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PALEOMAGNETIC STUDY 
OF THE AS SARAT VOLCANIC FIELD, 

SOUTHWESTERN SAUDI ARABIA 

by 

Karl S. Kellogg and Richard L. Reynolds 

ABSTRACT 

Four stratigraphic sections through alkali basalt flows 
of Oligocene-Miocene age (24 to 29 m.y.) in the As Sarat 
volcanic field, southwestern Saudi Arabia, were sampled for 
paleomagnetic study. Forty-two magnetically acceptable flows 
(139 samples) yield a mean direction of magnetization of 
D=-4.7°, 1=15.2° (a95=4.3°), which defines a paleomagnetic 
pole at 78.8°N, 247.8°E. Of these acceptable flows, 24 are 
normally magnetized and 18 are reversed. Parts of two 
sections of flows erupted apparently during the early phases 
of a polarity reversal of the earth's field. Although the 
mean paleomagnetic directions determined from each flow do 
not collectively define a strict Fisherian distribution, the 
fact that the mean directions for each of the four sections 
are nearly identical indicates that the overall paleomagnetic 
pole position is reliable. The magnetostratigraphy can be 
only generally correlated from one section to another 
apparently because of a lateral thickening and pinching out 
of many flows between sections. 

The dispersion of directions due to secular variation of 
the upper Oligocene and lower Miocene field (standard angular 
deviation = 16.2°) is about the same as that produced by the 
recent field. If the rate of secular change during the time 
of As Sarat eruption was approximately that of the present, 
the rate of eruption during several sequences of As Sarat 
flows is estimated to be one flow about every 100 years. 

The fact that the mean direction derived from 24 normally 
magnetized flows is significantly different from that derived 
from the 18 reversed flows supports the hypothesis of a dis-
placed dipole source for the earth's field in late Oligocene 
to early Miocene time. 

The results from As Sarat, as well as those from Aden, 
compared with paleomagnetic results from Late Tertiary rocks 
in Africa indicate with 95 percent confidence that the Red 
Sea has opened at least 2° in the past 5 m.y., and at least 
4° in the past 25 m.y. The paleomagnetic results also 
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indicate that the Arabian Peninsula was more equatorial in 
late Oligocene to early Miocene time than it is now, by an 
amount compatible with the opening of the Gulf of Aden. 

INTRODUCTION 

The As Sarat volcanic field lies on the edge of the rugged 
Red Sea escarpment in the Asir Mountains of southwestern 
Saudi Arabia (fig. 1). The southern part of the field has 
been mapped by Anderson (1978) and the remaining part by 
Stoesser (unpub. data)) both at a scale of 1:100,000. This se-
quence of nearly flat-lying, highly dissected flows is as 
thick as 580 m, and the elevation of some peaks at the south-
ern edge of the field is almost 3,000 m above sea level. The 
As Sarat volcanics cover approximately 750 km2 and accord-
ing to Coleman and others (1973) they occupy the crest of a 
large monoclinal flexure at the structural boundary between 
uplifted Precambrian rocks to the northeast and the Red Sea 
basin to the southwest. As well, the rocks to the southwest 
of the field are broken by numerous, large, high-angle faults 
parallel to the Red Sea axis. To the north of the escarp-
ment, the dip of flow surfaces is gentle (no more than about 
3°) away from the escarpment edge. Coleman and others (197-7) 
surmised that 17 to 20 flows are exposed in the As Sarat 
sequence, but at least 30 flows have been noted in the 
sections measured for this study, and the total number of 
separate flows probably exceeds this figure considerably 
because most flows are not laterally continuous throughout 
the whole field. 

The As Sarat volcanics have been dated by Brown (1970), 
who obtained K-Ar ages of 29.4+1.0 m.y. and 24.7+0.2 m.y. for 
basalts from the bottom and top of the sequence, respec-
tively. An age of 21.8+0.2 m.y. is reported by Coleman and 
others (1977) for a small trachyte plug that intrudes the 
volcanics in the central part of the field. 

Prior to the eruption of the As Sarat volcanics, the 
development of an extensive laterite on a flat erosional sur-
face underlain by the Precambrian basement (Overstreet and 
others, 1977) suggests that the area was at or near sea level 
during late Oligocene time. All of the As Sarat flows are 
undersaturated in silica and demonstrate a fractionation 
trend from bottom to top typical of Hawaiian alkali olivine 
basalts (Coleman and others, 197')). The flows range upward 
from predominantly alkali picrites through alkali olivine 
basalts (basanites) to hawaiites. The lavas apparently were 
extruded in rapid succession because no well-developed soil 
horizons separate any of the flows. 

On a regional scale, the As Sarat volcanics are part of a 
large alkali basalt field that includes the Ethiopian trap 
series and the Aden trap series (Tarling, 1970), one of the 
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Figure 1.--Map showing locations of the As Sarat volcanic field and 
stratigraphic sections I through IV. 
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largest alkali basalt fields on earth. Dates from silica-
undersaturated flows near the base of the volcanic pile in 
northern Ethiopia range from 23.5 to 29.2 m.y. (Jones and 
Rex, 1974), in excellent agreement with the As Sarat chrono-
logy. These ages, combined with recent data on linear mag-
netic anomalies from the Red Sea, support an initial separa-
tion of Arabia from Africa at 29 m.y. ago, followed by 5 m.y. 
of spreading at a half rate of about 2.3 cm/yr (Gass, 1977). 
At 24 m.y. ago, a long period of quiescence, or at most 
intermittent spreading, began. At 5 m.y. ago, spreading 
resumed to form the present axial trough of the Red Sea. 
This last period of spreading, at a half rate of about 1.0 
cm/yr, is still active. 

It should be pointed out that opinion is not united on the 
chronology outlined above for Red Sea rifting and spreading. 
For example, Girdler and Styles (1974) interpretedthe sea-floor-
spreading data to indicate an initial period of rifting and 
spreading during late Eocene and early Oligocene time (41 to 
34 m.y. ago) followed by a long period of quiescence until 4 
to 5 m.y. ago, when the present period of spreading began. 
Hall and others (197?) and Hall (19ge) also pointedout that 
the magnetic data are ambiguous regarding the onset of 
initial spreading; two different models indicate that the 
earlier phase of spreading occurred either between 40 and 34 
m.y. ago or between 29 and 24 m.y. ago. Dates from bottom 
cores and from initial strike-slip movement of the Dead Sea 
rift in late Eocene time tend to support the earlier age for 
initial spreading (Girdler and Styles, 1974), while the age 
of alkalic volcanism around the rift basin tends to sup-
port the younger age for early spreading (Gass, 1977; Coleman 
and others, 1977). 

