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The analysis of 64 rock samples from Saudi Arabia and three

samples from the axial trough of the Red Sea has been done.

Instrumental neutron activation analysis (INAA) was the analytical

tool used for the analysis of at least 18 and as many as 24 elements

in these 67 rock samples.

The samples represent an igneous and plutonic sequence of

rocks relating to the entire development of the Red Sea. This

involves initial rifting and magmatic activity of the continent, con-

tinental break-up, and contemporary sea-floor spreading in the

region. The trace element contents, especially the rare earth

elements (REE), unambiguously illustrate a succession of decreasing

magmatic differentiation as the continent separated and drift began.

The major element content is not as easily understood but likely

represents varying degrees of partial melting in the formation of the



magma. The conditions under which this magma formation occurred

might be expected to vary during the mantle convection cell develop-

ment.

This work, coupled with recent geochronological information,

establishes a sequence of activities involved in the formation of the

Red Sea. A model for formation is proposed. Critical to this model

is the assumption that the Red Sea developed to its present configura-

tion in two stages. The first stage began during early Miocene time,

whereafter continental drift and sea-floor spreading occurred until

late Miocene time. The area then lay dormant for 10 million years

and the mechanism only recently ( < 3 million years) began to operate.

Geochemical and geochronological data is presented to support this

model.
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CHEMICAL COMPOSITIONAL STUDIES OF MARGINAL RIFT
AND PLATEAU BASALTS FROM SAUDI ARABIA

I.. INTRODUCTION

Continental Drift

The idea that the continents of the earth were connected and

subsequently moved to their contemporary locations has been the sub-

ject of heated debate among geoscientists during this century. Wyllie

(1971) presents a good account of the historical development concern-

ing this controversy.

The original idea first evolved from observations of the Atlantic

coastlines which appear to be nearly parallel and this similarity was

recognized as early as 1620 by Francis Bacon. Surprisingly, the fit

was given little support due to the prevalent theory that the mythical

continent Atlantis had sunk into the earth creating the Atlantic Ocean.

Edward Suess suggested in the late 19th century, after the

geology of the southern continents had been studied, that Africa, South

America, Australia, and. India were at one time joined into a super-

continent he called Gondwanaland. Alfred Wegener published a book

in 1915 which really started the scientific interest respecting con-

tinental drift. Wegener united Gondwanaland with Eurasia and North

America and called the resultant single supercontinent Pangaea.

Smith (1971) presents the evidence for continental drift and
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concludes that the theory is essentially a fact. The following discus-

sion gives the highlights of this evidence from Smith's presentation.

In fitting together two coast lines, one must define where the

continental edge stops and the ocean basin begins. The continental

margin of a continent is defined as the average distance between the

average height of the land and the average depth of the ocean. This is

done since the water line is a poor indicator of the continental bound-

ary. The continental boundary is then defined as halfway down the

continental margin. This is a reasonable procedure as one finds that

two levels predominate on the earth's surface. One is the continental

level and the other would be the ocean floor. The above mentioned

criterion provides a good approximation of the boundary between

these two predominant levels. This boundary is found to be near

1000 fathoms. Smith has reviewed some recent work done on the the

fitting of South America and Africa at both the 1000 fathom contour

and the 500 fathom countour. By computer matching, the 500 fathom

fit was slightly better.

The three areas of overlap, Niger Delta, Abrolhos Archipelago,

and Walvis Ridge area, did not present serious problems to the fit.

The Niger Delta is a sediment wedge which is about 50 million

years old--much younger than the accepted date of continent break-up.

The Walvis Ridge area is an oceanic structure on the African continent

and is thought to be younger than the 200 million year date for
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continental break-up. The last region, the Abrolhos Archipelago off

Brazil, has not been dated but may also likely prove to be younger

than 200 million years.

The matching of geological features across the two continents,

as discussed by Smith, indicates the two continents were joined about

500 million years ago. Combining land geology and fossil comparison,

the break-up of the two continents appears to have occurred about 100

million years ago (lower Cretaceous).

Independent geophysical evidence also exists. Smith comments

on the palaeomagnetic evidence which suggests break-up between the

Triassic to Cretaceous intervals (225-135 million years ago). Both

geological and geophysical evidence implies a break-up during

Mesozoic time (65-225 million years ago).

Smith next discusses the fit of South America, Africa, Arabia,

Madagascar, India, Ceylon, Antarctica, Australia, and New Zealand

to form Gondwanaland. The fit shown by Smith along with geological

evidence is striking for the Gondwanaland reassemblage. An important

necessity is for the Red Sea to be closed as well as the Gulf of Aden.

Evidence exists (to be discussed later) for the recent separation of

Arabia and Africa and consequential formation of the Red Sea.

Closure of the Gulf of Aden requires a breakage of Africa or

Arabia. The most likely area for this to have occurred is at the

present-day seismically active East African Rift Valley. This valley
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extends up to the Red Sea Gulf of Aden region through the Afar

Triangle (see Figure 1 for locations).

The northern complement of Gondwanaland is Laurasia. This

proposed continent would include North America, Greenland, and

Eurasia. Iceland presents no problem as it is of very recent basaltic

origin. The assemblage of Laurasia is not as obvious as Gondwana-

land but is generally accepted as a fact.

Wegener's Pangaea would be a combination of Gondwanaland and

Laurasia. This reassemblage is difficult and includes a large sea

between Laurasia, and the eastern part of Gondwanaland. The distribu-

tion of fossils on nearby continents has also suggested the existence of

this ocean, known as the Tethys.

Smith concludes from continental drift evidence that the earth

has not expanded or contracted as previously thought and that con-

tinents behave as rigid pieces except when orogenic (refers to

mountain-building processes) features prevail. The orogenic belts

also are thought to result from the collision of continents.

Further palaeomagnetic information cited by Smith indicates that

Gondwanaland and Laurasia were formed from other continental frag-

ments about 500 and 370 million years ago respectively. These con-

tinents could then have formed together to create Pangaea. Smith

suggests Pangaea could have existed for as short a time as 500

million years. Its break-up Z80 to 190 million years ago started the

continents on their present drift.
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Sea-Floor Spreading and Plate Tectonics

A pioneer in the development of sea-floor spreading was

Professor Harry Hess of Princeton University. He was followed by

the work of R. S. Dietz (1961), who first used the term "sea-floor

spreading. " Vine (1966, 1971) and Vine and Hess (1971) discussed

the theories and evidence for sea-floor spreading.

The evidence that led Hess to originally consider sea-floor

spreading was the discovery in the 1950's that common oceanic crust

was very thin (6-7 km) compared to the continental crust (30-40 km)

and the discovery of a worldwide mid-oceanic ridge system. This

ridge system matches the location of many earthquake epicenters.

All ridges are, as pointed out by Vine (1971), thousands of kilometers

wide, often ten thousands of kilometers long, predominantly above the

surrounding abyssal plains {2-3 km above), and generally inter-

connected into a worldwide network.

The theory now accepted by most geoscientists to explain con-

tinental drift and the ridges was originally formulated by Hess. This

theory suggests that the ridge systems of the oceanic basins are

places where upwelling of mantle material occurs. The driving force

is thought to be huge convection cells found within the mantle. Riding

on the surface of each cell is a rigid plate of oceanic crust moving

continually away from the central ridge. New material is then being
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added, in the form of magma from the mantle, to fill the gap created

by the diverging plates.

Since the earth is not expanding, something must happen to

these plates as they grow. Hess suggested that plates move out from

the ridges toward oceanic trenches where they plunge again into the

mantle and this consummation completes the convection cell cycle.

The rate of movement assumed by Hess was 1 to 2 cm /year. If this

is true, then the ocean floors are at most 200 million years old (5%

of geologic time). Hess also felt that, as has been later proven by

dating, the continents are very old and have been or are continuing to

drift apart and together as they ride on top of the convection cell

plates. In contrast to the continents' age and permanency, the ocean

basins are being perpetually consumed and regenerated at the oceanic

trench and ridge systems respectively.

Vine (1971) cites much supporting evidence of Hess' theory.

Earthquake zones are known to predominate around both the oceanic

ridge and trench systems. Also, volcanic-formed island arc systems

and mountain systems are common toward the landward side of oceanic

trenches. This volcanism is thought to be caused by frictionally

produced magma pockets erupting on the surface as the moving plate

slides beneath the continent or overriding plate at the trench. This has

been discussed by Taylor et al. (1969) for the formation of island arc

andesites. Also, the general mechanism was discussed by Oxburgh

(1971).
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Other evidence for sea-floor spreading, cited by Vine (1971),

concerned the thin layer of sediments on the ocean floor. This thick-

ness of the sedimentary layer shows a gradient from nearly no sedi-

ment at the mid-ocean ridges to increasing thickness outward toward

the trenches. Moreover, drilling of these sediments has shown

increasing age from fossil data as one samples further away from the

ridge. The oldest known sediment samples so far recovered are only

160 million years old (middle Jurassic age) and were found north of

the Bahama Bank in the western part of the North. Atlantic. This

information implies a very young ocean, 65-225 million years old

(Mesozoic age),

Vine (1971) also mentions the heat flow data for the ridges and

trenches. Considerable work has been done to measure heat flow

over most of the ocean basins. The results show that heat flow from

the basins is similar to that observed on the continents, However, at

the ridge systems this value is observed to be significantly higher ( by

a factor of 2-3). One would expect higher heat flow at a location

where a heat convection cell was upwelling magma to the surface. At

the trenches, the heat flow is found to be lower than the average

oceanic basin value. This is reasonable assuming that trenches are

the location of the convection cells' cold plunge downward.

One of the most dramatic pieces of evidence for sea-floor

spreading discussed by Vine (1971) concerns the palaeomagnetic
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evidence for lateral sea-floor spreading from mid-oceanic ridges.. As

a basaltic magma is extruded along the ridge and flows away from its

point of surface origin, it will quite naturally solidify. Previous to

its solidification certain minerals with magnetic properties will align

themselves with respect to the ambient magnetic field of the earth that

prevails at the time of extrusion. The earth is known to have periodi-

cally reversed its magnetic field in the past and measurement of this

fossil magnetic orientation preserved in these rocks has been done.

The measured magnetic orientations outward from an actively spread-

ing mid-ocean ridge has shown a strikingly reoccurring pattern. As

one moves away from the ridge, it is found that the fossil magnetism

in the basalts periodically changes and in a manner that results in a

completely symmetrical pattern on both sides of the ridge. Not only

has this pattern been found bordering most all ridges, but, allowing

for different spreading rates, patterns of magnetic normal and

reversed time scales match for different ridges. These patterns have

been followed outward from ridges and might be expected to continue

until the ocean floor is lost at a trench. However, they stop at a

certain point and no reversal is observed. Study of continental rocks

by defining the magnetic time scale through radiometric dating tech-

niques has shown that after late Mesozoic time, no reversals occurred.

Hence, this ocean floor problem was resolved and palaeomagnetic
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evidence remains as one of the strongest indications of the validity of

sea-floor spreading.

Much of the latest theoretical work incorporates continental drift

and sea-floor spreading into the overall theory of plate tectonics.

As defined by Vine (1971), plate tectonics explains much of the seis-

micity of the earth as resulting from the relative interactions and

movements between quasi-rigid plates riding over the mantle and

containing both the continents and the ocean basins. The various

plates of the earth have now been defined using the latest data and

are all named.

The interest of this author is the relatively recent (c. a. 25

million years) split between Africa and Arabia. This occurred as the

Arabian plate moved northeast away from the African plate thus form-

ing the Red Sea and associated mid-ocean ridge.

Oxburgh (1971) gives a good discussion of the plate tectonics

theory. He discusses the three types of plate boundaries. Construc-

tive boundaries are where new crust is created (i. e. , at the mid-

oceanic ridges). Destructive boundaries are where plates are forced

down into the mantle and destroyed (i. e. , at the oceanic trenches).

Finally, conservative boundaries are where one plate slips past

another and no surface area is gained or lost. A good example of a

conservative boundary is where the Pacific plate moves past the

American plate, As a result, the San Andreas fault has been formed.
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Oxburgh (1971) also explains why continents are not pulled into

the trench when a plate carrying a continent comes to a trench. His

explanation is one of density difference. The low density continental

crust (c. a. 2. 85 g/cc) is buoyant on the more dense mantle (c. a. 3. 35

g/cc) and cannot be drawn into the mantle--hence the sink discontinues

its operation.

These three complementary theories (continental drift, sea-floor

spreading, and plate tectonics) are new and most likely will be

improved and modified as more data is acquired. They are introduced

at this point to make an understanding of the Red Sea area more clear

and, hence, help the reader to comprehend the interpretation of the

geochemical data presented later, This work attempts to provide

much needed geochemical information so that better and more intel-

ligible theories can develop concerning the processes of continental

break-up and the associated spreading of the sea-floor. The Red Sea

is an ideal location to make such a study as it is the newest developing

sea-floor now known to exist.

The Red Sea Area

Much geophysical and geological evidence (Abdel-Gawad, 1969;

Burek, 1969; Gridler, 1969; Said, 1969) exists to strongly suggest

that the Red Sea is an area of very recent continental break-up and

subsequent continental drift. Schilling (1969) gives some geochemical
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evidence which indicates the mid-oceanic ridge basalts from the Red

Sea resemble very closely the composition of basalts dredged from

other mid-oceanic ridges. Patterns of the trace rare earth elements

(REE) are especially convincing. This resemblance to other mid-

oceanic ridge basalts--which are known to be of very consistent and

similar composition over the entire world system of oceanic ridges- -

strongly implies that the central rift of the Red Sea is also an actively

spreading ridge. Ross (1972) comments on the peculiar Hot Brine

Area of the Red Sea and suggests that this area of hot (up to 44°C),

salty water could be related to the recent sea-floor spreading phenom-

enon. The book Hot Brines and Recent Heavy Metal Deposits in the

Red Sea (1969) gives a comprehensive discussion of this subject.

The length of the Red Sea is 1,940 km long, having a width that

varies from 280 to 320 km. To the south, the Straits of Bab El Mandeb

separate the Red Sea from the Gulf of Aden (see Figure 1). The Gulf

of Aden continues eastward connecting with the Indian Ocean. To the

north, the Sinai Peninsula divides the Red Sea into the two Gulfs of

Suez and Aqaba. The overall sea extends northwesterly and cuts

across a large Precambrian dome of basement rocks.

Abdel-Gawad (1969) has studied the geological structures from

pictures taken of the area by the 1965-1966 Gemini earth-orbiting

flights. He observed fissures and faults which implied a northward

movement of Arabia relative to Africa. The photos revealed most
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strikingly that the Gulf of Aqaba is part of a large fault which extends

northward through the Dead Sea and possibly to the Mediterranean Sea.

The evidence shows that Arabia has moved northward relative to the

Sinai Peninsula for about 100 km. Also, the rocks on both sides of the

Gulf of Suez were noted to be similar in composition and structure.

Other evidence in support of the Gulf of Aqaba movement are two

pairs of shear zones on both sides of the Sea. Assuming the move-

ment implied by the Gulf of Aqaba-Dead Sea fault, these two pairs of

shear zones reconstruct nearly perfectly when the two continents are

reassembled. From the photos and from maps, opposite coast lines

match very well, assuming the relative movement mentioned above.

The fit across the Red Sea is impressive. However, the

African side opposite the region of the Straits of Bab El Mandeb (Afar

Triangle, see Figure 1) seems to make an otherwise nearly perfect

fit dubious.

The Afar Triangle is bordered on the north by the Dankaliena

fault and on the south by the East African Rift as it meets the Gulf of

Aden. This is a very complex area and has been discussed by Mohr

(1970). The region is of special interest because it is a junction

between the Red Sea, Gulf of Aden, and East African Rift System.

Mohr presents a very convincing explanation of the origin of Afar and

this explanation satisfies the seemingly misfit of the southern Red Sea

shorelines. Mohr explains that during break-up and drift, a large
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continental superhorst was pulled along with Arabia and rotated to the

approximate position of the Danakil horst. This superhorst then split

where it overlaid the Gulf of Aden central rift axis and separated into

the present Danakil and Aisha horsts forming the Gulf of Tajura.

