Note trilete 
structure developed on the under side of the proximal 
side. x250. 

18 	 Geminospora sva/hardiae (Vigran) Allen, 1965. x250. 

19 	 I_eiolri/etes micmde/toides McGregor, ] 960. x250. 

20 	Ca/yptosporircs proteus (Nauillova) Allen, J<)65. Distal 
view. x250. 

21 1:'mphallisporUes rotallis McG regor, 1960. Proximal 
view. x250. 
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22 ,1cillospomcs sp. Ptux llllal view. '1:250. 


2J Gel/lis H .\17. tJ. C en. cl s\.l. nov. Proximal view. x25 0. 


24 Gel/lis H sp. h. (, en. et sp. IlOV. Prox lIllal vi~w. x250 . 


2) [)ullhlc wall layer ~IJld orllament ui" (2()) . xSOOO. 


26 DiiJrochosporil es I1IJt/O iillS Urhan . 1')6H. Proximal view. 
x250. 
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