The exact geometry of Red Sea spreading is still unclear. 
McKenzie and others (1970), by fault-plane solutions derived 
from Red Sea earthquakes, by the fit between Africa and 
Arabia v, izt.L.d the 500-fathom contour, and by Vlye,.1Ae5,zolitm the two-
regions",,&long transform faults, calculated that about 7° of 
rotation has taken place about a pole west of Greece (36°N., 
17°E.). LePichon and Francheteau (1978) agreed with this 
model for that region of the Red Sea north of 18°N, but 
suggested that south of this latitude the sea-floor data indi-
cate a spreading pole at 7°N., 50°E., south of the Red Sea, 
with about 3° of opening over the past 5 m.y. about this 
pole. This southern pole is necessary to accommodate the 
Danakil Block, a platelet of continental crust contained in 
the Afar Depression (for example, Girdler and Styles, 1975). 
Most recently, Hall (1950) has analyzed all the available 
magnetic data and has determined that the formation of the 
Red Sea can be best explained by 8.8° of counter-clockwise 
rotation of Arabia with respect to Africa associated with the 
early (main) period of opening, followed by 1.2° of rotation 
during the late (recent) period of opening. The poles of 
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rotation for each period are significantly displaced from 
each other (29°N., 27°E. for early phase spreading and 45°N., 
10°E. for recent spreading) and indicate that the early 
movement of Arabia away from Africa was more northerly than 
during the past 5 m.y. The mean pole of rotation for total 
Red Sea opening is located at 31°N., 25°E., with an angle of 
opening of 9.9°. 

Such reconstructions as these lend themselves to paleo-
magnetic' analysis. Irving and Tarling (1961), Tarling and 
others (1967), and Tarling (1970) have attempted to shed 
light on the rotational history of Arabia by analyzing 5-10 
m.y.-old volcanics from Aden (now South Yemen). They found a 
consistent 7° counterclockwise rotation of the paleomagnetic 
declination, relative to present true north. From this data, 
Tarling (1970) suggested that only the last 5 m.y. phase of 
rotation between Arabia and Africa can be detected by paleo-
magnetic analysis; previous periods of rifting apparently 
caused small rotations about far distant poles, and would 
therefore be undetectable by paleomagnetic methods. The con-
fidence limit on this 7° rotation was not calculated, and an 
accurate position of the African pole during the later 
Tertiary was also not determined for comparison; thus, it is 
not clear how much rotation is represented by these data. 

One purpose of this study is to use paleomagnetic 
information to improve resolution of the rotational history 
of Arabia relative to Africa during the past 30 m.y. A large 
quantity of paleomagnetic data has accumulated from studies 
of upper Tertiary rocks from Africa, which can be compared 
with the results from this study and with those from Aden. 

The results of this research also provide information 
relating to the periodicity of flow eruption and to the dis-
persion of the late Oligocene - early Miocene field due to 
secular variation. 
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PALEOMAGNETIC METHOD 

Four stratigraphic sections were sampled in the As Sarat 
volcanics (fig. 1): one discontinuously sampled section that 
spans the whole sequence (section I, parts A and B), two in 
the upper two-thirds of the volcanic pile (sections II and 
III), and one in the lower half of the pile (section IV). 
Wherever possible, samples from a continuous sequence of 
flows were collected in sections II, III, and IV, so that the 
periodicity of eruption might be correlated against changes 
in secular variation. Elevations above the laterite were 
measured at the base of most flows in sections II, III, and 
IV with an altimeter; the altimetric readings were corrected 
for temperature, humidity, and drift. Detailed descriptions 
of the locations of the four sections are in the Appendix. 

At least three samples oriented by magnetic compass and 
separated from each other by at least 1 m were collected at 
most flows. Any variations in declination were carefully 
checked by sighting on prominent landmarks. Oriented photo-
mosaics, at a scale of 1:100,000, were then used to define 
the north direction for each sample. Regional variations in 
magnetic declination were also checked at several localities 
by sun compass. In all, 209 samples at 67 flow localities, 
and in a trachyte plug, were collected. More samples per 
flow would have been desirable, but because of the short time 
available for sampling, it was deemed more advantageous to 
collect material from additional flows rather than additional 
samples within individual flows. 

In the laboratory, one core per sample (measuring 2.5 cm 
in both diameter and length) was drilled, and the directions 
and intensities of magnetization were measured on a 10-Hz 
spinner magnetometer. Wherever applicable, a small dip 
correction was applied to the paleomagnetic directions. 
Following the procedure outlined in Irving (1964), A.C. 
demagnetization, at steps of 100oe, 200oe, 300oe, 400oe, and 
600oe were performed, and the mean direction at the cleaning 
level that produced the tightest grouping (that is, smallest 
a95, the semiangle of the cone of 95 percent confidence) 
was chosen to represent a flow. If an increase in resolution 
of a mean direction occurred between 400oe and 600oe, the 
samples were demagnetized at 800oe and, depending again on 
the improvement in resolution, at 1,000oe. Only where a95 
is less than 15° is a flow considered to be paleomagnetically 
"acceptable". This value of 15°, which was chosen rather 
arbitrarily, is merely a means of screening sites, and is not 
intended as a rigorous value of confidence for a particular 
flow. It should also be noted that where N, the number of 
samples, is equal to 2, a95 is a totally unsuitable measure 
of the confidence; in these cases, the parameter R, the mag-
nitude of the vector sum of the N unit vectors, is used 
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instead. Only where R is greater than 1.98 is the mean direc-
tion from two specimens from the same flow considered to be 
acceptable. 

The term "acceptable" as used here means something quite 
different from "stable". Stable samples are those that 
demonstrate an unchanging direction of magnetization at each 
step of demagnetization. A collecting site may have samples 
that are individually stable; yet the directions may be so 
scattered as to render the site unacceptable. 

Samples from nine flows, representing a range of magnetic 
stability, were examined under reflected light to determine 
if differences in mineralogic characteristics were related to 
differences in stability. The results from this study are 
presented in a later section of the report. 

RESULTS 

Directions of magnetization 

Samples from the flows in general displayed extremely 
stable behavior. A small initial viscous remanence (VRM), 
approximately parallel to the present field direction, was 
removed after demagnetization to about 100 to 200oe, after 
which the directions generally stabilized. Significant 
improvement in the resolution of the mean direction above 
cleaning levels of 400oe was noted for only a few flows. 
Consistent changes in mean direction, which will reflect the 
removal of regional secondary components of magnetization, 
were not observed. The paleomagnetic data for each flow are 
summarized in table 1. The mean directions of magnetization 
for all acceptable sites are also shown in the equal-area 
projections of figure 2. 