Mohr cites recent volcanism and sedimentation as having filled the

region behind the horst thus forming the Afar Plains.

Gird ler (1969) cites palaeomagnetic data to date the initial

faulting (50 million years) that began the Red Sea formation. Gird ler

suggests that the Red Sea depression formed about 25 million years

ago and that another phase of rifting (in this case rifting refers to the

formation of fissures in the earth's crust) occurred 10 million years

ago. The present stage of rifting has been occurring over the last

few million years. This phase has been the time of formation of the

central axial trough. Other geophysical data cited by Gird ler implies

that the newest oceanic crust is located at the center of the Red Sea

and that the spreading rate is approximately 1 cm/year.

Burek (1969) attempts to reconstruct the Red Sea region before

and during rifting and break-up. He also suggests that the Carlsberg

Ridge of the Indian Ocean extends up through the Gulf of Aden and

splits at the Afar region into two separate rift zones, the Red Sea mid-

oceanic ridge and the East African Rift System. The latter system

could be a new region of continental break-up during its infancy,

similar to the Red Sea rift 50 million years ago.
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Saudi Arabian Igenous Series
Samples Description

Of the 70 samples analyzed in this work (excluding the ten

analytical standard basalts), 63 were collected by Dr. R. G. Coleman

of the USGS in a 1971 expedition to Saudi Arabia. The location of the

sampling area was between 410 30' and 43o 30' latitude and 160 30' and

190 00' longitude (see Figure 1).

Three of the samples came from a recent 197 2 cruise of the

Glomar Challenger - Leg 23B. Coleman obtained these samples as

one of the chief scientists aboard the ship. They were collected from

site 226 in the southwestern part of the Atlantis II Deep. Atlantis II

Deep is one of the Hot Brine Areas from the mid-oceanic ridge of the

Red Sea (see Figure 1).

One sample came from an undisclosed area on the coastal plain

of Ethiopia. It is the only specimen in this work from the western

shore of the Red Sea.

The remaining three samples came from various locations in

northwestern Oregon, U. S. A.

Samples SAB-198-200 and SAB- 20 2. These four samples

represent granophyres from the marginal rift zone (MRZ on map,

Figure 1). The marginal rift zone is midway between the coastal

plain and the beginning of the erosional scarp that marks the boundary

between the high plateau region and the lower coastal region, This
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particular region is known as the Jabal Turf complex, the age of

which is 22 million years (from Coleman, 1972).

Granophyres are described by Turner and Verhoogen (1960) to

be the near end-products of the differentiation of tholeiitic magmas

associated with diabases or gabbros. Williams et al. (1954) concur

with this statement and show that granophyres can result from differ-

entiation in thick sills of primary tholeiitic magmas or by differen-

tiation and plutonic crystallization of primary olivine basalt magmas.

Samples SAB-201, 203, 208, 211-214, 216, 219-223, 226-227.

These 14 samples are from diabasic dikes associated with the Jabal

Turf complex of the MRZ (marginal rift zone). Dikes are defined by

Frankel (1967) as "discordant tabular injected bodies, thin in compari-

son with length. " Frankel comments on the variation of thickness of

these intrusive basaltic rocks as ranging from a fraction of an inch

to a few hundred feet. Diabasic magmas are generally the result of

a primary magma which has intruded between the country rock and has

undergone little differentiation. Frankel discusses the uniformity of

texture of dikes and the fact that the upper parts of some dikes are

often granophyric. Diabases have the same approximate bulk

composition as basalts and gabbros but are intermediate between the

two with respect to grain size.

Samples JT-40, 45, 51. These samples are layered gabbro also

from the Jabal Turf complex of the MRZ. Coleman (1972) suggests
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these gabbros "relate directly to the dike swarms and represent

differentiating basaltic melt in the marginal rift. " Layered gabbros

represent intruded primary basaltic magmas which have undergone

considerable fractionation and differentiation to form coarse grain

rocks with layers of minerals that have rhythmically crystallized and

settled out during the fractionation process. The classic example of

such a process is the Skaergaard Intrusion in eastern Greenland.

Turner and Verhoogen (1960) present a good discussion of such

plutonically associated rock systems.

Samples SAB-204-206, 209, 217-218, 224-225. These samples

are all alkali olivine basalt flows with the exception of SAB-205 (basal-

tic dike) and SAB-225 (basaltic bomb). Basalts result from an extrusive

process and are of the same approximate bulk chemical composition

as gabbros and diabases. Quick cooling usually results in a fine

grain texture. Basalts often issue from vents or fissures and can

flow over large surface areas. MacDonald (1967) discusses in more

depth the types and processes involved with basaltic lava flows.

Basaltic bombs are caused by the eruption of a blob of magma into the

air. Impact shaping is a result of the magma composition and amount

of cooling while in the air.

These alkali olivine basalts are from the 22-million-year-old

Jabal Turf complex, which is a complicated organization of dikes and

gabbros. Within this complex assemblage, the 4-to 5-million-year-old
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alkali olivine basalts, as well as some Jurassic sediments (180 -

million- year -old), are found. These younger basalts overlie the

dikes and gabbros as shown by Brown and Jackson (1959). These

alkali olivine basalt samples should not be confused as relating to

the older diabasic dike, gabbro,and granophyre assemblage. They

more closely relate to the basalts to the north which are described

later as the coastal plain series. As a final comment, the map of

Brown and Jackson (1959) indicates the dike complex as being the

border of the continent. West of the dike system, toward the sea, is

found the Baid Formation. This formation is composed of shale and

other materials which might be expected to make up the border of an

ocean. East of the complex are the Precambian basement rocks.

Samples SAB-207 and 210. These two felsic dikes are the last

of the samples from the MRZ region. They were sampled within an

area designated as being alkali olivine basaltic. Felsic refers to a

rock high in silica (also referred to as acidic) containing feldspar

and/or feldspathoids. Examples of felsic rocks are granites and

granodiorites. These are, as suggested by Longwell et al. (1969),

rocks containing light colored minerals as contrasted to mafic rocks

or rocks containing dark materials (e. g. , diabases, gabbros, and

basalts). The exact petrographic definition and suspected origin of

these particular felsic dikes is uncertain. If they are diorites, they

could have evolved by differentiation from primary olivine basalts
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(Williams et al., 1954). If they are granites or granodiorites,

Williams et aL suggest they were derived from primary granodioritic

or granitic magmas. Diorites can also evolve from these magmas as

well as olivine basalt.

Samples SAB-228-239. These samples are representative of

basalt flows from the Sirat Plateau (SP on map, Figure 1). The Sirat

volcanics are from 25 to 29 million years old (Coleman, 1972) and

must have occurred just prior to or concurrent with the start of

continental break-up. Since they are located on top of the plateau,

they could have been related to tectonic activity during a time when

this plateau was connected to Africa. These volcanics might be

expected to have been derived from plutonic activity related to the new

convection cell under the joined continents. These basalts are probably

differentiated material erupted from the then infant rift zone.

The plateau region is sharply separated from the coastal plain

area by a fairly sharp erosional scarp. The height of this plateau is

about 2, 900 meters at its highest point and then gradually slopes down

toward the east. This plateau to the east is farily flat and the scarp

and associated drop west toward the Red Sea coastal plain is obvious

in contrast. The average linear distance from the top of the erosional

scarp to the sea is 150 to 300 km. Precambrian rocks are exposed, at

the scarp face leading down to recent sedimentary rock and some

recent volcanics on the coastal plain. Exceptions include the previously
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mentioned dikes of the Jabal Turf complex which lie midway between

the scarp face and the sea.

Most of the plateau is exposed Precambrian granites and grano-

diorites. The Sirat basalt flows overlie this Precambrian shield rock

with an intermediate bed of laterite between the basalts and granites.

This intermediate material is of Eocene age and probably was saved

from erosion by the overlying basalt. It terminates abruptly with

the discontinuation of the basalt flows.

The Sirat basalts are described by Brown and Jackson (1959) as

being mostly "olivine-rich titaniferous basalts" including some

rhyolite, andesite, trachyte and related pyroclastic rocks. "

Sample SAB-240. This sample is a phonolite located within the

Sirat Plateau basalt flow boundary. Williams et al. (1954) describe

phonolites as the extreme end-product of the differentiation of a

primary olivine basalt magma.

Samples SAB-241-251. These samples are described by

Coleman (1972) to be basalt necks from an area north-northwest of

the Sirat Plateau basalt flow previously described. This area is then

the Sirat Plateau feeder system (SPF on map, Figure 1). Necks are

the lava-filled conduits of extinct volcanos. These extinct volcanos are

thought then to have fed the large Sirat Plateau lava flow. These necks

are located, beginning at the large Sirat flow boundary, northwest for

about 150 km.
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Samples SAB-252-256 and 258. These samples are basalt flows

from the coastal plain (CP on map, Figure 1). They are 4 to 5

tnillion years old (as are the basalts from the Jabal Turf complex

mentioned earlier) and are defined by Brown and Jackson (1959) to be

vesicular olivine basalts. They also describe the surrounding area

and comment that the associated ash and cinder cones expected with

this igneous activity are present. Coleman (1972) describes these

basalts as being alkali olivine and containing mantle xenoliths. They

have been laid over the coastal Baid Formation and extend to the sea

for some distance. The entire flow is quite large and extends for

200 km along the coast, being about 60 km wide at the widest point.

Sample SAB-257. This sample is a basaltic dike from an

undisclosed area of Ethiopia.

Samples HBA-226-A, B, C. These three mid-oceanic ridge

basalts come from the hot brine area described earlier as the Atlantis

II Deep (see map, Figure 1 for location).

Samples BCR-1-SL, BLO-DC, TRB-1-A. These three basalt

samples are of expected continental type and are from northwestern

Oregon. They are included for comparison. BCR-1-SL is a basalt

sample secured by Schmitt and Laul (1972) from the same quarry

along the Columbia River where the USGS BCR-1 was obtained.

BLO-DC is a basalt sample obtained from Iron Mountain in Lake

Oswego, Oregon. It was vesicular and of uncertain genetic history.
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TRB-1-A is a sample obtained from the Trojan Reactor site along the

Columbia River south of Rainier, Oregon. The sample was obtained

by Schmitt and Goles (1971) and described by D. Cordell (1971) as

being an amygdaloidal basalt.
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II. EXPERIMENTAL

Sample Preparation

All of the samples obtained from R. G. Coleman had been pre-

viously ground to a fine powder and packaged in glass jars. The first

group received were analyzed with two "rabbit runs" (pneumatic

transfer system of OSU Triga reactor for short lived isotopes) and

three separate 3-hour activations at 1 megawatt (3 x 10 12 neutrons/

2cm /sec) in the OSU Triga reactor rotating rack. The ratios of

thermal /fast neutron fluxes at 1 megawatt is 1. 5 and 19 for fast

neutron energies of 1. 7 and 7 MeV respectively in the rotating rack.

A third "rabbit run" and fourth 1 megawatt activation were required to

analyze the three basalt samples from the hot brine area and three

layered gabbro samples from the Jabal Turf complex.

Preceding all activations, the samples were carefully weighed

in half-dram polyvials and considerable effort was taken to assure

nearly identical sample size by filling each half-dram polyvial to the

same height. All weighings were done in the new "clean room" at the

OSU Radiation Center. Also, all vials were scrupulously cleaned by

subsequently bathing them in 6 N HNO3'
distilled water, and acetone,

and they were then allowed to air dry. This cleaning and the subse-

quent handling with only forceps and gloved hands was done to assure

that any contamination of Na was prevented prior to the "rabbit runs"
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and later high flux activations. Since the samples were first sub-

jected to the "rabbit runs, " they needed special attention to assure that

consistent geometry was maintained. This was necessary since the

pneumatic transfer system severely jostles the samples. This

involved, after the required heat sealing of the sample polyvial, placing

the half-dram sample polyvial inside a 2-dram polyvial. Then a

second half-dram polyvial, which was empty, was placed into the 2-

dram polyvial on top of the sample vial. The 2-dram vial was then

closed and heat sealed. This resulted in a solid, movement-free unit

and one which provided a double encapsulation to prevent radioactive

material loss. The extra half-dram polyvial prevents the samples

from moving within the 2-dram vial such that identical geometry for

activation and counting is assured for all samples. Standards for the

"rabbit run" were prepared in the same manner. Standards for the

high flux irradiations were merely added to a clean half-dram poly-

vial with a disposable glass pipette, heat sealed, and contained in a

2-dram polyvial. No weighing was necessary since after activation,

the standards were transferred to a clean tared polyvial. This step

eliminates any possible radioactive contamination from the activated

polyvial.

After activation, the powdered rock specimens were placed into

new 2-dram polyvials but the half-dram vials used during the activa-

tion were retained due to the difficulty in transferring powdered
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radioactive samples. The small, half-dram polyvial contributes

relatively little ( <0.1%) of the total radioactivity of the counting vial

plus rock sample.

Duplicate rock standards were included with every activation as

an internal standard. Table 1 shows the rock standard configuration

and sample configuration for each activation.

BCR, GSP-1, and PCC-1 are the USGS rock standards for

basalt, granodiorite, and peridotite respectively. BCR-P-I through

BCR-P-VII are splits from a Columbia River Plateau basalt obtained

by Schmitt (1972). This basalt may be genetically related to BCR-1

but is not derived from the same quarry. This particular rock was

used as a standard to conserve the valuable USGS rock standard

BCR-1. BCR-P has been used by our laboratory and has been

compared to BCR-1 in this experiment and by others in our laboratory

(Laul and Boynton, 1972).

The numbering system of the first 61 samples was derived from

Coleman's labeling. The bottles were labeled with a lab and field

number. For example:

Coleman's numbers: Lab M115-207-WD
Field JT-10

My number: SAB-207

This number was chosen because it was in sequence with the other

samples. SAB stands for "Saudi Arabian Basalt. " This system for

sample designation was adopted for its simplicity and brevity. Samples



Table 1. Activation sample and standard configurations.

Activation Power levela USGS rock standards included Samples included

Rabbit run 1

Rabbit run 2

1 kw /1 min

5 kw /1 min

BCR-P-I, BCR-P-II, GSP-1

BCR-P-I, BCR-P-II, GSP-1

SAB-198 to SAB-228

SAB-229 to SAB-258

Rabbit run 3 20 kw/1 min BCR-1, BCR-P-VII HBA-226-A, B, C, and
JT-40, 45, 51,
SAB-208, 211, 214

IR-A 1 MW/3 hrs BCR-1, BCR-P-I, BCR-P-II, PCC-1 SAB-198 to SAB-218

IR-B 1 MW/3 hrs BCR-P-III, BCR-P-IV SAB-219 to SAB-240

IR-C 1 MW/3 hrs BCR-P-V, BCR-P- VI SAB-241 to SAB-258

IR-D 1 MW/3 hrs BCR -P VII, GSP -1 HBA-226-A, B, C, and
JT-40, 45, 51

al kw = 3 x 109 neutrons /cm2 /sec
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for IR-D were named otherwise since they did not fit the sequence

198-258 and were analyzed after the organization of the initial suite of

61 samples was begun.

Elemental Analysis

All analytical work was done via INAA (Instrumental Neutron

Activation Analysis). A 30 cc Ge(Li) detector was used exclusively

and coupled to a Nuclear Data 2200 (2048 channel) pulse-height

analyzer. Gordon et al. (1968) gives an excellent discussion of Ge(Li)

detection following neutron irradiation as an analytical technique.

Schmitt et al. (1970) also discuss Ge(Li) spectroscopy in rock

analyses.

The 24 elements analyzed in this work are, in their approximate

order of analysis: Al, Mn, Ti, V, Mg, Na, La, Ce, Nd, Sm, Eu,

Tb, Yb, Lu, Cr, Ba, Sc, Fe, Rb, Th, Hf, Cs, Co, and Ta. Not all

elements were analyzed in every sample. In some samples, certain

elements could not be detected. Al, Mn, Ti, V, and Mg were analyzed

as a result of the "rabbit runs. " The remaining 19 elements were

analyzed subsequentially after activation at 1 megawatt (3 x 1012

neutrons /cm2 /sec) for three hours. The significant activation para-

meters (e. g. , gamma energy, half-life, cross section, etc. ) have

been catalogued by Filby et al. (1970) for most nuclides expected to

result from neutron activation.
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The following is an element by element description of the

analyses and the resultant errors.