That lightning had struck an outcrop at some time after 
the deposition of a flow was a possibility at a few local-
ities. Lightning strikes were suspected wherever a combi-
nation of a high remanent intensity and highly divergent but 
stable direction (relative to the other sample directions 
from the same flow) occurred. In these cases, the anomalous 
direction was disregarded and the remaining directions were 
used to calculate a mean direction for a flow. Where only 
two samples remained to represent a flow, the mean direction 
is highly suspect. In such cases this mean direction is not 
considered acceptable and has not been used in the calcula-
tion of the mean paleomagnetic pole. 

Forty-four flows, represented by 145 samples, meet the 
requirements for being considered acceptable. Of these, 24 
are normally magnetized and 18 are reversely magnetized. 
Flows with directions that diverge more than 40° from the 
overall As Sarat mean direction, either normal or reversed, 
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Table 1.-- Sunnary of paleomagnetic data from the As Sarat volcanics 
pq = number of specimens measured. Demagnetization field, in oersteds, is that at which the tightest 
grouping of sample directions occurred. I = mean inclination, positive downwards. D = mean 
declination, clockwise from true north. R = magnitude of the sum of N unit vectors. k = Fisher's 
(1953) best estimate of precision. a9 5 = semiangle of the cone of 95 percent confidence. Plol = 
polarity, either normal (N), reversed (R), or transitional (T). S m and (5p = semimajor and semiminor 
axes, respectively, of the oval of 95 percent confidence surrounding the paleanagnetic pole.] 

Demagnet-
ization Paleomagnetic Pole 

N field k a 9 5 Pol Lat Long (5m Sp 

Section IA 
(18.15N, 43.15E) 

K103 4t 400-800 -3.4 19.7 3.96 70 8.4 N 
K104* 6 400 33.5 -27.9 4.76 4 28.5 N 
K105 5 400 -10.6 16.8 4.96 107 6.1 N 
K106* 1 400 -2.6 38.3 N 
K107 5 400 -12.5 28.1 4.83 24 12.8 N 

co K108* 1 400 -4.5 19.8 N 
K109 3 200 4.6 26.6 2.99 225 5.9 N 
K110 2 600 -52.8 -1.0 1.64 N? 
K111 1 400 2.2 16.0 N 
K112 3 200 -23.7 16.6 2.99 149 6.6 N 

Section 1.6 
SA21** 4 600 unstable behavior, randam directions 7 

SA22** 3 600 0.3 36.0 2.91 21 27.3 N 
SA23** 3 400 -36.9 -18.3 2.92 24 25.6 

SA24** 5 400 174.9 -46.7 3.94 4 45.7 R 
SA25** 4 400 unstable behavior, random directions 7 

SA27 4 500 175.5 5.0 3.93 40 14.7 R 
SA28** 4 400 unstable behavior, random directions 

Mean, Sects. 
IA & EB; each 6 -8.4 17.4 5.83 30 10.5 -- 77.7N 265.6E 10.9 5.6 
flow given 
unit weight 



			 	 		

			

			
			

			
			
			
			

			
			
	
		

			

			
			
			
			

		
			
			
			

Table 1.-- Summary of paleomagnetic data from the As Sarat voZcanics (Continued) 

N 

Demagnet-
ization 
field D I R k (1 9 5 Pol 

Paleomagnetic Pole 
Lat Long 6m 6 p 

Section II 
(18.18N.,43.17E.) 

K92 
K93** 
K94 
K95 

3t 
3 
3 
3 

600 

100 
300 

11.3 22.6 2.99 391 
scattered, stable (lightning struck?) 
-4.1 26.9 2.99 264 
-8.1 27.2 2.96 50 

4.1 

5.0 
11.4 

N 
? 

N 
N 

K96 
K97 
K98 
K99 

3 
3 
3 
3 

200 
300 
100 
600 

0.1 
-27.6 

7.5 
6.1 

23.1 
18.9 
1.9 
8.1 

2.99 
2.99 
2.99 
3.00 

251 
258 
276 
685 

5.1 
5.0 
4.9 
3.1 

N 
N 
N 
N 

K100 
K101 
K102* 
K102A 

3 
4 
1 
2 

400 
400 
400 
400 

-1.3 
-5.6 

183.2 
183.3 

27.4 
36.1 

-18.3 
-9.6 

2.97 
3.99 

2.00 

67 
395 

9.9 
3.5 

N 
N 
R 
R 

Mean, Sect II; 
each flow given 
unit weight 

10 -1.6 20.5 9.70 30 8.0 -- 82.2N 234.8E 8.4 4.4 

Section III 
(28.06N.,43.17E.) 

K36** 
K37 
K38 
K39 

3 
3 
3 
3 

1000 
100 
400 
400 

19.1 
0.8 
2.5 

-6.8 

-8.0 
25.1 
31.7 
30.5 

2.79 
2.98 
2.99 
2.98 

9 
107 
260 
83 

26.3 
7.8 
5.0 
8.9 

N 
N 
N 
N 

K40* 
K41 
K42 
K43** 

2t 
3 
3 
3 

400 
200 
200 
200 

-5.4 
-1.1 

143.7 
154.8 

32.1 
26.9 
31.1 
27.9 

1.98 
3.00 
2.96 
2.83 

409 
49 
12 

4.0 
11.6 
23.6 

N 
N 
T 
T 



			

 

Table 1.--Summary of paZeomagnetic data from the As Sarat volcanics (Continued) 

N 

Damagnet-
ization 
field D I R k a 9 5 Pol 

Paleomagnetic Pole 
Lat Long Sm 613 

K44 
K45* 
K46 
K47 

3 
3 
3 
3 

400 
400 
800 
200 

148.3 
156.6 
159.9 
165.7 

27.9 
16.9 
-4.2 
4.6 

2.95 
2.93 
2.98 
2.98 

40 
28 
83 

100 

12.8 
15.4 

8.9 
8.1 

T 
R? 
R 
R 

K48 
K49 
K50 
K51 

3 
3 
3 
3 

100 
400 
800 
400 

168.2 
174.4 
179.7 
180.7 

-25.6 
-0.4 

-12.7 
-1.3 

2.98 
2.99 
2.96 
2.98 

97 
194 

56 
82 

8.2 
5.8 

10.8 
8.9 

R 
R 
R 
R 

1-, 
cp 

K52 
K53 
K54 
K55 

1 
3 
3 
2 

400 
400 
200 
400 

154.6 
181.3 
163.2 
209.3 

-10.6 
14.1 
-9.6 
7.8 

2.98 
2.99 
1.97 

114 
357 

7.6 
4.3 

R 
R 
R 
R 

K56* 1 600 -23.5 -21.1 

Mean Sect. III; 
each flow given 
unit weight 

12 -3.2 12.6 11.47 21 8.9 -- 77.9N 238.3E 9.1 4.6 

Section IV 
(17.89N.,43.29E.) 

K179 
K180* 
K78 
K79 

3 
2t 
2. 
2 

600 
400 
400 
400 

1.8 
167.2 
-8.5 

-14.0 

0.4 
-28.2 
17.3 
9.9 

2.98 
2.00 
2.00 
2.00 

78 9.2 N 
R 
N 
N 

K80 
K81 
K82 

5 
3 
3 

100 
200 
300 

-15.0 
-10.8 
-6.2 

7.1 
2.6 

-1.0 

4.99 
2.96 
2.97 

283 
47 
79 

2.6 
11.8 
9.1 

N 
N 
N 

K83* 2t 600 -0.7 -3.4 2.00 N 



	 		 	

  

	

	

Table 1.-- Summary of paZeomagnetic data from the As Sarat voZcanics (Continued) 

Demagnet-

N 
ization 
field TD R k a9 5 Pol 

Paleamagnetic Pole 
Lat Long 6m (Sp 

K84 3 400 155.9 -34.7 2.99 299 4.7 R 
K85 3 600 163.8 -31.4 3.00 988 2.6 R 
K86 5 400 163.8 -32.9 4.98 166 4.9 R 
K8 6A 4 300 170.5 -30.7 3.99 217 4.8 R 

K87A** 3 400 176.8 -23.1 2.86 15 21.1 R 
K88A 2 200 189.8 -9.6 1.99 R 
K89A 3 400 190.7 -2.0 2.99 351 4.3 R 
K90A 3 300 179.8 -1.6 2.99 259 5.0 R 
K91A 2 200 173.9 0.4 2.00 R 

Mean Sect. IV; 
each flow given 14 -7.0 12.9 13.44 23 7.7 -- 76.7N 255.3E 7.9 4.0 
unit weight 

Trachyte plug-
K120tt 5 200 0.3 7.4 4.94 62 8.0 N 75.7N 222.0E 8.0 4.0 

Mean, all accept- 42 -4.7 15.2 40.34 25 4.3 78.8N 247.8E 4.5 2.3 
able N or R flows; 
each flow given 
unit weight. (mean 
coordinates 18.0N., 
43.2E.) 

* Mean direction is plotted on figure 2, but is not included in the calculations of overall mean direction 
because either only one sample was measured, or two samples with a third omitted due to suspected lightning 
strike. 

* * Mean direction is not used in calculation of overall mean direction and is not plotted in figure 2 because of 
too much scatter in data. 

Excludes one sample thrown out because lightning strike s uspected.. 
ti- K-Ar age of 21.8 + 0.2 m.y. (Coleman and others, 1977). 



	

	

SA(IR)-360 

Figure 2.--Equal-area projections of the mean directions of 
magnetization for each flow in stratigraphic sections I through 
IV. Solid dots represent lower hemisphere projections, open dots 
represent upper hemisphere projections. The smaller dots show 
the positions of less reliable poles (see text for explanation). 
Directions for flows that are in contact with one another are 
connected by a solid line; where at least one flow for which no 
reliable data could be obtained separates two flows, the directions 
for these two "acceptable" flows are connected by a dashed line. 
The cross represents the present direction of the earth's magnetic 
field. 12 



	

	

	

	

	

are considered transitional. Although this selection process 
is a bit arbitrary, two paleomagnetically acceptable flows 
(K42 and K44) clearly stand out as being highly divergent 
from the remaining flow directions, and are suspected to be 
part of a magnetic transition (or excursion) zone; that is, 
they erupted during a time when the earth's field was under-
going a reversal of polarity or an excursion. Flows K85 
through K87 may reflect similar behavior of the earth's 
field. This relationship will be discussed further in 
another section of the report. 

If unit weight is given to each sampled site, and all 
reversed directions are inverted 180°, the results from the 
42 acceptable normal and reversed flows yield a mean paleo-
magnetic direction of D=-4.7°, 1=15.2°, with 04 95=4.3°. The 
paleomagnetic pole defined by this direction lies at 79°N., 
248°E. with 6m=4.5° and 61)=2.3°. 

Reliability of the paleomagnetic data 

As Doell and Cox (1965) pointed out in their study of 
Hawaiian lavas, the statistical analysis of Fisher (1953), 
used by most paleomagnetists to analyze their directional 
data, is only strictly valid when certain criteria are met. 
One of these criteria is that each direction is taken 
randomly from a population of vectors describing different 
orientations of the earth's magnetic field. In the case of 
lava flows, this requirement means there should be no serial 
correlation from one flow to the next; the direction obtained 
for one flow should be just as likely to occur for any other 
flow. As can be easily seen from inspection of figure 2, the 
requirement is not met for the As Sarat flows; they clearly 
show a serial dependence. The Fisher statistics do not deal 
exactingly with the data from paleomagnetic studies such as 
this one. Nonetheless, because no better statistical 
approach has yet been devised to deal with directions that 
change sequentially in time, it is still highly instructive 
to apply the Fisher statistics to the As Sarat data. The 
fact that these data are not ideally "Fisherian" should be 
kept in mind, however. 

The mean direction calculated for the As Sarat volcanics 
does closely represent a "true mean" for the period of time 
over which the flows were erupted, as may be seen by inspect-
ing the individual mean directions calculated for sections I, 
II, III, and IV. These mean directions are not significantly 
different (fig. 3), and all demonstrate a west-of-north and 
more shallow inclination relative to the present field direc-
tion, strongly suggesting that the overall mean direction 
closely approximates the average direction of the upper 
Oligocene and lower Miocene field. 