Aluminum. The Al abundance was determined, in all

samples by 1-minute activations ("rabbit runs") and by counting the

1778. 7 keV gamma ray from 139-s
28AI. Previous work by Warren

(1971) and Schmitt et al. (1970) involved NaI(Tl) detection systems for

Al. The interference from 1811.2 keV gamma ray of 56Mn noted by

Warren and Schmitt, which results from the poor resolution of their

NaI(Tl) detection system, was not encountered in this work due to the

use of the Ge(Li) detection system. After a short decay of 100 sec,

the Al activity is allowed to accumulate in the analyzer for 100 sec,

Another decay (0010 min) allows the predominant Al activity to

decrease so that the low activities of Ti, Mg, and V can be seen. This

technique for Ge(Li) detection of short-lived isotopes has been worked

out by Boynton (1972),

The only correction necessary is that from the production of

28 28Al by the reaction Si(n, p)28A1. The neutrons involved are fast

neutrons. However, since the Si abundance is unknown for these

samples, there was no way to know how much contribution from Si to

expect. The best approximation that could be made was to assume

the content of Si in the samples is the same as for BCR-1.

Since BCR-1 was used as an Al standard, the Si correction

was internally made. The correction to BCR-1, using an Al
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standard, was found to be 3. 5%. The error in the samples then

depends on how closely their Si abundances are to that of the 24%

Si value of BCR-1. This error could amount to as much as 10% or

0. 4% absolute Al_ abundance. Counting statistics result in an error

from ± 1 to 2%. With the possibility of critical timing errors, the

counting statistics uncertainty, and the Si correction error, an

overall error of ± 2. 3% could be expected.

Few correlations of Al with the other elements were found (see

Table 5). Values for BCR-P agreed well with the value for BCR-1

given by Osborn (1971) and Flanagan (1967). Laul and Boynton (1972)

found BCR-P and BCR-1 to have the same Al content. Also, Corliss

(1970) found Al only correlated with Ca.

Manganese. Manganese abundances were determined in all

samples during "rabbit runs. " After the short-lived isotopes of Al,

Ti, V, and Mg had completely decayed, Mn was determined by

counting the 846. 7 keV gamma ray of 155-m
56Mn. Usually enough

time was allowed for decay so that 56Mn could be counted in the well

of a 3" x 3" NaI(T1) detector. This normally required a 3 or 4 hour

decay time. Since no interferences were present, Mn could be counted

in the NaI(T1) well and, hence, geometry errors were essentially

eliminated.

Counting statistics gave an uncertainty of ± 2 to 3%. BCR-P

values agreed with the Laul and Boynton (1972) values. Values for
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GSP-1 agreed with Gordon et al. (1968) and Osborn (1971). These Mn

abundances should be representative of the actual content. Good corre-

lations with Fe and Sc would tend to substantiate this statement since

they generally accompany Mn geochemically (see Table 4).

Titanium. The sensitivity for Ti is not good owing to a fairly

small neutron capture cross section (0. 14 barns) and low isotopic

abundance (5. 25 %). However, Ti was observed in all samples from

"rabbit runs" 2 and 3. Titanium was not observed from "rabbit run"

1 due to a lower reactor power level (see Table 1 for power level com-

parison). To get a feeling for Ti (and V) content in the diabasic

dikes, samples SAB-208, 211, and 214 were rerun with "rabbit run"

4.

Titanium is detected by counting the 320. 0 keV gamma ray from

5. 79-m 51 Ti for 100 sec about 10 minutes after activation. Statis-

tical uncertainties from ± 10 to 30% were encountered. Agreement

with BCR-1 was within statistical overlap of the value cited by

Flanagan (1969). BCR-1 and BCR-P had similar contents of Ti.

Vanadium. Like Ti, V is not easily detected by the method of

analysis used here. The cross section (4. 90 barns) and abundance

(99. 75%) are much better than Ti but the main problem is a result of

the 1434.3 keV gamma ray from 3. 75- 52
V. Not only is this high

energy gamma difficult to detect but it also sits on top of the very

large Compton edge which results from the 1778. 7 keV gamma ray of
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28 Al. Since the half-lives of both isotopes are comparable, this

problem is essentially inescapable unless one resorts to coincidence

counting. Vanadium is counted after a 10-min decay with Ti and Mg.

Because of a poor choice of activation conditions, V abundances were

measured only for some of the samples (i. e., those whose Ti

abundances were measured.

Statistical uncertainties for V ranged from ± 10 to 20% for most

samples. Samples with <100 ppm V had up to a 50% uncertainty, but

these samples were uncommon. Agreement with. Flanagan (1969) was

within statistical uncertainty for BCR-1. BCR-P values were con-

sistently lower than BCR-1 by about 17%. This difference is very

likely real.

Samarium. Samarium is the first element analyzed in the

sequential element scheme used in this work after the 1 megawatt

activation. The sample was counted for 200 sec three days after EOB

(end of neutron bombardment). This counting is done before Sm

decays below its detection limit. Loss of detection can occur if its

count rate becomes small compared to the many other less intense

gamma lines at this low energy gamma ray region (103.2 keV). This

gamma ray is emitted from the 46.8-h 153Sm isotope.

Statistical uncertainties ranged from ± 3 to 5%. The Sm

abundances in BCR-1 and BCR-P agreed within experimental error

when compared to the values cited by Rey et al. (1970). Their values

were obtained by using radiochemical techniques.
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Sodium. Analysis for Na is almost ideal. Three to four days

after activation of the sample for 3 hours at 1 MW (megawatt), Na and

La activities can be counted. The 1368. 4 keV gamma ray from 15. 0-h

24Na is used for analysis. High count rates were observed in all

samples and no interferences trouble the counting of this isotope since

it has such a high specific activity. The counting geometry was

always adjusted to assure an analyzer dead time of <10% (7-8%

commonly). The geometry used to obtain such a convenient analyzer

dead time was 21 cm to sample position (fourth shelf) from the top of

the Ge(Li) crystal. Counting times were 1000 seconds.

The uncertainties obtained for the Na abundances were ± 1 to

1. 5%. One of the basalt rock standards (BCR-1 or BCR-P) from each

activation was used as a Na standard and then the Na content in the

duplicate rock standard was obtained and compared to other work.

The precision among the seven BCR-P standards was excellent and

yielded <1% variation (see Table 2). The Na abundances should be

among the most reliable in this work.

Lanthanum. As mentioned previously, La was analyzed along

with Na. In most cases the La content was sufficiently higher than the

sensitivity limit to afford good counting statistics and hence reliable

numbers. Exception to this rule was observed in IR-D where the

samples were quite depleted in light rare earths. This depletion

increases the error due to decreasing counting rate.
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The 1596. 6 keV gamma ray of 40. 2-h 140La was used for the

analysis. It is interference free and can be counted conveniently with

Na since its gamma ray has a higher energy than the 24Na 1368. 4

keV gamma ray. A background due to Compton scattering of the

2754. 1 keV gamma ray of 24Na can make difficult the detection of low

La levels. Also, 140 La can be produced from the decay of
140Ba.

Barium-140 results from the fission of U and has a 12. 8-d half-life.

Lanthanum-140 is produced by the beta decay of 140Ba and since the

12. 8-d half-life is significantly less than the three day count time for

140La, little contribution should result. A contribution to 140 La

would be expected only for high levels of U with accompanying low

levels of La in a particular sample.

The counting statistical error ranged from 3 to 8% depending on

the abundance in the rock. For very low abundance samples (viz.

IR-D), errors could be from 20 to 50%. Commonly, however, most

samples were <8%. Agreement of BCR-1 and BCR-P compared very

well with the range cited by Flanagan (1969) and the abundances

obtained by radiochemical techniques (Rey et al. , 1970).

Cerium. Cerium was detected in all samples. It was counted

two weeks after EOB. The 145. 5 keV gamma ray of 32. 5-d 141 Ce is

used for the analysis. However, this peak is not interference free.

The 142. 5 keV gamma ray from 45. 6-d 59Fe causes serious error.

The correction that is necessary can be greater than 50% if the sample
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has proportionately high Fe content. To resolve this problem, the

ratio of the 142. 5 keV gamma ray peak to the 1099 keV gamma ray

peak of 59Fe is found from counting a 59 Fe standard. Multiplying

this factor times the integrated counts in the 1099 keV 59Fe peak

results in the integrated count rate for the 142. 5 keV peak. This

quantity is subtracted from the total integrated count rate due to the

sum of the Ce and Fe peaks. The remaining counts, of course,

represent the 141Ce count rate for its 145. 5 keV peak. Good results

were obtained from this correction method as evidenced by agreement

of Ce abundances with BCR-1 values in the literature.

The statistical errors involved ranged from 2 to 15% depending

on the Ce content. Agreement with BCR-1 usually fell within the

range cited by Rey et al. (1970). Cerium also correlated well with

elements that are generally expected to associate with it geochemi-

cally (see Table 4).

Neodymium. Neodymium was detected in some samples though

statistical errors precluded the use of most numbers. Abundances

were obtained only in samples with high light REE enrichment. These

samples included two felsic dikes (SAB-207 and 210) and some marginal

rift zone basalts and granophyres. At best the uncertainty was ± 14%

and more commonly exceeded ± 50%. Where found, the 531.0 ke V

147gamma ray of 11. 1-d Nd was used for the analysis. My measured

Nd abundance for BCR-1 agreed within experimental error with that

determined by Rey et al. (1970).
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Europium. Europium was found in all samples with little

variation across petrographic grades. No interferences were observed

at the high energy 1408. 1 keV gamma ray of 12. 7-y 152Eu. This

particular isotope suffers from two difficulties which tend to limit its

specific activity. One is its long half-life and the other is the high

energy of its gamma ray which limits the efficiency of detection.

However, these two problems are more than counterpoised by the

extremely large cross section (5900 barns) for the production of
152 Eu. The count rates observed were still not high but since the

background was near zero in this high energy region, any counts

accumulated were largely due to 152Eu.

The uncertainties for the Eu abundance values ranged between

- 5 and - 10%, with most abundance uncertainties being about 7%.

The measured Eu abundance values for BCR-1 and BCR-P agreed

within experimental error with those of Rey et al. (1970).

Terbium. Terbium activity, like Eu, was counted one month

after activation. Ten-thousand-second counts were taken as a mini-

mum for all samples and counted with a high enough geometry (11 cm

above detector) such that little geometry error between samples was

expected.

The Tb analysis measured the number of 298. 6 keV gamma rays

from the decay of 72. 1-d 160Tb. This gamma ray has a serious

interference from Th(233Pa). This interference is from the 300. 1
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keV gamma ray of 27. 0-d 233Pa, a product of 22-m 233 Th decay.

This interference is not too difficult to correct even though it can

amount to 25 to 50% of the Tb peak. The ratio of the 300. 1 keV 233Pa

gamma ray to the 311. 9 keV 233Pa gamma ray (used for the determina-

tion of Th) is found from the Th standard. This ratio was essentially

identical for all four activations. Multiplication of the 311. 9 keV peak

by this factor gives the count rate of the 300. 1 keV peak. Subtraction

of this quantity from the combined integrated peaks of Tb and Pa

results in the count rate of the Tb peak alone.

The uncertainty for Tb was from ± 3 to f 20% depending on the

Th content. A range of from ± 10 to 15% was most common. The

measured Tb abundance values for BCR-1 and BCR-P agreed within

experimental error with those of Rey et al. (1970).

Ytterbium. Ytterbium was analyzed 2 weeks after EOB by

taking 8000 sec counts. The activity in the 396. 1 keV peak of

4. 2-d 175 Yb was used for Yb abundance determinations. It was inter-

ference free and in most cases gave an observable peak albeit not

always with a very high count rate.

The uncertainty for Yb ranged from ± 3 to ± 25% with the usual

uncertainty at about ± 15%. With a fair degree of variation, the

average. BCR-1 and BCR-P value was about 4% above the high end of

the range cited by Rey et al. (1970). However, the Yb abundance

values agreed within experimental error. The REE patterns often
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tended to show Yb abundance values high relative to Lu abundance

values. In most instances, the errors involved with both elemental

abundance values overlapped. However, the consistently high Yb

values tend to suggest a systematic error. Whether this enrichment

is real or an error is uncertain at this time. The relatively large

counting statistical error in the abundance values precluded determina-

tion of a possible systematic error when compared to BCR -1.

Lutetium. Lutetium was also analyzed after a two-week decay.

Its determination involved use of the 208. 3 keV gamma ray of 6. 74-d

177m Lu. This gamma ray is interference free although it sits on a

moderately broad peak due to backscatter from the 889 keV gamma

ray of 46 Sc. The uncertainty in the Lu abundance values ranged from

± 2 to 4.- 12% with ± 10 common. The measured Lu abundance values

for BCR-1 and BCR-P agreed within experimental error with those of

Rey et al. (1970). Only moderate variation occurred among the eight

standard basalt rocks ( < 10%) which was within the statistical overlap.

Chromium. Chromium was found in all but two samples. As

expected both felsic dikes contained little Cr. Comparison of all

samples, even within the same petrographic types, showed tremen-

dous variation in Cr content. This variation is most likely real and

could reflect mineralogical variation or inclusion of chrome spinets in

certain minerals.
51Chromium is usually easy to detect as 27. 8-d Cr omits a
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single gamma ray at 320. 1 keV. Little or no interference from other

gamma rays has been observed. Chromium is counted after a two-

week decay. Uncertainties ranged from ± 2 to ± 50% depending on the

sample content. The measured Cr abundance values for BCR-1 agreed

within experimental error with those of Osborn (1971). Flanagan

(1969) cites a value of 27% above Osborn's value. The average Cr

abundance values of six BCR-P samples was 38% below the value cited

by Osborn. All this information suggests the heterogeneous Cr

content in rocks. It is possible that the difference between BCR-1

and BCR-P is real owing to their different origins.

Chromium did exhibit a significant correlation with Co among

the first 61 samples. Negative correlations were observed with the

heavy REE , Na, Hf, and Mn.

Barium. The analysis for Ba was marginal and often bordered

on the lower limits for detection. However, it was not detected in

only three samples.

Detection of Ba is a result of detecting the 496. 3 keV gamma

ray from 12.0-d 131 Ba. No significant interferences were observed.

Counting for Ba was done two weeks after EOB.

Uncertainties for Ba abundance values ranged from ± 8% in high

Ba containing rocks to as high as ± 100% in low Ba containing rocks.

Agreement with Flanagan's (1969) value for BCR-1 was within experi-

mental uncertainties. The Ba abundance values for BCR-P averaged
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consistently 18% lower than the Ba abundance values for BCR-1 cited

by Flanagan.

Scandium. Scandium is the most prominent isotope in an acti-

vated rock sample's gamma ray spectrum after a two-week decay. It

emits two strong gamma rays at 889. 3 and 1120. 5 keV. The 889. 3

keV gamma ray sits on the Compton edge which results from the

1120.5 keV gamma ray. These two gamma rays are emitted from

83. 9-d 46Sc. Each gamma ray has its own problem. The 1120. 5 keV

gamma ray is seriously interfered with by the 1115. 5 keV peak from

243-d 65Zn. This is the only gamma ray emitted by 65 Zn so no ratio

correction could be made. If Zn is low, this gamma ray does not

interfere significantly, but with moderate Zn content it can become a

serious problem. Obviously, the predominant Sc peak precludes

analysis of Zn without radiochemical purification. The 889. 3 keV peak

has some interference from 72. 1-d 160Tb 871. 9 keV gamma ray.

This problem can usually be circumvented by carefully choosing peak

limits and background during integration of the 46Sc peak. The 889.3

keV peak was chosen for determination of Sc abundances by this

author for the above reasons.