13 
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Figure 3.--Equal-area projection showing the mean directions of magnetization 
derived for stratigraphic sections I through IV and for the overall mean 
direction (star). Each direction is surrounded by its circle of 95 
percent confidence. The cross represents the present direction of the 
earth's magnetic field. 
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Normal versus reversed flows 

Wilson (1972) showed that if the directions of mag-
netization from all studied Upper Tertiary, reversely mag-
netized rocks from around the world are inverted 180°, their 
mean direction is significantly different from that derived 
from all normally magnetized rocks. The cause for this dif-
ference appears to be a displacement of the dipole source of 
the field northward from the earth's center along the rota-
tional axis, although during reversed periods the displace-
ments northward (that is, towards the present South Pole) 
appears to have been greater than for normal periods. 

The As Sarat flows were analyzed to determine if there 
was a significant difference between the mean direction of 
reversed and normally magnetized flows. Twenty-four mag-
netically acceptable flows are normally magnetized, and 
define a mean direction (giving unit weight to each flow) of 
D=-5.2°, 1=19.0°, with a R value of 23.32 and an a95 of 
4.9°. The 18 reversed flows collectively define a direction 
of D=-173.7°, I=-10.2°, with an R value of 17.19 and a a95 
of 7.2°. If the reversed direction is inverted, the two cir-
cles of confidence do barely overlap, although the applica-
tion of an F-ratio test (Watson, 1956) indicates that the two 
populations of directions are significantly different at the 
95 percent confidence level. The apparently steeper mean 
direction for the normally magnetized flows is in accord with 
Wilson's (1972) model for the source of the field. It is 
interesting to note that the results of a paleomagnetic 
analysis of Tertiary dikes from the Red Sea coastal plain of 
Saudi Arabia also indicate that normally magnetized dikes 
have significantly steeper inclinations than the reversed 
dikes (Kellogg and Blank,unpub. data). 

Intensities of magnetization 
related to the magnetic stability and mineralogy 

The measured intensities of natural remanent magnetiza-
tion (NRM) ranged from about 3 x 10-4 emu/cc to about 5 x 
10-2 emu/cc, averaging about 2 x 10-2 emu/cc. The 
intensities typically dropped from one to two orders of mag-
nitude after demagnetization up to 600oe (fig. 4). 

Samples with high coercivity, for which the intensities 
dropped off relatively gradually at progressively higher 
demagnetizing fields, displayed a very stable, relatively 
unchanging direction of magnetization. When a low coer-
civity, antiparallel component of magnetization (ofterrl_.0 
viscous remanence produced by the earth's recent field)P'Ehe 
sample intensity may actually increase initially. This type 
of behavior is shown for samples K88A-3 and K97-1 in figure 
4a. 
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Figure 4.--Typical examples of intensities of magnetization, in emu/cc, 
plotted against demagnetizing field, in oersteds: 4a, the demagnetizing 
paths for magnetically stable samples; 4b, the paths for magnetically 
much less stable samples. Refer to text for further explanation. 
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Selected polished sections (samples K34-1, K38-1, K41-1, 
K43-1, K47-1, K54-1, K87A-2, K97-1, and K98-1) were examined 
to determine if magnetic behavior correlated with the 
mineralogy of magnetic grains. Samples that showed highly 
stable behavior typically displayed hematite along cracks and 
edges in magnetite, leaving distinct cores of magnetite. In 
most cases the observed magnetite had undergone varying 
amounts of alteration to maghemite. Additionally, ilmenite 
lamellae, parallel to (111) crystallographic planes in 
magnetite, were usually well developed. 

Unstable samples (samples demonstrating widely divergent 
directions of magnetization after each step of demagnetiza-
tion), generally displayed a relatively rapid fall-off of 
intensity with demagnetizing field (fig. 4b). Under 
reflected light, two samples that displayed this type of 
behavior (K43-1 and K47-1) both contained large unaltered 
(presumably multidomain) grains of magnetite, a feature com-
monly associated with unstable behavior (Strangway and 
others, 1968). However, this feature was also noted in some 
samples demonstrating stable behavior (for example, K92-1 and 
K98-1). In these cases, the factors governing stability, 
such as the growth of ilmenite lamellae, may occur on a sub-
microscopic scale. It has been demonstrated (Strangway and 
others, 1968) that high magnetic stability is associated with 
submicroscopic ilmenite lamellae in much magnetite of vol-
canic origin. These lamellae result from high temperature 
oxidation and may effectively produce submicroscopic volumes 
of magnetite with small numbers of domains, a factor related 
to high magnetic stability. This explanation appears to 
apply to the stable behavior in the As Sarat volcanics. 

REGIONAL CORRELATION OF THE AS SARAT VOLCANICS 

Correlation of many flows over more than several km, based 
on field relationships, is difficult in the As Sarat volcan-
ics, and it has been strongly suspected that most flows are 
of limited extent and may interfinger with one another. 
Pinching and swelling of flows are seen commonly and some 
flows are observed to pinch out altogether. 

It was anticipated that the magnetic stratigraphy would 
prove useful for correlating sections from one locality to 
another; however, based on the paleomagnetic data from the 
four sections measured (fig. 5), the correlations are not 
always clear-cut. The data do indicate, though, that in the 
northern part of the As Sarat field (sections I, II, and III) 
a normal section spans at least the upper one-half to one-
fourth of the sequence. The data from section IB also sug-
gest that only one sequence is reversed; it underlies the 
upper normal sequence, and extends to the base of the 
section. This basal reversed sequence has been correlated 
with the lower reversed sequence of sections II and III, and 
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may correlate with the basal reversed sequence in section IV. 
At least three considerations, however, make this last cor-
relation somewhat tenuous. First, the basal reversed sequ-
ence in section IV is about one-third to one-fourth as thick 
as the proposed basal reversed sequences in sections IB, II, 
and III. Second, there is no transition zone noted at the 
top of section IV, as there is at the tops of sections II and 
III. Third, almost 30 km separates section IV from its near-
est neighbor, section III. We do not have enough data at 
this point to indicate with certainty if correlations over 
this distance can be made. 

That large parts of several sections do not correlate 
well with other sections substantiates the observation that 
much pinching out of flows is in fact taking place. For 
example, flows K43 to K52 in section III show directions of 
magnetization that are displaced somewhat from most other 
reversely magnetized flows and do not correlate with any of 
the other sections. Likewise, the normal polarity sequence 
of section IV and the isolated reversal at K180 are also not 
readily correlated. 

SECULAR VARIATION 
DURING LATE OLIGOCENE AND EARLY MIOCENE TIME 

It is suggested that enough flows were sampled in the As 
Sarat volcanics to offer a good estimate of the amount of 
secular variation that occurred during the period of erup-
tion. The angular standard deviation, 6, is often given as a 
measure of the secular variation, and is equal to cos-1 
(P/N) (Wilson, 1959). 6_ gives the angular radius of the cir-
cle that encloses 63 percent of all directions. Although5 
should be independent of N (N increases in proportion to R 
for a Fisherian distribution of directions), it is highly 
latitude dependent, the equatorial value being about twice 
that observed at the poles (see McElhinny, 1973). The average 
equatorial value for S. is 19° (Brock, 1971), although the 
observed variation in 6 is not symmetric about the equator, 
being consistently higher in the southern hemisphere than in 
the northern hemisphere (see Tarling, 1970). 

Using 6 as a measure of secular variation, we can com-
pare the secular variation of the upper Oligocene and lower 
Miocene field in the As Sarat region with that of the modern 
field. Such a comparison requires strictly that the popula-
tion of directions represents a Fisherian distribution. We 
have already pointed out that the As Sarat mean directions 
are not strictly Fisherian; nonetheless, the calculations may 
give an approximation to the amount of secular variation. 

The 42 acceptable flows given on table 1 yield an R value 
of 40.3, which gives a value for a of 16.2°, which in turn 
is highly consistent with modern values of secular variation 
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(about 15°) calculated for the latitude of Arabia (McElhinny, 
1973). 

RATES OF ERUPTION BASED ON SECULAR VARIATION LOOPS 
AND POSSIBLE MAGNETIC TRANSITION ZONES 

Prior to this study it was suspected that the rate of 
eruption for large sequences of the As Sarat volcanic pile 
must have been very rapid because of the almost total lack of 
soil horizons between flows (Brown, 1970; Coleman and others, 
1977). The paleomagnetic evidence supports this observation. 

As pointed out previously, it is seen in figure 2 that 
for parts of sections II, III, and IV, the directions of mag-
netization from flow to flow appear to change in a sequen-
tial, continuous manner, defining paleomagnetic loops similar 
to those defined in other studies (such as Aitken, 1970 and 
Creer, 1977). For example, in stratigraphic section II there 
is a continuous change in direction for flows K101 to K98 
(moving upward in the section), then a jump in direction to 
flow K97, which begins another smooth change to flow K92 
(fig. 2b). 

Similar changes in directions, including those that may 
represent a polarity transition, are portrayed in section IV, 
(fig. 2d). Moving upwards in the section, flows K91 to K84 
demonstrate a progressive swing along a great circle through 
the mean reversed direction. Following a discontinuous jump 
in direction, flows K83 and K82 appear to continue this swing 
on approximately the same great circle towards the mean nor-
mal direction. If a transition zone is indeed represented by 
these data, then the discontinuous jump between flows K83 and 
K84 represents either a short period of rapid change in 
direction or a longer period of time between the eruptions of 
these two flows. 

In section III (fig. 2c), the upper part of the lower 
reversed sequence (flows K51 to K42) also shows a systematic 
change in direction suggestive of a polarity transition zone. 
If both the possible transitions of sections III and IV are 
real, they must, represent different polarity changes, as the 
paths are different in each case. In section III, moving up-
ward in the section, the swing starts by moving northwards 
through the lower hemisphere, while in section IV it appears 
to start by moving northward through the upper hemisphere. 

A rough calculation of the periodicity of flow eruption 
may be obtained from the approximate rate of change of 
secular variation. Archeomagnetic investigations in Britain 
indicate that the field direction has changed about 5° per 
100 years over the past 1,000 years (Aitken, 1970). This 
result has been generally supported by subsequent studies of 
Quaternary lake sediments (Creer, 1977). Due to the more 
southerly latitude of Saudi Arabia relative to the sites of 
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these previous studies, it is anticipated that the angular 
rate of change due to secular variation would be a bit lower 
for the As Sarat region. 

If the paleomagnetic loops discussed above reflect secu-
lar variation, about 5° to 20° of change in secular variation 
is indicated between successive flows. Assuming that rates 
of change in secular variation in Oligocene and Miocene time 
are close to those of recent secular variation, then the 
periodicity of flows for large sequences of the As Sarat vol-
canic pile may have been as rapid as one eruption approxi-
mately every 100 years, extremely rapid indeed, although not 
geologically unrealistic. 

Corroborating but weaker evidence for the periodicity of 
flows is given by studies of the time it takes for a polarity 
transition to occur (evidence summarized in McElhinny, 1973). 
Although the time span most likely varies, estimates of about 
1,000 to 2,000 years for a switch in polarity direction seem 
plausible. Using this figure, and approximating from our 
data that about 10 of the sampled flows erupted during a 
polarity transition, then rates of at least one flow per 
approximately 100 to 200 years must have occurred, in good 
agreement with the rate of eruption determined by considering 
the rate of secular variation change. 

PALEOMAGNETISM AND THE OPENING OF THE RED SEA 

Paleomagnetic data are accumulating from Tertiary rocks 
of Africa (Ade-Hall and others, 1974, Bobier and Robin, 1969, 
Brock and others, 1970, Patel and Gracii, 1972, Pouchan and 
Roche, 1971, Piper and Richardson, 1972, Reilly and others, 
1976, Schult, 1974, 1975, Schult and Soffel, 1973, and 
Watkins, 1973), which can be used to establish a reliable 
upper Tertiary pole for Africa. Such a pole is essential for 
determining the timing and amount of Red Sea rifting by pale-
omagnetic means. The paleomagnetic data of these African 
studies are summarized in table 2. For comparison, the 
results from Tarling (1970), from the 5-to 10-m.y.-old volcan-
ics from Aden, are also given in table 2, as are the results 
from this study. Figure 6 is a geographic equal-area projec-
tion that shows the mean paleomagnetic poles from all African 
poles, divided into two categories by age: Quaternary to 
Pliocene poles (about 0 to 7 m.y.) and Miocene to Eocene 
poles (7 to 56 m.y.). The circle of 95 percent confidence 
for each population of poles is also indicated. The pale-
omagnetic results from the Danakil block (Pouchan and Roche, 
1971; Schult, 1974) are not included in these calculations, 
as this area may represent a tectonically rotated microplate 
(for example, Schult, 1975). 

The results from Aden and from this study are also given 
for comparison on figure 6. The confidence limits on 
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Table 2.--Summary of reliable paZeomagnetic data 
from the Upper Tertiary of Africa and Arabia 

[Q = Quaternary, Tp = Pliocene, Tm = Miocene, To = Oligocene, Te = Eocene] 

Number 
of 

sites 
a95 

Pole position Reference(lat-°N. long-°E.) 