The BCR-1 and BCR-P Sc abundance values from this work

showed very good precision. However, the accuracy was 12% below

the values suggested by Osborn (1971), Flanagan (1969), and Gordon

et al. (1968). The standard used was cross checked with another
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standard of reputable quality and the difference obtained was only

1. 6%, within statistical error. At this writing, the disagreement has

yet to be resolved.

Iron. Iron is a relatively easy element to determine by INAA in

rocks. It is a major element and activates to a long-lived isotope.

The 1099. 3 keV gamma ray from 45. 6-d 59Fe was used for analysis.

It has a prominent peak well resolved on the high energy side from Sc

and the low energy side from Rb.

The uncertainties encountered for Fe were usually between +- 1

and ± 2%. The measured Fe abundance values for BCR-1 and BCR-P

agreed within experimental error with those of Osborn (1971) and

Gordon et al. (1968) and differed by less than 1%. Iron abundance

values for BCR-1 and BCR-P rock standards in this work showed little

variation among samples (see Table 2). Significant correlation of Fe

with Mn, Co, and Sc was observed among the first 61 samples.

Rubidium. Rubidium was not observed in many samples. Where

Rb was observed, statistical errors made the validity of the abundance

values dubious. However, some information might be obtained from

these abundance values and,hence, their inclusion. The 1078. 8 keV

86gamma ray of 18. 7-d Rb was used for analysis. The measured Rb

abundance values for BCR-1 agreed within experimental error with

those of Flanagan et al. (1969). BCR-P abundance values were

variable owing to statistical error.
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Thorium. The Th determination relies on the following reaction:

232 233 (3 233 * 27.0-d 233Th + n Th Pa Pa + 312 keV N
t 1 /2,

By referring to the above reaction, one can see that Th can be

determined from the 311. 9 keV gamma ray from 27. 0-d
233Pa.

Thorium, like Tb, is counted for 10, 000 seconds one month after EOB.

Some interference is suffered from the 307.5 keV gamma ray of

31. 8-d 169Yb. The resolution is adequate to separate these peaks

well enough to result in a <5% error in Th if the peak limits and

background are carefully chosen. This confidence is supported by two

facts. The first is the excellent agreement of the BCR-1 and BCR-P

abundance values of this work with the value suggested by Flanagan

et al. (1969). Also, the agreement among the BCR-1 sample and six

of the BCR-P numbers is very encouraging. The second fact is the

satisfactory agreement of the decay of several samples with a half-

life of 27.0-d. Such agreement implies an interference free gamma

ray peak. The stimulus that prompted following the decay of Th(233Pa)

was the seemingly high Th content of a number of samples. BCR-1

agreement and decay agreement tend to support the validity of these

numbers. Correlations were excellent for Th with all REE, Hf, and

Ta. Strong negative correlations were observed with Fe, Mn, Sc,

and Co. These theoretically expected correlations also tend to support
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the validity, of the Th numbers. The uncertainties for Th ranged from

± 3 to ± 28% with an average value of + 10 to 20%.

Hafnium. Hafnium is an easy element to determine by the

scheme presented in this work. The main limitation in its determina-

tion is its relatively low activity and, hence, increased error.

Hafnium is determined by use of the 482. 2 keV gamma ray of

42.5-d 181 Hf. It is counted one month after E013. This allows time

for the interferring 487.0 keV gamma ray from 20.4-h 150 La to decay

away.

Uncertainties for Hf ranged from + 3 to + 15% with ± 10 to 15%

most commonly encountered. It was observed in all samples. The

Hf abundance values for BCR-1 and BCR-P agreed within experimental

error with those of Flanagan et al, (1969). Hafnium also correlated

well with certain elements (viz. the REE, Na, Th and. Ta). Strong

negative correlations paralleled those observed for Th.

Cesium. The Cs abundances proved to be below the detection

limit in most samples. Where observed, the 605.0 keV gamma ray of

2. 05-y 134 Cs was used for the determination. Uncertainties were as

small as ± 7% for the felsic dike but as high as ± 50% for other

samples. Agreement of my measured Cs abundance values with the

BCR-1 values of Flanagan (1969) was within experimental error.

BCR-P abundance values, where detected, agreed with the BCR-1

abundance values within experimental error.
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Cobalt. Cobalt usually provides two of the most prominent

peaks in a rock sample gamma ray spectrum. This element varies

moderately with petrographic grade.

Cobalt is detected by using either the 1173.2 keV or 1332. 5 keV

gamma ray from 5.26-y 60 Co after a one-month decay. The 1332. 5

keV peak was used in this work since it tends to be more free of

interferences. Uncertainties ranged from +- 2 to ± 9% with ± 3 to 5%

more common. Agreement with the values of Flanagan et al. (1969),

Osborn (1971), and Gordon (1968) was excellent. Variation among the

values measured for BCR-P was minimal and they agreed within

experimental error with BCR-1.

Cobalt correlated strongly with Fe and Sc as expected. Negative

correlations were observed for the elements with larger ions (viz, the

REE, Th, etc. ).

Tantalum. This element was extremely hard to detect and lack

of inclusion of a Ta standard for the activations necessitated the use

of BCR-1 or BCR-P as a standard in IR-A, B, and C. Since BCR-1 is

low in Ta, this resulted in a large error. IR-D included both a Ta

standard and GSP-1 (high in Ta).

Tantalum is detected by observing the 1221. 3 keV gamma ray

from 115-d 182 Ta one month after EOB. Uncertainties were large,

often between ± 30 and 50%. The Ta abundance values exhibited

good correlations with the REE (Yb and Lu excluded), Th, HI, and Na.
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Magnesium. This element was detected only from the samples

used in "rabbit run" 3. This was possible since a higher power level

was used compared to the other two previous runs. Magnesium values

are,therefore, listed for only nine samples, BCR-1 and BCR-P-VII.

The gamma ray used was the 1014.5 keV gamma ray from

9. 46-m
27

Mg. This analysis is by no means ideal due to the low

activity of 27Mg in these samples and the numbers are included only

for extra information.

Uncertainties ranged from ± 12 to ± 50%. Comparison of BCR-

P-VII and BCR-1 Mg abundance values with those of Flanagan et al.

(1969) shows agreement within experimental error.

Magnesium can be detected at low levels using the 23-28 MeV

bremstrahlung photonu.clear reaction 25Mg(Y, p)
24Na as discussed by

Schmitt et al. (1970). This cannot be done at OSU.
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'IL RESULTS AND DISCUSSION

Elemental Results

The methods of analysis for the 24 elements detected in this

work have been previously discussed. All analytical results are

tabulated in the Appendix, Table 6. The petrographic type and field

location of each is also included on all tables for convenience. The

average one sigma error for each elemental abundance value is given

at the end of Table 6.

The precision and accuracy of the data for each element is best

illustrated in Table 2, Standard Rock Analysis. The precision of each

elemental abundance value varied and reflected the sensitivity for

detection of that element. The individual results of the seven. BCR-P

rock standards analyzed compared to their average shows very

encouraging precision for the easily detected elements (La, Sm, Eu, Na,

Sc, Fe, and Co). Other elemental abundance values indicate precision

within statistical overlap. The three HBA (hot brine area) basalts

were splits from the same sample, as are the BCR-P basalts, and

they, too, show excellent precision (Table 6, Appendix). The accuracy

of this work is shown in Table 2 by a comparison with the accepted

values for the USGS standard basalt, BCR-1. The USGS standard

granodiorite, GSP-1 and standard periodotite, PCC-1 were also

analyzed and are included in Table 2. The following is an element-by-



Table 2. Standard rock analysis.

Identifica-
tion no.

Analyzed

by

TiO
2

(%)

A1203

(%)

FeO

(%)

MgO

(%)

Na
20

( %)

MnO

(mom)

Cr2O3

(nnzn)

Sc

(nPrn)

V

(n Pm)

Co Rb Cs

(ronni) ( PPni) (nnm)

BCR-1 Others 2. 2a 13. 7a 11. 7e 3. 3a 3. 23d 1700a 22e 33a 384a 38a 50a 1. is

BC R-1 This work 2.3 13.6 11.7 5 3.23 1730 23 29.0 420 40 50 1.2

BCR-P-I 1.7 13.7 12.0 2.98 1910c 13 29.2 340 39 100 0.7

BC R-P-II 2.3 13.7 12.0 2.99 1910c 18 29.0 270 39 30 0.8

BC R-P-III - 11.7 2.98 18 27.9 36 30 1.0

BC R-P-IV 11.7 - 2.99 18 28.3 38 60 1. 1

BC R-P-V 1 - 11.7 - 2.96 13 28.2 - 37

BC R-P-VI - 11.6 2.98 - 9 28.1 36

BC R-P-VII 2.3 13.2 11.7 3 2.98 1830 16 28.8 350 39

AGV BC R-P' s 2. 1 13.5 11.8 3 2.98 1880 15 28.5 320 38 55 1.0

GSP-1 0.6 16.6 7.0 2.61 376 26 5.4 8

PCC-1 1 1 0.01 0.6 7.2 0.02 1120 4380 7.4 122

Error Avg. 1
sigma ± 0.5 ± 0.6 ± 0.2 ± 2 ± 0.05 * 50 f 4-15 ± 0.2 ± 30 f 2 ± 15 * 0. 5

(Continued on next page)



Table 2. (Continued)

Identifica-
tion no.

Analyzed
by

Ba

( Pt= )
La

( PPm )

Ce
( imm )

Nd
(Prom )

Sm

f PPin )

Eu

(PPm )

Tb
( PPm )

Yb
(PPrn)

Lu

(PPrn)

Hf Th Ta
(Pm) ( inan ) (Pm)

BCR-1 Others 740a 23-29
b

45 -57b 26-33
b

6.6-7.2b 2.0 -2. lb b
0. 82-0.92 3. 3-3. 4

b
0. 57-0. 58

b 4.4a 6.8a 0.74b

BCR-1 This work 700 25 58 30 6. 8 2.0 0.9 3.0 0.58 4.8 6.9 0.7

BC R-P-I 600 24 52 30 6.7 2.2 0.9 4.3 0.55 4.4 6.9 0.3

BCR-P-H 600 23 51 50 6.7 2.0 1.2 3.4 0.53 5.7 7.1 0.6

BCR-P-III II 600 23 55 20 6. 8 1. 3 0. 8 3.2 0.56 4.9 6.7 1.0

BCR-P-IV 600 24 55 30 6.6 1.9 0.8 4.4 0.52 4.6 6.9 0.4

BCR-P-V 600 24 56 - 6.8 1.9 0.9 3.7 0.63 4.7 6.8 0.5

BCR-P-VI 500 23 S9 6.9 2.0 1.1 3.0 0.61 5.2 6.8- 0.9

BCR-P-VII 500 25 55 6. 8 1.9 0. 8 3.7 0.57 4.3 6,2 0.9

Avg BC R-P' s H 570 24 55 6.8 1.9 0.9 3.7 0.57 4.8 6.8 0.7

GSP-1 1300 185 544 27.2 2.6 0.2 1. 1 0.35 17.6 110 1.4

PCC-1 -

Error Avg. 1
sigma ± 100 * 2 ± 9 *10-30 ± 0.5 ± 0.2 ± 0.2 ± 0.5 * 0.09 ± 0.6 ± 0. 8 +0.8

a
Flanagan (1969)

bRey et al. (1970) by radiochemical neutron activation analysis ( RNAA) techniques
c

Laul (1972)
d
Gordon et al. (1968)

eOsborn(1971)
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element discussion of the results. In most cases the pertinent geo-

chemistry of each element will be presented as discussed by either

Prinz (1967), Goldschmidt (1958), or Rankama and Sahama (1950).

Aluminum. According to Rankama and Sahama (1950), Al is the

most abundant metal in igneous rocks. It is an oxyphilic element and

tends to be concentrated in the lithosphere since it does not form

crystallizing minerals during early magmatic crystallization.

Aluminum begins to crystallize during the initial stages of the main or

intermediate crystallization sequence. This could account for the

high. Al content in gabbros as observed in this work. However, this

enrichment does not continue during the main crystallization sequence

and the bulk of the Al remains in the liquid phase. Goldschmidt (1958)

discusses the Al enrichment in the gabbros and also mentions a slight

depletion when granites and granodiorites form. This is caused by the

increasing amounts of potash feldspars and quartz forming at this

stage. The Al content then increases again with the latter parts of

the differentiation sequence, i. e. , nepheline and phonolite.

Table 3 shows the average chemical content of each petrographic

type analyzed. Aluminum is highest in the gabbros as well as the CP

and MRZ basalts. The Al content in the HBA basalts is less than the

worldwide Al abundance in tholeiites cited in Table 3. The diabases,

granophyres, plateau basalts, and plateau feeder necks are Al

depleted relative to the tholeiitic basalts and gabbros.



Table 3. Average chemical compositions for various petrographic types.

a
Petrographic sample type

TiO2

( %)

A1203

( %)

FeO

( %)

MgO

(%)

Na 20

(%)

MnO

(Mil)

Cr
203

(PPm)

Sc

(PPnl)

V

(PPrn)

Co

(Ppm)

Rb

(PPm)

Cs

(PPrn)

MRZ Granophyres 13.0 6 - 4.4 1700 9 14 - 5 63 1.2
± O. 3 ±2 + 0. 2 ± 520 ± 5 ±15 ±3 ±22 ± O. 4

MRZ Diabasic Dikes 2.2 14 14 3 3. 3 2300 50 29 320 45 26

± 0.3 ± 1 + 1 + 1 ± 0. 7 ± 250 ±35 ±10 ± 60 ± 3 ± 12

MRZ Alkali Olivine Basalts - 16.4 7 3.7 1400 400 25 40 40 0. 8
± 1 ± 1 ± 0. 9 ± 160 ±160 ± 6 ± 5 ± 16 ± O. 3

MRZ Layered Gabbros 0.8 17.5 10 7 2. 19 1390 100 20 300 60
± 0.9 ± 0.8 ± 1 ± 4 ±0.21 ± 110 ± 70 ±11 ±400 ±12

SP Basalt Flows 1.9 15.0 11 3.0 1700 600 21 160 60
± 0.4 ± 0.9 ± 1 ±0.9 ± 120 ±200 * 4 ± 90 ± 13

SPF Basalt Necks 2.3 14. 3 10.6 3. 2 1800 540 23 180 48

± 0.4 ± 0.8 ± 0.9 ±0.4 ± 130 ± 70 ± 3 ± 47 ± 8

CP Alkali Olivine Basalts 2.2 17 10 3. 8 1900 330 21 180 39

± 0.5 ± 1 ± 1 ±0.4 ± 190 ±300 ± 4 ± 39 ± 7

HBA Ridge Basalts 1.3 13.9 10.2 10 2. 19 2050 310 38.6 300 47
± 0.3 ± 0.3 ± 0. 1 ± 3 ±0.03 ± 30 ± 20 ± O. 1 ± 20 ± 1

Average Andesites
b 0.70 17.2 6. 1 3.4 3.68 1550 82 30 175 24 31 0.5

Average Oceanic Tholeiite 1,5d 16.2d 9.7d 8d 2. 8d 1800d 530
b

401 320d 451 1.21

Continental Basalts 1. 9e 16e 11e11 7e7 2. 7e 1700e 200f 30f 240f 38f 10f

Red Sea Axial Ridge Basalts 1, 9h 13.0h 14h 8
h

2. 6h 2550h 500
h

(Continued on next page)



Table 3. (Continued)

a
Petrographic Sample Type

Ba

(PPm)
La

(Pm )
Ce

(PPm)
Nd

(PPm)
Sm

(PPM)

Eu

(PPM)

Tb
( PPm)

Yb

(PPm)
Lu

(PPm)
Hf

(PPm)
Th

(Mom)

Ta
(PPIT1)

MRZ Granophyres 430 34 100 60 13 3.0 2.5 16 2.0 16 8 3.0
± 50 * 6 ± 13 ± 15 ± 1 * 0.4 ±0.3 ±3 *0.3 ±2 ±2 *0.8

MRZ Diabasic Dikes 200 10 34 60 6.0 2.0 1.1 5 0.7 4.1 1.8 0.8
± 90 * 1 ± 5 ± 20 * 0.7 ± 0.2 ±0.2 ±2 ±0.2 ±0.8 40.6 *0.3

MRZ Alkali Olivine Basalts 650 62 140 60 9.4 2.8 1.1 3.4 0.42 6.3 10 7

* 90 * 7 ± 10 * 20 * 0.6 ± 0.2 *0.2 ± 0.7 *0.05 40.6 ±1 42

MRZ Layered Gabbros 1.6 5 0.9 0.5 0.1 0.6 0,12 0.6 0.4 0.3
± 0.7 ± 2 ±0.4 * 0.2 ±0.1 *0.3 *0.07 *0.3 ±0.3 *0.1

SP Basalt Flows 250 14 40 SO 6 1.8 0.8 2.0 0.29 4.1 1.9 0.6
* 100 ± 7 * 15 * 33 * 1 * 0.4 ± 0.2 ± 0.7 *0.07 *0.8 ± 0.9 ± 0.4

SW Basalt Necks 500 29 80 7 2.4 1.0 1.8 0.28 5 4 2.7
± 100 ± 10 ± 22 ± 1 * 0.5 ±0.3 ± 0.3 *0,05 ±1 ±2 ± 0.9

CP Alkali Olivine Basalts 400 31 77 - 6.6 2.3 0.9 2.8 0.4 4.9 4.0 2.5
± 100 ± 4 ± 9 ± 0.5 ± 0.2 ±0.2 ±0.7 40.1 ± 0.4 ± 0.9 ± 0.5

HBA Ridge Basalts 3 11 2.9 1.3 0.9 3.0 0.59 2.4 0.2 0.2
* 1 ± 4 ± 0.3 ± 0.1 ±0.1 ± 0.3 *0.05 *0.5 ± 0.1 ± 0.06

Average Andesites
b

270 11.9 24 13 2.9 1, a 0.7 1.9 2.3 2.2

Average Oceanic Tholeiite
d

14 2.7c 10c 8.8c 3. is 1.2c 0.8c 2.9c 0.52c 41 0.2i

Continental Basalts 220
f

32g 859g 834g 6.6g 1.9 g 1. e 2.6g 0.42g 1.4k

Red Sea Axial Ridge Basalts 2.11 6.51 7.11 2.81 1.11 0.81 3.01 0.521
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Aluminum does not significantly correlate with any elements (see

Table 4) but has strong negative correlations with Mn, Na, and the

heavy REE. Such negative correlations suggest that as one element

is enriched during a certain stage of differentiation, the other element

is depleted. Positive correlations suggest both elements are distrib-

uted during differentiation in a similar manner. Corliss (1970) found

no correlation of Al with any elements except Ca for 12 elements

analyzed in 76 pillow basalts.

Manganese. Manganese is the most abundant minor element

and follows Fe during magmatic differentiation in igneous rocks as

suggested by Rankama and Sahama (1950). Goldschmidt (1958) states

that Mn occurs early in the differentiation sequence concentrating in

gabbros and basalts. It becomes depleted as the differentiation

sequence moves toward granites and diorites. The data of this work

would tend to support the previous statements. Manganese is low in

the granophyres and MRZ basalts. It is high in the CP alkali basalts

and low in the gabbros. Manganese has about the expected abundances

in the dikes, plateau basalts and necks, and ridge basalts assuming

they are somehow genetically related. However, Mn is significantly

higher in the HBA ridge basalts compared to the average Mn abun-

dance in oceanic ridge tholeiitic basalts. This may be related to the

peculiar hot brine area where these basalts were obtained.

The correlation between Fe and Mn is very strong and agrees



Table 4 Correlation coefficients ( R) for 61 samples ( SAB-198 to SAB-258).

Al Fe Mn Cr Sc Co Na Ba La Ce Sm Eu Tb Yb Lu Th Hf Ta

Al -0.48 -0.52 -0.44 -0.45 -0.47 -0. 32

Fe 0.58 -0.26 0.56 0.55 -0.33 -0.50 -0.66 -0.68 -0.56 -0.37 -0.36 -0.38 -0.38 -0.72 -0.58 -0.60

Mn -0.31 0.49 -0.42 -0.47 -0.43 -0.40 -0. 36

Cr 0.60 -0. 48 0.29 -0.22 -0.43 0.48 -0.52 -0.34

0.58 -O. 58 -0.38 -0. 57 -0.61 -0.60 -0.44 -0.40 -0.38 -0.35 -0.65 -0.69 -0.42

Co -0.66 -0.27 -0.57 -0.56 -0.77 -0.59 -0.76 -0.78 -0.78 -0.68 -0.82 -0.42

Na 0.40 0.52 0.53 0.56 0.52 0.42 0.37 0.37 0.60 0.63 0. 42

Ba 0.77 0.73 0.42 0.58 0.63 0.68

a La 0.98 0.69 0.72 0.32 0.93 0. 55 0.90
For 60 samples

Ce 0.77 0.77 0.43 0.33 0.29 0.95 0.65 0.90
Probability

Sm 0.84 0.85 0.77 0.75 0. 80 0. 86 0.63
0. 219 0. 10

Eu 0.64 0.47 0.47 0.68 0. 59 0.69
0. 259 0. OS

Significant correlation
0. 306 0.02 Tb 0.91 0.91 0.52 0. 80 0.29
0.337 0.01

(samples with -0. 26 < R <
+ 0.26 were left blank) Yb 0.98 0.48 0. 82

0.422 0.001 Nil
Lu 0.43 0. 80 0. 18

Th 0.77 0. 83

Hf 0.50

a
from Young ( 1962)

b
Probability of R occurring by chance
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well with theory. Manganese also correlates with Sc. Scandium

follows Fe and this association will be discussed later. Manganese

has negative correlations with Al, Cr, Ba, La, Ce, Th, and Ta. No

significant correlations were observed for the other elements.

Titanium. Goldschmidt states that Ti is very strongly lithophile

and has a very strong affinity for the nonmetals. Titanium can also

by replaced by V and Ta. Rankama and Sahama (1950) suggest that

Ti's membership in the Fe family should allow it to be enriched

during early crystallization. However, they also state that Ti should

be enriched in the residual melt due to crystallization of other basic

rocks. Titanium would crystallize early as ilmenite (FeTiO 3) or

rutile (TiO2).
This work, though incomplete for Ti, shows it to be

high in the diabasic dikes, plateau basalts and necks, and coastal plain

alkali basalts. It is low in the gabbros and intermediate in the ridge

basalts. Agreement is good between the average Ti abundances in

tholeiitic basalts and HBA basalts. The average continental basalt

and the SP basalt Ti abundance values also show agreement.

Since the data are incomplete for Ti, no correlation coefficient

analysis was performed.

Vanadium. Prinz (1967) comments that V is predominantly

abundant during the middle stage of differentiation being less at the

earlier and later stages. It also is expected to follow Fe in its geo-

chemistry. The data is incomplete for V but it is highest in the
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diabasic dikes and MRZ rift basalts and is lower in the continental

basalt flows and lowest in the MRZ gabbro samples. Agreement with

the average oceanic tholeiitic basalt and average continental basalt V

abundance values is very good. No correlation analysis was done due

to the incompleteness of the data.

Rare Earth Elements (REE). Half of the 14 REE were analyzed

in this work. They were La, Ce, Sm, Eu, Tb, Yb, and Lu. Nd was

observed in a few samples.

The REE remain together chemically as a group. Any variation

in content across rock types is generally thought to be a result of

0
ionic size differences. The size of six coordinated 3+ ions is 1. 13 A

0
for La and gradually becomes smaller toward 0. 94 A for Lu

(Whittaker and Muntus, 1970). Due to the group's overall large ionic

size (which does not allow the ions to substitute into mineral lattices),

the REE usually are enriched in the residual liquid after magmatic

differentiation. This results in their predominant enrichment in

granites and nepheline syenites which are toward the end of magmatic

differentiation.

The most illustrative method for presenting the REE results

from this work is to refer to Figures 2 and 3. In these figures, the

Ree abundances are normalized to the average of ordinary chondritic

meteorites after the method of Schmitt et al. (1964). These

chondritic normalized abundances are plotted against the ionic radii
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(radii from Whittaker and Muntus, 1970). A separate curve is

generated from the average abundance values for each distinct petro-

graphic rock type studied. The average of the MRZ basalt flows

shows the greatest degree of differentiation since it has the greatest

light REE enrichment (the light REE are the largest ions and, hence,

most subject to differentiation). The alkali olivine basalts from the

coastal plains have an average REE abundance which is similar to

that of the MRZ basalts but with the light REE depleted by a factor of

two relative to the MRZ basalts. This indicates that the coastal plain

basalts underwent somewhat less differentiation than the MRZ basalts.

Also, these basalts resemble other plateau basalt patterns (e. g.

BCR-1) except that they show a slight to moderate light REE enrich-

ment. The REE patterns for the SP (Sirat Plateau) feeder neck basalts

resemble very closely the REE pattern for the coastal plain (CP)

basalts, while the SP basalt flows show a distinct depletion of light

REE (factor of 2) relative to the feeder necks. This indicates the

feeder neck basalts are more differentiated than the flows. The

granophyres show a pattern high in light REE (depleted by a factor of

two relative to the MRZ basalts) but also relatively high in heavy REE.

The high and low points differ only by a factor of two while for the

MRZ basalts this difference is a factor of nearly 100. Also noteworthy

is the Eu depletion. This is most likely a result of the earlier

crystallization of plagioclase which is known to have an affinity for Eu2+

ion.
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The diabasic dikes have a pattern resembling the granophyres

but are depleted by a factor of three relative to the granophyres. The

diabase REE pattern is flatter than the granophyre pattern and in some

samples is nearly perfectly flat (e. g. , SAB-211). This flat pattern,

though extremely unusual, may be fortuitous in that it may merely

reflect an intermediate stage of differentiation. Schilling (1971)

discusses such REE patterns in oceanic basalts. The flat REE

pattern of these diabasic dikes is intermediate in the degree of

differentiation between the light REE enriched SP feeder necks and

basalt flows, and the light REE depleted HBA mid-ocean rift basalts.

Note the heavy REE content is nearly the same for all three rock

types. The heavy REE are known to be less subject to differentia-

tion due to their smaller ionic size compared to the light REE, The

HBA ridge basalts gave a REE pattern nearly identical to that found

by Schilling (1969) (see Figure 3). Also, this pattern is in agreement,

as Schilling shows for his work, with the average world oceanic

tholeiitic basalt REE pattern.

Although the REE abundances in the gabbros are approaching

the detection limit by INAA, the MRZ layered gabbros yielded a REE

pattern which has, to the best knowledge of this author, the lowest

REE content relative to chondrites observed in any terrestrial gabbro.

The longer cooling and differentiation times for formation of gabbros

relative to basalts probably accounts for the considerable REE
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depletion in gabbros relative to cogenetic basalts. It seems probable

that large ionic trace elements such as the REE, Th, etc. , are "zone

refined" out of the slowly crystallizing gabbroic system.

The results of the correlation coefficient studies were as

expected. The REE generally gave significant correlations with

other large ionic elements like Th. The light and heavy REE did not

correlate well between themselves as expected.
0

Sodium. Sodium has a large ion (0. 98 A) and like K requires a

large lattice site for crystallization. This effect causes Na to remain

in the residual liquid until the later stages of magmatic differentiation.

As stated by Rankama and Sahama (1950), Na is seldom found in the

early crystallates or is found in extremely small amounts. This

trend is generally supported by the Na abundance data from this work.

The granophyres and alkali basalts from the coastal plain and MRZ

contain the greatest amount of Na. The HBA mid-ocean ridge basalts

and the MRZ gabbros as expected contain the least Na. The MRZ

diabasic dikes and Sirat Plateau volcanic rocks contain an inter-

mediate content of Na.

Correlation coefficient data show positive correlations of Na

with Ba, the REE, Th, Hf, and Ta. These elements are generally

associated with Na geochemically. Negative correlations are observed

for Al, Fe, Cr, Sc, and Co. Of the 18 elements used in the correla-

tion matrix found in Table 4, only Mn does not correlate with Na --

either positively or negatively.
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Chromium. This element, as discussed by Rankama and

Sahama (1950), is one of the first elements to be crystallized (as

chromite) during the magmatic differentiation process. It also can be

associated with the early-crystallized mineral olivine. Olivine rich

and pyroxene rich rocks (generally ultrarnafic) like dunite and perido-

tite contain high amounts of Cr. Note the Cr content observed in this

work for the USGS standard peridotite, PCC-1 (Table 2). Prinz

(1967) discusses the great dispersion of Cr values in basaltic rocks.

This dispersion is illustrated in Table 6 (Appendix). The Cr content

of samples belonging to the same petrographic type and location can

vary by a factor of ten. He contends that Cr in basaltic rocks prefers

to reside in pyroxenes and magnetites. He maintains that if chrome

spinels are associated with olivine crystals as inclusions, Cr values

are increased significantly and this could result in a large dispersion

range of Cr values in basaltic rocks.

Abundances for Cr from this work showed tremendous variation

in agreement with Prinz (1967). The Cr abundance values in Table 3

reflect the average Cr abundances of samples from this work and this

average may be greatly affected by the number of samples of each

analyzed petrographic type. The validity of this average is, there-

fore, dubious. The granophyres, dikes, and gabbros were lowest in Cr.

The MRZ basalts and coastal basalts are intermediate compared to the
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high values observed in the Sirat Plateau volcanics and the HBA rift

basalts.

Chronium correlated positively only with Co, Sm, and Yb.

Other elements (Fe, Mn, Na, Tb, Lu, and Hf) showed negative cor-

relations. Corliss (1970) also observed a positive correlation of Cr

with Co.

Barium. Barium is generally expected to follow the chemistry
0

of Na, K, and the REE since it has a very large ionic radius (1. 44 A).

The data of this work tend to support that theory. Barium has the

highest abundance in the MRZ basalts, MRZ granophyres, SP basalt

feeder necks, and CP basalts. The diabasic dikes and SP basalt

flows are low in Ba. Barium was not detected in the HBA rift basalts

and MRZ layered gabbros.

Barium correlates positively with Na, light REE, Th, and Ta.

It correlates negatively with Fe, Mn, Sc, and Co.

Scandium. Scandium is thought by some authors (Rankama and

Saharna, 1950; Prinz, 1967) to be associated with Fe since it has an

ionic size convenient to allow substitution for Fe2+ and Mg
2+. Most of

the Sc is captured early in the crystallization process. What remains

is found in the later crystallized minerals. Scandium abundances from

this work agree with the previous statements. The Sc abundance is

lowest in the granophyres. The alkali basalts, gabbros, and Sirat

Plateau volcanics contain about twice and granophyre Sc content. The
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diabasic dikes and HBA rift zone basalts contain about three to four

times the granophyre Sc abundance.

Scandium correlates positively with Fe and Mn. The Fe-Sc

correlation is a subject of debate and will be further discussed below.

Scandium correlates negatively with Na, Ba, REE, Th, Hf, and Ta.

Iron. Iron is among the earliest elements to crystallize into

minerals during the beginning of the main stage of differentiation. Iron

is not involved in the very earliest crystallization due to the pre-

dominance of Mg. The Fe and Mg early crystallization involves the

formation of olivine. The olivine composition varies from Mg rich to

Fe rich as differentiation progresses. For this work, the granophyres

were the most depleted in Fe. The MRZ basalts contained 1. 5 times

the granophyre Fe content. The gabbros, Sirat Plateau volcanics,

coastal plain basalts, and HBA rift basalts contained about twice the

granophyre Fe value. The diabasic dikes were highest in Fe being

almost three times the granophyre value.