Africa 
1. Guinea volcanics Piper and 
a.Cameroon Gulf (Q) 32 6 85 122 Richardson 
b.Fernando Poo Gulf (Q) 51 4 85 189 (1972) 
c.Sao Tome Gulf (Tp) 49 5 86 199 

2. Haruj Assad volcanics, 7 84 169 Ade-Hall and 
Libya (0.2 - 2.2 m.y.) others (1974) 

3. Rift Valley Lavas, Kenya Reilly and 
a. 0 - 1.8 m.y. (Q) 54 3 89 104 others (1976) 
b. 1.8 - 7.0 m.y. (c. Tp) 102 2 87 148 
c. c. 12 m.y. (Tm) 22 6 87 187 

4. Turkana lavas, Kenya 62 2 85 163 Reilly and 
(c. 17 m.y.) others (1976) 

5. Canary Islands and Madeira Watkins (1973) 
a. 0 - 1.6 m.y. (Q) 162 3 83 120 
b. 1.6 - 5.1 m.y. (Tp) 73 4 82 125 
c. 5.2 - 25 m.y. (Tm) 126 6 87 82 

6. Danakil Depression, Schult (1974) 
Ethiopia (Tp)* 26 3 80 258 

7. Afars and Issas Volcanics* Pouchan and 
a. Q 10 8 81 260 Roche (1971) 
b. Tm - Te 24 5 78 137 

8. Kapiti phonolite, Kenya Patel and 
(13 m.y.) 12 17 81 118 Gracii (1972) 

9. Algerian volcanics (Tm) 13 2 88 154 Bobier and 
Robin (1969) 

10. Ethiopian plateau (To) 22 6 75 170 Schult (1975) 

11. Ethiopian traps Reported in: 
(45 ± 15 m.y.) 11 11 87 253 McElhinny 

(1973) 
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Table 2.--Summary of reliable paZeomagnetic data 
from the Upper Tertiary of Africa and Arabia (Continued) 

[Q = Quaternary, Tp = Pliocene, Tm = Miocene, To = Oligocene, Te = Eocene] 

Number Pole position
of (19 5 Reference(lat-°N. long-°E.)s ites 

12. Ethiopian traps Brock and 
(45 ± 15 m.y.) 20 5 81 168 others (1970) 

13. Garian basalts and Schult and 
phonolites, Libya 42 4 86 152 Soffel (1973) 
(Tm - Te) 

14. Jabal Soda basalts, Schult and 
Libya (Tm - Te) 12 7 78 196 Soffel (1973) 

15. Mean African Poles 
a.Quaternary and 

Pliocene; 8 studies 2.1 86 155 
b.Miocene to Eocene; 

10 studies 2.9 85 166 

Arabian Peninsula 
1. Aden volcanics (5 m.y.) 11 5 83 310 Tarling (1970) 

2. Jabal Khariz, Aden Tarling (1970) 
(10 m.y.) 17 7 81 297 

3. As Sarat volcanics This study 
(24 - 29 m.y.) 42 4 79 248 

* directions omitted in calculation of mean pole position; see text. 
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Figure 6.--Equal-area projection of the earth, centered at the north 
pole, showing paleomagnetic pole positions derived from Africa and 
Arabia and their 95 percent circles or ovals of confidence. 1 = mean 
pole from Quaternary and Pliocene African poles (table 2), 2 = mean 
pole from Miocene to Eocene African poles (table 2), 3 = 5-m.y.-old 
pole from Aden (Tarling, 1970), 4 = 10-m.y.—old pole from Aden 
(Tarling, 1970), and 5 = results from this study. A = As Sarat 
collecting locality; B = two sites studied by Tarling (1970). 
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Tarling's (1970) data were recalculated using his given preci-
sion parameter, k. 

Both Tertiary poles from Africa (1 and 2 on fig. 6) are 
nearly identical and are far-sided and right-handed (that is, 
relative to an observer at the sample sites, they lie on the 
other side and slightly to the right of the geographic north 
pole), just as Wilson (1970, 1971) found for worldwide Upper 
Tertiary poles. The far-sidedness of the pole may be due to 
a displaced dipole source (northward along the rotational 
axis), although the reason for the right-handedness is a lit-
tle more obscure. The similarity of the two mean African 
poles indicates that no apparent polar wander is discernible 
for Africa during approximately the past 20 m.y. In fact, 
McElhinny (1973) pointed out that apparent polar wander for 
Africa has been almost negligible since early Triassic time. 

The poles for Arabia (3, 4, and 5 on fig. 6) are signifi-
cantly displaced from the African pole. The west-of-north 
declinations found for the As Sarat lavas were noted also for 
the volcanics of Aden (Irving and Tarling, 1961, Tarling and 
others, 1967), who proposed that the offset declinations were 
the result of opening of the Red Sea. Tarling (1970) also 
suggested that because 5-m.y.-old rocks have rotated as much 
(about 7°, west-of-north) as 10-m.y.-old rocks in Aden that 
all rotation has occurred in the past 5 m.y., a conclusion at 
odds with the sea-floor magnetic data (Hall, 19/0), which 
show that most relative rotation occurred during the early 
(main) phase of Red Sea spreading. Tarling (1970) apparently 
did not take into account the angular confidence of his data. 

A graphical method has been used to estimate the angular 
difference in pole position between the Arabian poles and the 
Upper Tertiary poles for Africa. On the equal-area projec-
tion of figure 6, the angle is measured from the pole of 
rotation for the opening of the Red Sea found by Hall (1980) 
at 31°N, 25°E. The uncertainty in this angle is determined 
by measuring the amount of rotation necessary to bring the 
circles or ovals of confidence barely into an overlapping 
position; the angle then measured between the two paleo-
magnetic poles, from the pole of rotation, is taken to be the 
uncertainty. This angle is the maximum uncertainty, as the 
ovals or circles of confidence for two statistically dif-
ferent populations of directions may still overlap. Within 
the limits of confidence, it is seen that the paleomagnetic 
difference between the African and Arabian poles is indeed 
significant, although the uncertainty is large. 

Relative to the Pliocene to Quaternary African pole, the 
angular displacement is 11°+9° westward for the 5-m.y.-old 
pole from Aden and 14°+12° for the 10-m.y.-old pole from 
Aden. These displacements mean that, with 95 percent 
confidence, at least 2° of opening occurred in each of these 
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cases. Within the limits of uncertainty, as Tarling (1970) 
has stated, no measurable opening can be detected for the 
period 5 to 10 m.y. ago. 