Iron correlated positively with Mn, Sc, and Co and negatively

with all other elements (see Table 4). Iron, Mn, Sc, and Co are

generally associated geochemically. Other elements of this study are

not associated with these elements since they tend to remain in the

residual melt during magmatic differentiation. The correlation of Fe

and Sc is discussed by Norman and Haskin (1967). They conclude that

Sc and Fe do not correlate in the 22 basic samples they analyzed.
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They maintain that their data do not indicate a "close geochemical

relationship" between Fe and Sc. The results from this work tend to

disagree as Fe and Sc show a very strong positive correlation between

61 separate samples. Corliss (1970) also finds a very strong correla-

tion between Fe and Sc. Scandium also correlates with Co and Mn, in

contrast to the observations of Norman and Haskin, The correlation

between Fe and Mn from this work can also be compared to lunar

analyses by Laul et al. (1972). They also found a correlation between

Fe and Mn in lunar basalts.

Rubidium and Cesium. These two elements will not be discussed

since they were below the detection limit in most samples.

Thorium. Thorium is strongly lithophile and is strongly con-

centrated in the acidic rocks during the later stages of magmatic

differentiation. Thorium acts chemically like Zr and Hf as well as the

REE. The data from this work tend to support the previous statements.

Thorium content is highest in the granophyres and MRZ alkali basalts.

The plateau basalt necks and coastal plains have about half as much

Th as the MRZ basalts and granophyres. The diabasic dikes and

plateau basalts contain nearly half as much Th as do the plateau

feeder necks and coastal plain basalts, Thorium abundances in the

MRZ gabbros and HBA rift basalts are the same as found in the

average oceanic tholeiitic basalts, whose Th abundances, in turn, are

a factor of 20 less than the abundances found in granophyres. The
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high Th content in the SP feeder necks compared to the SP basalt flows

is unusual and, as noted for the other trace elements, indicates that

these feeder necks are more differentiated than the plateau basalt

flows.

Thorium correlates positively with Na, Ba, the REE, Hf, and

Ta. Negative correlations are observed with Fe, Mn, Sc, and Co.

Hafnium. Hafnium, according to Rankama and Sahama (1950),

usually accompanies Sc and the REE in its minerology. Therefore,

Hf can be expected to be enriched in rocks which have undergone more

differentiation relative to rocks which have experienced less differ-

entiation. The statement of Rankama and Sahama concerning the

correlation of Hf and Sc is of questionable validity. As previously

discussed in the Fe section, Sc follows the elements which are

associated with early crystallizing minerals. Also, Table 4 indicates

a strong negative correlation of Hf with Sc. Corliss (1970) reports no

correlation of Sc with Hf. Table 3 reveals that Hf is enriched and Sc

is depleted in the granophyres relative to the other petrographic

types. The MRZ alkali basalts are 2. 5 times less enriched than the

granophyres but enriched by a factor of 10 compared to the gabbros.

The diabasic dikes and Sirat Plateau basalts have the same quantity of

Hf. The SP feeders and coastal plains are slightly more enriched in

Hf than the dikes and SP basalts. The HBA rift basalts are depleted

by a factor of two compared to the SP feeders and coastal plains
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basalts. These rift basalts contain nearly a factor of two less Hf than

the average oceanic tholeiitic basalt value. However, these two

abundances agree within, statistical uncertainties.

Hafnium correlates positively with Na, Ba, the REE, Th, and

Ta. Negative correlations are observed for all other elements

except Mn which shows no correlation.

Cobalt. Prinz (1967) discusses the Co distribution in rocks.

He states Co is an element whose abundance decreases gradually with

increasing differentiation and that this decline coupled with the small

overall content of Co results in a small difference in Co content over a

variety of petrographic types. He maintains that Co is slightly more

abundant in olivine-normative basalts compared to other basalts.

Also, tholeiites and alkali basalts have nearly the same Co abundance.

This work supports the statement that Co varies little across

petrographic type. The granophyres are from 8 to 13 times more

depleted than the other types. The alkali basalts, both coastal and

MRZ, show nearly the same Co content. The diabasic dikes and HBA

rift basalts show nearly the same content being slightly enriched

relative to the alkali basalts. The Sirat Plateau volcanics are slightly

higher in Co compared to the dikes and rift basalts. The gabbros

show the greatest enrichment being 1. 4 times higher than their

associated diabasic dikes. The agreement between the world average

oceanic tholeiitic basalts and the HBA rift basalts is very good.
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Continental averages differ little when compared to the alkali olivine

basalts.

Cobalt correlates positively with Fe, Cr, and Sc. No correla-

tion is observed for Mn and Al. All the other elements of Table 5

correlate negatively. Corliss (1970) also finds a positive correlation

with Fe and Cr.

Tantalum. This element is found predominantly in the upper-

most part of the lithosphere. As discussed by Rankama and Sahama

(1950), Ta is enriched in the late crystallates of the magmatic differ-

entiation process. The Ta content in granites is very high relative to

the very depleted contents in mafi,c and ultramafic rocks. Tantalum

would, therefore, be expected to roughly follow Th, Hf, and the REE.

In this work Ta is high in granophyres and alkali basalts as well as

basalt necks. The plateau basalt flows have Ta abundances similar

to the diabasic dikes but higher than the gabbros and HBA rift basalts.

Tantalum correlates with Na, Ba, light REE, Th, and Hf. A

negative correlation is observed with. Fe, Mn, Sc, and Co.

Magnesium. This element is usually regarded as accompanying

the basic and ultrabasic rocks by crystallizing very early in the

magmatic differentiation process. Magnesium does not lend itself

well to analysis by INAA, hence only a few samples were analyzed for

this element and where analyzed, the error involved precludes dis-

cuss ion.
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Differentiation Histories of the Samples

The HBA rift basalts, MRZ diabasic dikes, and Sirat volcanics

are chosen for comparison as they best represent the three separate

geologic regions of this work. The coastal plain basalts and MRZ

basalts are young alkali basalts and do not directly relate to the older

volcanics. The gabbros and granophyres are of a special origin and

nature, albeit they relate to the older rocks. However, these rocks

are not necessary for general geochemical comparisons.

Table 5 presents an elemental comparison of the HBA rift

basalts, MRZ diabase dikes, Sirat basalts, and Sirat feeder necks.

In Table 5 the averages of these samples are placed in the expected

order of increasing differentiation from the HBA rift basalts (less

differentiated) to the Sirat Plateau feeder neck basalts (most differ-

entiated). This order is chosen on the basis of REE patterns and other

trace element contents assuming they were all derived from the same

parent magma. Engel. and Engel (1970) argue in favor of one parent

tholeiitic magma for the generation of tholeiitic and alkali basalts.

The trace element contents tend to support the simple model that the

rocks from these three locations vary only in the degree of magmatic

differentiation of the same tholeiitic parent which is in agreement with

Engel and Engel.

The major element contents disagree with this model, especially

for the diabasic dikes. These dikes tend not to fit the previously



Table 5. Comparison of selected samples in their order of increasing differentiation.
a

Petrographic sample type
b TiO2

( %)

Al203
OA )

FeO

(%)

MgO

(%)

Na 20

(%)

MnO

(PPm)
C r 20 3

(PPm)

Sc

(ppm)

V

(ppm)

Co

(ppm)

Rb

(PPm)

HBA Ridge Basalts 1. 3 13.9 10.2 10 2. 19 2050 310 38. 6 300 47

± 0. 3 ± 0.3 ± 0. 1 ± 3 ± 0.03 ± 30 ± 20 ± O. 1 ± 20 ± 1

MRZ Diabasic Dikes 2. 2 14 14 3 3. 3 2300 50 29 320 45 26

± 0. 3 ± 1 ± 1 ± 1 ± 0.7 ± 250 ± 35 ±10 ± 60 ± 3 ± 12

SP Basalt Flows 1.9 15.0 11 3.0 1700 600 21 160 60

± 0.4 ± 0.9 ± 1 ± 0.9 ± 120 ± 200 ± 4 ± 90 ± 13

SPF Basalt Necks 2. 3 14. 3 10. 6 3.2 1800 540 23 180 48

± 0.4 ± 0. 8 ± 0.9 ± 0.4 ± 130 ± 70 ± 3 ± 47 ± 8

Ba

(PPm)
La

(PPm)
Ce

(PPm)
Sm

(PPm)
Eu

(ppm)
Tb

(PPm)
Yb

(PPm)
Lu

(PPm)
Hf

(PPm)
Th

(PPm)
Ta

(ppm)

HBA Ridge Basalts 3 11 2.9 1.3 0.9 3.0 0.59 2.4 0.2 0.2
±1 ±4 * 0. 3 ± O. 1 ± 0. 1 ± 0. 3 ± O. 05 ±0.5 ± 0. 1 ± 0. 06

MRZ Diabasic Dikes 200 10 34 6.0 2.0 1. 1 5 0. 7 4. 1 1. 8 0. 8

± 90 ±1 ±5 ± 0. 7 * 0, 2 * 0. 2 ±2 ± 0.2 ±0.8 ±0.6 ±0.3

SP Basalt Flows 250 14 40 6 1. 8 0.8 2.0 0.29 4. 1 1.9 0.6
*100 ± 7 ±15 ± 1 ± 0.4 ± 0.2 ±0.7 ± 0.07 ±0.8 ±0.9 ±0.4

SPF Basalt Necks 500 29 80 7 2.4 1.0 1. 8 0.28 S 4 2. 7

±100 ±10 ±22 ± 1 ± 0.5 ± 0.3 ± 0. 3 ± 0.05 ±1 ±2 * 0. 9

aOrder derived from trace element content; see Figure 2 for REE variation.
bAverage values, taken from Table 3. Error is 1 standard deviation.
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defined differentiation scheme on the bases of major element content

assuming the very general geochemical relationships discussed in the

"Elemental Results" section of this work. A discussion of the major

and trace element comparisons from Table 5 for the proposed differ-

entiation scheme will follow.

Major Elements. The major elements (as oxides) are A1203,

TiO2, Na2O, FeO, and MgO. MnO and Cr2O3 are usually considered

as minor components.

The A1203 content for the differentiation sequence proposed in

Table 5 is, according to. Rankama and Sahama (1950), basically correct

as they maintain that there is an enrichment in Al during the early

part of the main stage of differentiation and that the Al content

decreases slightly with progressive differentiation. The abundances

for all four types are nearly the same considering experimental

uncertainties.

Values for MnO decrease from the HBA basalts to the Sirat

volcanic basalts excluding an anomaly of high value for the dikes.

Manganese generally accompanies Fe and this is shown in the relatively

high contents of both elements in the dikes compared to the other

samples.

Titanium, within statistical overlap, increases from the HBA

basalts to an abundance level which varies little for the other samples.

This trend is in agreement with Rankama and Sahama (1950).
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The differentiation sequence is followed for Na except for the

anomaly of high Na content in the dikes. Chromium is alternately

anomalously low in the dikes.

Scandium, though a trace element, is discussed at this point

because of its alleged relationship with Fe. The geochmistry of Sc is

not well understood (Norman and Haskin, 1967), but it is usually

thought to accompany Fe. This association is not simple and may not

hold in all cases. As for these samples, Sc basically decreases with

increasing degree of differentiation. It is not high in the dikes like

Fe, Mn, and Na and this may reflect its imperfect association with

Fe.

The Fe content of these rocks may reflect its differentiation

sequence as presented by Rankama and Sahama (1950). They suggest

that Fe is enriched the most at the start of the main stage of differ-

entiation rather than the initial differentiation stage when Mg is

enriched and decreases slightly with increasing differentiation. This

is also a. problem for interpretation of Al abundances since it was

stated earlier that Al is enriched at the start of the main stage of

differentiation, presumably with the HBA rift basalts, not the dikes.

Clearly the main stage of differentiation cannot occur twice in the

same differentiation sequence. Iron is also usually associated with

Mg. However, due to poor Mg data, Mg will not be discussed.
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Trace Elements. The trace elements considered here are V,

the REE, Ba, Th, Hf, Co, and Th..

Vanadium is expected (Prinz, 1967) to be the most enriched

element during the middle stages of differentiation. The large experi-

mental uncertainties involved with V (Table 5) make this observation

difficult to interpret. The HBA basalts and dikes have the same value

within experimental uncertainties. The same is true for the Sirat

samples.

The REE give the best support to the differentiation sequence in

Table 5. Figure 2 gives the most illustrative information on this

point. The depletion of the light rare earths in the HBA samples is

changed to a nearly flat pattern for the dikes to a slight enrichment

in the Sirat basalts and finally to a greater enrichment in the Sirat

feeder neck basalts. This observation is completely compatible with

increasing differentiation as discussed by Schilling (1971).

Figure 3 shows comparisons of the REE patterns for the HBA

rift basalts of this work with five Red Sea axial trough basalts

(Schilling, 1969) and the average worldwide oceanic tholeiite average

(Schilling, 1971). The locations of Schilling's five Red Sea axial

trough samples are shown. in Figure 1. Agreement is excellent

suggesting that these HBA basalts are very similar in composition to

mid-ocean ridge and Red Sea axial basalts. However, differences in

FeO, Na20, and Cr203 for HBA and axial basalts and in A1203,
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Na2O, and Cr2O3 for HBA and oceanic tholeiites suggest that differing

major element fractionations may be associated with similar trace

element fractionations such as those for the REE. The Sirat Plateau

volcanics' REE patterns are compared to the average continental REE

pattern from Frey et al. (1968) in Figure 3. The patterns are very

similar. Comparison of the plateau basalt REE pattern with Schilling's

(1969) REE pattern of a subaerial tholeiite from Jebel Teir Island

(see Figure 1) shows a strong similarity. A possible genetic relation-

ship between this shield volcano from near the axial trough and the

plateau basalts might exist.

The Ba abundances increase with increasing differentiation as

expected. Barium was not detected in the HBA samples but the

oceanic tholeiitic average content of 14 ppm should be a close approxi-

mation.

The values of Th, Hf, and Ta also show enrichment, considering

experimental uncertainties, with increasing differentiation. The very

low Th abundances (0. 2 ± 0. 1 ppm) in the HBA samples are in good

agreement with Tatsumoto et al. (1965) for oceanic tholeiitic basalts.

Cobalt decreases slightly from the HBA basalts to the dikes.

The Sirat Plateau samples seem too high in Co content. Brown and

Jackson (1959) describe these basalts as being olivine rich. Prinz

(1967) states that olivine-normative basalts tend to contain more Co

than other basalts. This may explain the high content in the Sirat

Plateau basalts.
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The previous discussion was an attempt to fit the experimental

results of this work to the model for magma generation proposed by

Engel and Engel (1970). Their model requires that different oceanic

basalts are formed by varying degrees of magmatic differentiation of

the same tholeiitic parent magma. This model is used to explain the

origin of the alkali and tholeiitic basalts observed within oceanic

igneous systems. These systems are of course the mid-ocean ridges

and related components of the sea-floor spreading model.

The igneous series of Table 5 clearly shows an increase in

differentiation in terms of the trace element abundances. However, if

these samples all originated from the same tholeiitic parent, one

could expect some recurring relationships in the major element

chemistry that would reflect varying degrees of differentiation. The

reasons presented in the previous discussion concerning the major

element chemistry of this series are not adequate in explaining the

origin of these samples as having been derived solely from differ-

entiation of one parent magma. The trace element chemistry indicates

a progressive differentiation but the major element: chemistry is not

compatible with so simple a model. Possibly the close proximity of

continents to an actively spreading ridge alters magma generation

conditions such that the Engel and Engel (1970) model is not valid.

Other models for magma generation have been proposed.

Wyllie (1971) presents a good review of many prevalent magma
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generation models. Green and Ringwood (1967) develop a complex

model which includes magma formation by fractional melting of

mantle pyrolite. Fractional melting is partial melting of mantle

material under equilibrium conditions. A partial melting system for

magma generation could give rise to different types of magma as the

amount of partial melting varies. As a magma is generated, it will

at some point leave its origin and continue upward as a separate

magma body. As this magma body moves upward, it will cool and

fractional crystallization and differentiation may occur.

Gast (1968) suggests that the trace element variation of

tholeiitic and alkali basalts might be a result of variable degrees, of

partial melting. Gast extends the convection cell model of Oxburgh

and Turcotte (1968) and suggests that the degree of partial melting of

mantle material may increase from the border toward the center of

the mid-ocean ridge convection cell. If the convection cell is as

complex as implied by Oxburgh and Turcotte, and varies spatially

outward from the center in temperature and pressure, it does not

seem difficult to believe that a new, developing convection cell might

vary in temperature and pressure as its development proceeds. This

is an especially attractive idea considering, in the case of the Red

Sea, that the convection cell would begin under a large continent. Not

only would continental insulation cause a different thermal regime, but
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the pressure regime would also be different. These factors might

greatly affect conditions of magma generation.

The 29-million-year-old Sirat Plateau ba.salts could represent

original material erupted from magmatic activity caused by a new

developing convection cell deep underneath the then solid continent.

Tremendous temperatures and pressure would result as the hot

magma was generated but insulated by the thick continent. These

trememdous forces would eventually build to a point where they would

force magma through the continental overburden causing volcanism

and associated earthquake and faulting. The thick continent would

allow ample opportunity for differentiation of magma just prior to

extrusion of the Sirat Plateau volcanic series. Differentiation, as

discussed before, has been observed in these samples. The fact that

the plateau feeder necks are slightly more differentiated than the

plateau flows questions the assumption that the flows really did efflux

from the feeder necks.

As the convection cell developed, a second stage included great

amounts of rifting and faulting. This activity prevailed and ultimately

the continent split and began to separate. At some point, probably

during the initial break-up, the 22-million-year-old diabasia dikes were

formed. If they had been intruded during the break-up, then they

likely represent magma conduits formed as this second stage magma

was forced upward. Wright (1971) gives evidence that dike formation
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is associated with lava eruption. The dikes would be expected to be

intermediate in their degree of differentiation since they intruded

deeper than the higher extruded plateau basalts. Also, the continent

was breaking up and the insulation was being removed which changed

the thermal regime.

The next stage, after the continental break is complete, is the

beginning of normal sea-floor spreading as the continents drift apart.

The convection cell is now fully developed and no overlying layer of

continent is available to cause insulation and subsequent differentia-

tion of the magma. The two previous stages of igneous activity are

slowly (.mil cm /yr) drifting away from their source on the diverging

continents and their historical association with it is slowly becoming

more difficult to interpret as they are being eroded and altered.

If the above model is correct, then three separate environments

were present at the time each of the basalts (HBA rift basalts, MRZ

diabasic dikes, and Sirat volcanics) were generated. The implications

of these three environments to the resultant trace element distribu-

tions is clear. The effects on major element chemistry are more

complex and less well understood but probably relate to the degree of

partial melting of the magma generation system. This partial melting

could be the result of the differing stages of convection cell develop-

ment and/or the proximity of the continent during magma generation.

This work is hampered by the lack of a complete major element
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analysis. Determination and interpretation of the bulk chemistry of

these samples should elucidate the complex history of partial melting

and magma generation in this area.

Geochronology Discussion

Critical to an understanding of any geological system is a knowl-

edge of the relative ages of each component of that system. Only then

can the interrelations of these components be correlated and under-

stood.

As has been previously mentioned, the approximate ages of the

samples analyzed in this work are known and were obtained from

Coleman (1972) and Brown and Jackson (1959).

The oldest samples analyzed were the Sirat Plateau volcanics at

25 to 29 million years. This is late Oligocene time. The next oldest

samples were from the MRZ Jabal Turf complex and included the

dikes, gabbros, and granophyres. Their age was cited as 22 million

years or early Miocene. Next were the very recent coastal plain and

MRZ basalts at 4 to 5 million years ago or Pliocene time. Though they

have not been dated, the HBA ridge basalts are expected to be of very

recent age ( <1 million years) since they were obtained from the axial

trough of the Red Sea. This area is expected to now be an actively

spreading mid-ocean ridge.

The next bit of geochronological data is a result of very recent
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(Spring, 1972) sedimentary drilling work carried out during Leg 23B,

one of the cruises of the Glomar Challenger. This is the same cruise

that obtained the HBA basalts analyzed in this work. During this

drilling expedition, sedimentary samples were obtained from very

near the mid-sea ridge that were dated to be late Miocene age (< 10

million years ago) (the Scientific Staff of Leg 23B, 1972). This is an

astounding discovery for it precludes the theory of constant sea-floor

spreading in this region. These are extremely old sediments for such

close proximity to a proposed spreading mid-sea ridge. This group

also, states that these old sediments overlie a magnetic anomaly which

is supposed to be 2.2 million years old. This group further suggests

that the Red Sea formed in two stages. The first stage developed until

late Miocene time and stopped. The spreading then restarted in post-

Miocene or early Pliocene (6-7 million years, ago) time.

The last pertinent data is the observation of Jurassic (180-135mil-

lion years ago) sediments (sandstone, shale, and siltstone) forming the

foothills between the MRZ Jabal Turf complex and the Precambrian

rocks of the plateau scarp face. If these sediments were deposited in

situ, the Red Sea basin would have to have been opened much sooner

than the Miocene time mentioned earlier. Burek (1969) gives an

account of the Jurassic geology and its sedimentary episodes in the

"Central Arabian Embayment. " Outcrops of Jurassic sediments are
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not surprising and occurred probably 100 million years before the

continent split.

Burek (1969) also supports the suggestion that the area underwent

two major eruption phases. The first was during Upper Cretaceous-

Oligocene (Trapp Series) and the other during Miocene-Recent, This

Trapp Series is probably related to the Sirat volcanics, and the

Miocene-Recent could relate to the restart of sea-floor spreading.

It is tempting to also associate the 4 to 5 million year old coastal

plain and MRZ basalt activity with the restart of the actively spreading

ridge. These alkali basalts would seem to fit the convection cell

model of Oxburgh and. Turcotte (1968) where they suggest the outer

regions (150-250 km from central spreading ridge) of the convection

cell's influence would undergo different degrees of partial melting

and produce alkali basalts.
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IV. SUMMARY AND CONCLUSION

The rare earth patterns in Figures 2 and 3 probably give the

most convincing evidence for sequential differentiation of basaltic

magma from the Red Sea axial trough basalts and the HBA rift basalts

to the Sirat Plateau volcanics. Other trace element information tends

to support this suggestion. The excellent agreement between rare

earth patterns of the HBA rift basalts, Red Sea axial trough basalts

(Schilling, 1969), and the average oceanic tholeiitic basalts (Schilling,

1971) definitely implies similarities of this region to the much studied

world mid-ocean rifts and rise complexes. The comparison between

the Sirat Plateau basalts and average continental basalts shows the

expected light REE enrichment typical of highly differentiated magmas.

Also, this is in accord with the REE pattern of the Jebel Teir island

subaerial basalts (Schilling, 1969).

The average REE abundances in the MRZ diabase dikes have a

small (,50%) enrichment of La and Ce relative to a flat pattern.

Some individual diabasic dikes (viz. SAB-203, 208, 211, and 219)

do not show the La and Ce enrichment and have a nearly flat REE

pattern. This nearly flat pattern of some diabasic dikes, though

unique, probably represents an intermediate differentiation sequence

between the oceanic rift basalts and plateau basalts. This nearly

chondritic pattern (flat but times chondritic abundance for
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the oceanic tholeiites and *s25 times for the dikes) was observed by

Schilling (1971) in a Mid-Indian ridge basalt and Gulf of Aden basalt.

Schilling also contends that the pattern could be fortuitous and probably

represents intermediate differentiation. Schilling does conclude the

difficulty of producing such a pattern from fractional crystallization

and that the origin of such patterns should be pursued further.

The major element chemistry, for the differentiation sequence

proposed in this work, presents an enigma. Since major element

chemistry is generally accepted as being not quite so sensitive to

magmatic differentiation as trace element chemistry, the major

element chemistry could have been affected by differing degrees of

partial melting. Variable degrees of partial melting could have been

an effect of differing environments as the convection cell developed

under the location of the subsequent Red Sea axial ridge.

Assuming a 1 cm/yr spreading rate of the Red Sea and defining

"Late Miocene" as ca. 10 million years ago, the following sequence is

proposed for the origin and development of the present Red Sea area:

1. During late Oligocene (29-25 million years ago) the convection cell

under the Red Sea began to develop and caused the initial rifting

and volcanic activity which formed the Sirat Plateau volcanic s.

This corresponds to the Trapp Series volcanics occurring from

Yemen to Afar. Probably this volcanically active period is
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related to the East African Rift, Gulf of Aden, and the Red Sea

triple junction in its infancy.

2. The rifting and volcanism continued until early Miocene (22 mil-

lion years ago) at which time the plutonic activity related to the

actual continental separation intruded the Jabal Turf marginal

rift zone complex. Very soon after this time, prebreak plutonic

activity ceased and sea-floor spreading began.

3. Sea-floor spreading continued from early Miocene (22 million

years ago) to late Miocene (10 million years ago). At 1 cm/yr,

the Red Sea would have opened 120 km during this 12 million year

period.

4. From late Miocene (10 million years ago) to late Pliocene (4 mil-

lion years ago), no sea-floor spreading occurred and the Miocene

to Recent sediments were laid down over the Red Sea floor.

5. During late Pliocene (4-5 million years ago), plutonic activity

began to restart. The coastal plain and MRZ alkali basalts might

be related to this new activity. Probably 3 million years ago the

sea-floor spreading rebegan and continued to date. At a 1 cm/yr

spreading rate, the Red Sea would have widened another 30 km.

The first stage produced a widening of 120 km and the latest stage

added another 30 km. The total of 150 km separation is in agreement

with the actually observed separation of about 150 km. This last

activity coupled with the deposits of sediments and salt could be

important to understanding the origin of the peculiar Hot Brine Areas.
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In conclusion, this work supports both the complexity of this

particular geological area, and the complexity of the convection cell

and sea-floor spreading hypotheses. Clearly, further investigations

remain to be undertaken before the mechanisms and history of this

region, as well as all actively spreading oceanic ridge areas, are

well understood. The resolutions of the theories discussed in this work

are essential to the ultimate solution of the complex chemistries of

our active earth. A final understanding of the operation of terrestrial

processes is a challenge to the geoscientist similar or greater than the

challenge of the 60's and 70's that the lunar excursions gave to so

many scientists.
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Table 6. Elemental abundances in the Saudi Arabian Igneous Series samples.

Identifica-
tion no.

Location & petro-
graphic iden.a

TiO
2

A1203 FeO MgO Na 20 Mn0 Cr
203

Sc V Co Rb Cs

( %) (%) ( %) ( %) (PPm) (PPM) (PPm) (PPm) (PPm) (PPm) (1313m)

H13A -226 -A Hot Brine Area
Ridge Basalt 1.2 14.0 10.2 13 2.20 2050 330 38.5 320 48

HBA-226-B Hot Brine Area
Ridge Basalt 1.2 13.6 10.2 8 2.18 2070 290 38.6 280 47

HBA-226-C Hot Brine Area
Ridge Basalt 1.5 14.2 10.2 8 2.20 2020 320 38.6 290 47

JT-40 MRZ Layered
Gabbro 0.3 17.5 9.5 8 2.08 1470 130 14.3 90 70

JT-45 MRZ Layered
Gabbro 0.3 18.3 9.0 10 2.06 1430 160 13.2 110 71

JT-51 MRZ Layered
Gabbro 1.8 16.8 11.6 2 2.43 1270 26 33.0 600 49

SAB-201 MRZ Diabasic
Dike 12.5 14.7 - 2.87 2600 74 13.2 46 40

SAB-203 MRZ Diabasic
Dike 13.8 14.2 - 3.14 2690 35 15.4 40

SAB-208 MRZ Diabasic
Dike 2.2 17.4 13.1 2.8 2.59 2330 69 11.8 330 44 30

SAB-211 MRZ Diabasic
Dike 2.2 13.2 13.5 1.7 2.20 2320 83 37.5 380 47 40

SAB-212 MRZ Diabasic
Dike 13.4 13.0 4.46 2710 18 29.2 46

SAB-213 MRZ Diabasic
Dike 14.3 12.0 3.81 2050 38 32.3 SO 30

(Continued on next page)



Table 6. (Continued)

Identifica-
tion no.

Location & petro-
graphic iden.a

TiO
2

A1203 FeO MgO Na 20 MnO Cr203 Sc V Co Rb Cs

(%) (% ) (%) (M) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

SAB-214 MRZ Diabasic Dike 2.2 14.6 13.6 3.8 4.03 2260 7 24.9 260 45 20

SAB-219 MRZ Diabasic Dike - 13. 2 14.0 3. 02 2180 72 39. 1 45 10

SAB-220 MRZ Diabasic Dike 12.6 13.9 - 2. 76 2240 70 33. 8 40 20

SAB-221 MRZ Diabasic Dike 13.4 13. 5 2. 80 2140 120 38. 3 43 20 1.6

SAB-222 MRZ Diabasic Dike - 13.0 14. 8 3. 56 2000 12 29. 0 52

SAB-223 MRZ Diabasic Dike 13. 0 14.9 4.58 2390 12 31.5 45 40 0. 7

SAB-226 MRZ Diabasic Dike 13. 0 13.5 2: 67 2170 77 38. 7 43 10

SAB-227 MRZ Diabasic Dike - 14. 5 12. 7 - 3. 23 1860 16 36.0 47 0.6

SAB-216 MRZ Diabase Chill Zone - 14.2 12.9 3. 73 2130 9 25.2 34 30

SAB-2 /5 MRZ Gabbro Chill Zone 17.2 11.5 2. 70 1650 58 23.6 53 20 -

SAB-207 MRZ Felsic Dike - 13. 4 6 3. 71 1430 15 22.6 6.9 70

SAB-210 MRZ Felsic Dike 11.7 5.7 6.02 2330 5. 1 0, 9 50 4.5

SAB-198 MRZ Granophyre - 12.8 4.8 4.49 1410 4 7.4 2.3 70 1. 1

SAB-199 MRZ Granophyre 12. 8 4.6 0. 4.68 1350 9 6. 8 2.6 80 1. 1

SAB-200 MRZ Granophyre 13.4 5. 1 4. 23 1550 16 5.9 5.5 70 1. 7

SAB-202 MRZ Granophyre 13.4 9.7 4. 33 2460 6 37.5 9.7 30 0.9

SAB-204 MRZ Basalt Flow 16.6 7.2 4, 10 1430 290 31.9 37 30

SAB-205 MRZ Basalt Flow 17.4 7.3 4, 27 1460 310 21. 7 40 60 1.0

SAB -206 MRZ Basalt Flow 17.4 7.3 4, 07 1510 270 21. 7 37 40 0.9

SAB -209 MRZ Basalt Flow 17, 2 8.5 - 3, 57 1650 360 35. 1 45 30

(Continued on next page)



Table 6. (Continued)

Identifica-
tion no.

Location & petro-
graphic iden.a

TiO
2

A1203

(% )

FeO

(%)

MgO

(%)

Nat
(%)

MnO

(PPm )

Cr2O3

( roPrn )

Sr

('7/Pm )

V

( Pum )

Co

( um )

Rb

1 PPm 1

Cs

( uum )

SAB-217 MRZ Basalt Flow 14.0 4.6 - 1.78 1500 700 22.6 - 47 20 0.6

SAB-218 MRZ Basalt Flow 15.3 7.5 - 3.49 1360 470 22.9 43 60 0.4

SAB-224 MRZ Basalt Flow - 17.0 6.8 - 4.61 1150 250 20.5 35 30

SAB-225 MRZ Basalt Bomb - 16.6 6.9 - 3.44 1250 240 20.4 36 - 1.0

SAB-228 SP Basalt Flow 16.2 13.6 - 3.22 1730 - 19.0 62

SAB-229 SP Basalt Flow 2.2 14.2 11.2 - 2.20 1690 670 23.9 300 67 - 0.7

SAB-230 SP Basalt Flow 2.5 16.4 11.6 - 4.00 1670 170 20.2 130 56 0.3

SAB-231 SP Basalt Flow 1.8 15.5 9.9 3.25 1600 340 23.6 190 49

SAB-232 SP Basalt Flow 2.0 15.1 10.0 - 2.48 1690 740 22.1 170 49

SAB-233 SP Basalt Flow 1.7 14.3 11.8 1.77 1760 670 23.6 260 64 0.4

SAB-234 SP Basalt Flow 1.7 14.7 11.5 2.41 1760 810 24.8 270 67

SAB-235 SP Basalt Flow 1.3 14.7 10.4 2.29 1600 790 23.8 110 73

SAB-236 SP Basalt Flow 2.0 16.4 10.4 3.92 1500 200 17.9 130 45

SAB-237 SP Basalt Flow 2.3 14.3 10.6 4.85 1610 9.4 17 31

SAB-238 SP Basalt Flow 2.0 14.7 11.6 - 3.25 1980 680 20.7 100 52 50

SAB-239 SP Basalt Flow 1.2 13.6 11.1 2.28 1700 690 24.1 120 72

SAB-240 SP Phonolite 0.5 14.5 4.0 7.10 1730 7 0.6 32 0.7 110

SAB-241 SPF Basalt Neck 2.8 15.3 10.9 2.82 1740 580 24.7 160 52

SAB -242 SPF Basalt Neck 2.3 13.8 9.9 3.49 1640 570 19.6 130 50

SAB-243 SPF Basalt Neck 2.5 14.0 11.1 - 3.30 1770 550 26.4 130 58

(Continued on next page)



Table 6. ( Continued)

Identifica-
tion no.

Location & petro-
graphic iden,a

TiO2

(%)

Al2O3

(%)

FeO

(%)

MgO

(%)

Na 20

( %)

MnO

(PPm)

Cr2O3

(PPm)

Sc

(PPm)

V

( PPm )

Co

(PPm)

Rb

(PPm)

Cs

(PPm)

SAB-244 SPF Basalt Neck 2.3 13.6 11.5 3.25 1950 540 23.9 190 59

SAB-245 SPF Basalt Neck 2.2 13.8 10.8 2.86 1680 500 19.0 160 56

SAB-246 SPF Basalt Neck 2.0 15.3 9.9 2.94 1730 600 23.8 240 44

SAB-247 SPF Basalt Neck 3.0 14.0 10.7 3.27 1920 690 23.6 170 47 -

SAB-248 SPF Basalt Neck 2.3 13.2 11.5 3.71 2040 460 19.7 210 44

SAB-249 SPF Basalt Neck 2.3 14.7 8.6 3.85 1610 430 23.8 240 36

SAB-250 SPF Basalt Neck 1.5 14.3 11.8 2.79 1820 510 30.2 260 33

SAB-251 SPF Basalt Neck 1.8 15.5 10.3 3.19 1820 540 20.8 140 44

SAB-252 CP Basalt Flow 2.2 15.1 9.7 3.71 1870 860 21.2 130 44

SAB-253 CP Basalt Flow 1.6 15.7 10.9 3.67 2080 470 24.5 220 47 -

SAB-254 CP Basalt Flow 2.2 16.8 10.9 3.27 2030 370 23.6 190 44

SAB-255 CP Basalt Flow 2.0 17.0 10.8 3.91 1890 120 17.4 170 36

SAB-256 CP Basalt Flow 3.0 17.7 11.1 4.30 2030 88 15.0 150 33

SAB-258 CP Basalt Flow 2.5 18.3 8.6 4.03 1550 86 22.3 230 30

SAB-257 Ethiopia Basalt Dike 1.7 17. 7 9 . 0 2.77 1650 380 26.2 180 44

BC R-1-SL Oregon - USA Basalt 10.9 3.30 25 27.2 34

BIO-DC Oregon - USA Basalt - 13.1 - 2.71 58 31.1 62

TRB-1-A Oregon - USA Basalt 1.1 15.8 7.9 2.52 1930 220 22.3 - 36

Error 1 Sigma ± 0.5 ±0.6 ±0.2 ± 2 ± 0.05 50 th 4-15 th 0.2 ± 30 th 2 th 15 ± 0.5

(Continued on next page)



Table 6. (Continued)

Identifica-
tion no.

Location & petro-
graphic iden.a

Ba

(ppm)
La

(ppm)
Ce

(ppm)
Nd

(ppm)
Sm

(ppm)
Eu

(ppm)
Tb

(ppm)
Yb

(ppm)
Lu

(ppm)
Hf

(ppm)
Th

(ppm)
Ta

(ppm)

HBA-226-A Hot Brine Area
Ridge Basalts 2.4 15 2. 7 1.2 0.9 2. 8 0.60 2.9 0.3 0. 2

HBA-226-B Hot Brine Area
Ridge Basalts 2. 1 10 3. 0 1. 3 0. 8 3. 2 0. 62 2. 2 0. 1 0. 2

HBA-226-C Hot Brine Area
Ridge Basalts 3.0 7 3.0 1.3 0.9 3.0 0.56 2.0 0.3 0.3

JT-40 MRZ Layered Gabbro 1. 1 7 0.56 0.41 0.07 0.3 0. 11 0.8 0. 2 0.4

JT-45 MRZ Layered Gabbro 1.2 4 0. 49 0. 34 0. 04 0.5 0.06 0.3 0.4 0. 2

JT-51 MRZ Layered Gabbro 2.4 3 1.3 0.70 0.27 0.9 0. 19 0.6 0. 7 0.2

SAB-201 MRZ-Diabasic Dike 200 8. 5 36 5. 5 2.0 1. 3 7, 5 0.96 3. 8 1.3 1.4

SAB-203 MRZ Diabasic Dike 100 12 29 70 6. 9 2. 2 1.4 8. 7 1. 09 4. 9 2. 1 0, 9

SAB-208 MRZ Diabasic Dike 200 11 33 6. 1 2.0 1.5 7.3 0.95 4.6 2.6 0.9

SAB-211 MRZ Diabasic Dike 100 8.3 25 5.4 1.9 1.0 5, 4 0.69 3.0 2. 0 0. 8

SAB-212 MRZ Diabasic Dike 200 11 34 5. 1 2.2 1, 0 3, 3 0, 45 3. 3 1.5 1.2

SAB-213 MRZ Diabasic Dike 300 10 33 5. 1 1, 9 1, 0 4.7 0.53 4.9 1.6 1.0

SAB-214 MRZ Diabasic Dike 200 12 32 6. 0 2.3 1. 3 4.2 0.63 4.2 1, 9 0.9

SAB-219 MRZ Diabasic Dike 300 10 30 30 5. 8 1, 8 1. 0 3. 8 0. 79 4.3 1.6 0. 8

SAB-220 MRZ Diabasic Dike 200 11 43 30 7.0 2. 1 1, 1 4.6 0.50 5. 7 2.8 0, 2

SAB-221 MRZ Diabasic Dike 400 12 40 90 6.9 2.0 1.2 5. 4 0.78 4. 2 1, 8 0.6

SAB-222 MRZ Diabasic Dike 100 11 39 60 6. 6 2.0 0.9 2.4 0. 44 4.3 0. 7 0.5

SAB-223 MRZ Diabasic Dike 200 10 37 6. 3 2.2 1. 1 2. 7 0.42 3. 3 1, 3 0.5

SAB-226 MRZ Diabasic Dike - 9 40 50 6, 0 1. 8 1. 1 3.9 0. 74 4, 3 1. 2 0.5

(Continued on next page)



Table 6. (Continued)

Identffica-
tion no.

Location & petro-
graphic iden.a

Ba

(PPm)
La

(PPnli

Ce
(PPm)

Nd

(PPm)

Sm
(PPm)

Eu

(PPm)

Tb
(PPm)

Yb
(PPm)

Lu

(PPm)
Hf Th

(PPm) (PPm)
Ta

(00m)

SAB-227 MRZ Diabasic Dike 100 9 26 4. 8 1. 6 0. 8 2. 6 0. 37 3. 0 2, 2 0.4

SAB-216 MRZ Diabase
Chill Zone 400 18 50 8. 1 2. 8 1.3 5.0 0.64 5. 0 1. 7 1. 0

SAB-215 MRZ Gabbro
Chill Zone 7.9 20 4.5 1.4 0.6 2.4 0.36 3.3 1.2 0.4

SAB-207 MRZ Felsic Dike 200 47 122 40 12..3 2.6 2. 2 12. 4 1.46 14. 5 10, 8 4

SAB-210 MRZ Felsic Dike 300 70 195 110 18. 1 3. 7 3. 1 18.4 2. 13 30. 3 17. 5

SAB-198 MRZ Granophyre 400 34 99 50 13. 8 2. 7 2. 7 17. 5 2. 12 17.4 9.3 3

SAB-199 MRZ Gfanophyre 400 38 102 60 14. 1 2.9 2. 8 19. 0 2. 26 17. 5 9. 9 3

SAB-200 MRZ Granophyre 400 40 112 70 13.2 2.8 2.3 12.8 1.65 13.9 8. 7 4

SAB-202 MRZ Granophyre 500 26 79 60 12.0 3.6 2. 3 13. 1 1. 85 13. 7 5. 1 2, 1

SAB-204 MRZ Basalt Flow 700 64 137 - 8.9 3.0 0. 8 3.9 0.41 7.0 10, 2 9

SAB-205 MRZ Basalt Flow 600 65 142 90 9. 7 3. 0 1. 3 3. 4 0, 36 6.6 10.0 8

SAB -206 MRZ Basalt Flow 700 61 137 80 9, 1 2, 9 1. 1 3.2 0. 50 6.5 9.2 8

SAB-209 MRZ Basalt Flow 500 54 116 .. 10.0 2.7 1.2 4.7 0, 50 5.9 8.0 8

SAB-217 MRZ Basalt Flow 600 52 141 40 8.4 2.6 1. 0 2. 8 0, 36 5, 2 8, 0 7

SAB-218 MRZ Basalt Flow 600 59 132 40 9. 3 2. 7 0, 9 3. 8 0.40 6. 7 9, 0 9

SAB-224 MRZ Basalt Flow 800 70 148 70 10, 2 2, 6 1. 1 3. 2 0.42 6. 7 12 4

SAB-225 MRZ Basalt Bomb 700 69 140 170 9.7 2, 8 1.2 2.6 0, 41 6. 1 11 4

SAB-228 SP Basalt Flow 100 12 38 40 6. 1 1, 9 0, 8 1.7 0. 34 4, 6 1, 3 0. 3

SAB-229 SP Basalt Flow 200 7 26 4, 0 1.4 0, 6 2, 0 0. 27 3. 2 0. 7 0. 2

(Continued on next page)



Table 6. (Continued)

Identifica-
tion no.

Location & petro-
graphic iden.a

Ba

(ppm)
La

(ppm)
Ce

(ppm)
Nd

(ppm)
Sm

(ppm)
Eu

(ppm)
Tb

(ppm)
Yb

(ppm)
Lu

(ppm)
Hf Th

(ppm) (ppm)
Ta

(ppm)

SAB-230 SP Basalt Flow 100 10 37 20 6. 9 2.2 1. 1 2.2 0. 33 4. 7 1. 2 0. 3

SAB-231 SP Basalt Flow 200 12 36 5.9 1. 8 0. 7 1.6 0. 25 4.6 2. 0 0. 8

SAB-232 SP Basalt Flow 400 20 53 10 6. 2 1. 6 0. 8 1. 7 0. 30 4. 5 3. 6 0. 8

SAB-233 SP Basalt Flow 200 16 50 5. 5 1. 7 0.9 2. 3 0. 14 4. 1 1, 4 0. 6

SAB-234 SP Basalt Flow 300 13 49 5.6 1. 8 0. 6 1. 6 0. 27 3. 2 1. 5 0. 4

SAB -235 SP Basalt Flow 6 24 30 3. 2 1. 2 0. 4 1.3 0. 23 3. 7 1. 0 0. 1

SAB-236 SP Basalt Flow 300 14 41 80 6.3 1.9 1.0 1, 6 0.31 4. 1 1. 8 0.7

SAB-237 SP Basalt Flow 400 20 58 60 7. 2 2. 1 1. 0 2. 0 0. 32 5. 2 2. 5 1. 2

SAB-238 SP Basalt Flow 300 29 75 100 8. 1 2.4 0. 8 2. 4 0.42 4. 7 3. 5 1. 2

SAB-239 SP Basalt Flow 200 7 27 - 4. 3 1. 1 0. 7 4. 1 0. 26 2.4 2. 3

SAB-240 SP Phonolite 700 71 151 40 7. 3 1.9 0.7 4.5 0. 59 17 16 6

SAB-241 SPF Basalt Neck 500 22 55 5. 7 1.9 1. 0 1.6 0. 30 3. 8 2.4 2

SAB-242 SPF Basalt Neck 400 34 90 7. 3 2. 5 1. 0 1.6 0. 28 6. 4 5.7 3

SAB-243 SPF Basalt Neck 600 33 82 7. 3 2. 6 0. 9 2. 5 0.32 5. 7 5. 0 3

SAB-244 SPF Basalt Neck 600 35 87 - 8. 6 2. 6 0.9 1.9 0. 24 5, 3 4. 3 4

SAB-245 SPF Basalt Neck 400 30 82 6. 4 2.4 0. 8 1.6 0.24 4. 1 4, 1 3

SAB-246 SPF Basalt Neck 300 24 63 5, 9 2, 1 0. 6 2. 3 0. 26 4. 3 3, 4 2

SAB-247 SPF Basalt Neck 500 41 104 8. 2 2. 8 1, 8 1.9 0. 29 5. 3 6. 3 3

SAB-248 SW Basalt Neck 700 47 112 9. 4 3.3 1.2 1.6 0.34 6.0 7.4 4

SAB-249 SW Basalt Neck 600 20 60 5.9 2.0 0, 8 1.6 0.21 5.0 2. 5 2

SAB-250 SPF Basalt Neck 500 11 34 - 4. 6 1.7 0. 8 1, 9 0.22 3, 0 1. 5 1
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Table 6. (Continued)

Identifica-
tion no.

Location & petro-
graphic iden. a

Ba

(ppm)
La

( PPin )

Ce
(ppm)

Nd
( iMm )

Sm

( Prom )

Eu
(ppm)

Tb
(ppm)

Yb
(ppm)

Lu

(ppm)
Hf

( tvm 1

Th
( Dom )

Ta
'ppm)

SAB -251 SPF Basalt Neck SOO 26 66 6. 0 2.2 0.9 1.4 0.35 4.5 3. 8 3

SAB-252 CP Basalt Flow 200 30 81 6.7 2. 1 1. 0 2. 3 0.36 4. 8 3.4 2

SAB-253 CP Basalt Flow 400 26 67 6. 3 2. 2 1. 0 3.9 0. 57 4. 7 2. 8 3

SAB-254 CP Basalt Flow 400 28 71 - 6.2 2.2 1.0 2.5 0.40 4.2 3.4 2

SAB -255 CP Basalt Flow 400 31 72 - 6. 4 2.4 0. 7 2. 1 0.35 5. 5 4. 9 3

SAB-256 CP Basalt Flow 500 37 92 - 7.6 2.6 0.7 2.7 0. 31 5.2 5. 1 3

SAB-258 CP Basalt Flow 500 32 78 6.6 2.3 1. 1 3. 5 0.32 5. 0 4.5 2

SAB-257 Ethiopia Basalt Dike 12 33 - 4. 1 1. 7 0. 7 2. 7 0. 41 2. 5 1. 1 1

BCR-1-SL Oregon - USA Basalt 500 23 54 6. 1 2.0 1. 0 3.5 0.65 5.0 7.0 0. 8

BLO-DC Oregon - USA Basalt 500 21 46 6. 8 2.3 1. 2 4. 0 0.57 4. 6 3.5 1

TRB-1-A Oregon - USA Basalt 300 16 39 3. 7 1.5 0. 6 2. 0 0. 36 2. 8 2. 0 0. 7

Error 1 Sigma * 100 * 2 * 9 ± 10-30 ± 0.5 ± 0.2 ± 0.2 ± 0.5 * 0.09 * 0.6 ±0, 8 * O. 8

aFor definition of location abbreviations, see footnote (a), Table 3.