Similar analysis of the As Sarat pole relative to the 
Miocene to Eocene pole for Africa reveals 12°+8° of opening, 
which is equivalent to saying that at least 4° of opening, at 
the 95 percent confidence level, has occurred over the past 
24 to 29 m.y. 

The results from both Aden and As Sarat are in conflict 
with LePichon and Francheteau's (1978) hypothesis that south 
of 18°N, the Red Sea opened clockwise about a rotational pole 
south of the Red Sea. Such a scheme would cause the African 
and Arabian poles to be displaced in a sense opposite to that 
observed. These results are in good agreement, however, with 
the 10° of total rotation of Arabia relative to Africa deter-
mined by Hall (1940) from his study of sea—floor spreading, 
and with the results of Gass (1977) and Girdler and Styles 
(1974) who determined that spreading resumed about 5 m.y. 
ago, after an extended period of little spreading. 

The As Sarat pole is also in good agreement with the ap-
parent opening of the Gulf of Aden, which is about 250 km 
wide in the westernmost part. This is seen in the far-
sidedness of the As Sarat pole relative to the poles from 
Africa. On an equal-area projection, one can graphically 
estimate the amount of this northward displacement of Arabia 
relative to Africa by rotating the As Sarat and the Eocene-
to-Miocene African poles (with their circle or ellipse of 
confidence) about the As Sarat collecting locality onto a 
line of longitude passing through As Sarat. Displacements of 
the poles along this line of longitude indicate the apparent 
northward movement of Arabia relative to Africa. This 
exercise reveals that 7°+6° (equivalent to about 750 km + 650 
km) of northward displacement of the As Sarat pole relative 
to that from Africa has occurred. This very broad range of 
possible displacements easily encompasses the apparent 
opening of the Gulf of Aden. 

A similar exercise with the Aden poles relative to the 
Miocene to Quaternary pole for Africa reveals no significant 
apparent north-south displacement over the past 10 m.y. for 
Arabia. There is, however, a significant difference between 
the As Sarat pole and the Aden poles. This difference 
reflects a displacement along a line of longitude of about 
11°+6° (1,200 km + 650 km) between the As Sarat pole and the 
5-m.y.-old pole from Aden, and about 9°+7° (1,000 km + 750 
km) between As Sarat and the 10--m.y.--old Aden pole. These 
displacements appear to be too large to account for the 
observed opening of the Gulf of Aden between the time of As 
Sarat volcanism and the time the Aden volcanics were erupted. 
No adequate explanation can be offered for this discrepancy, 
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although it might be noted that the confidence limits on 
Tarling's (1970) data were recalculated by us using his 
values for k, the precision parameter. This method of 
computing a 95 is not particularly desirable and these 
limits may in fact be larger than indicated. 

REFERENCES CITED 

Ade-Hall, J. M., Reynolds, P. H., Dagley, P., Musset, A. E., 
Hubbard, T. P., Klitzsch, E., 1974, Geophysical studies 
of North African Cenozoic volcanic areas I: Haruj 
Assuad, Libya: Canadian Journal of Earth Science, v. 11, 
p. 998-1000. 

Aitken, M. J., 1970, Dating by archaeomagnetic and 
thermoluminescent methods: Philosophical Transactions of 
the Royal Society of London, v. A269, p. 77-88. 

Anderson, R. E. 1978, Geology of the Wadi 'Atf Quadrangle, 
Sheet 17/43 A, Kingdom of Saudi Arabia: Saudi Arabian 
Directorate General of Mineral Resources Geologic Map 
GM-30, scale 1:100,000. 

Bobier, C., and Robin, C., 1969, Etude paleomagnetique du 
massif eruptif de Cavallo (nord-Constantinois, Algerie): 
Comptes Rendus de l'Academie des Sciences de Paris, v. 
269, series D, p. 134-137. 

Brock, A., 1971, An experimental study of palaeosecular 
variation: Geophysical Journal of the Royal Astronomical 
Society, v. 24, p. 303-317. 

Brock, A., Gibson, I. L., and Gracii, P., 1970, The 
palaeomagnetism of the Ethiopian flood basalt succession 
near Addis Ababa: Geophysical Journal of the Royal 
Astronomical Society, v. 19, p. 485-494. 

Brown, G. F., 1970, Eastern margin of the Red Sea and the 
coastal structures of Saudi Arabia: Royal Society of 
London Philosophical Transactions, v. A267, p. 75--87. 

Coleman, R. G., Fleck, R. J., Hedge, C. E., and Ghent, E. D., 1977, The 
volcanic rocks of southwest Saudi Arabia and the opening of the Red 
Sea: Saudi Arabian Directorate General of Mineral Resources 
Bull. 22, P. Dl-D-30. 

Creer, K. M., 1977, Geomagnetic secular variation during the 
last 25,000 years: an interpretation of data obtained 
from rapidly deposited sediments: Geophysical Journal of 
the Royal Astronomical Society, v. 48, p. 91-110. 

27 



	

	

Doell, R. R., and Cox, A., 1965, Paleomagnetism of Hawaiian 
Lava Flows: Journal of Geophysical Research, v. 70, 
p. 3377-3405. 

Fisher, R. A., 1953, Dispersion on a sphere: Proceedings of 
the Royal Society of London, v. A217, p. 295-305. 

Gass, I. C., 1977, The age and extent of the Red Sea oceanic 
crust: Nature, v. 265, p. 722-724. 

Girdler, R. W., and Styles, P., 1974, Two stage Red Sea floor 
spreading: Nature, v. 247, p. 7-11. 

1975, The relevance of magnetic anomalies over 
the southern Red Sea and Gulf of Aden to Afar;//i Pilger, 
A., Rosier, A., eds., Afar between continental and 
oceanic rifting: Schweirzerbart'sche Verlags-behhandlung 
(Nagele u. Obermiller) Stuttgard, v. II, p. 156-170. 

Hall, S. A., ic1f6c ) k total intensity magnetic anomaly map of the Red Sea 
and its interpretation: U.S. Geological Survey open-file report 
80-131, (IR)SA-275) :17/~1-e1 / • 46000, 00c 

Hall, S. A., Andreasen, G. E., and Girdler, R. W., 1977, Total-intensity 
magnetic anomaly map of the Red Sea and adjacent coastal areas, a 
description and preliminary interpretation: Saudi Arabian Direc-
torate General of Mineral Resources Bulletin 22, p. Fl-F15. 

Irving, E., 1964, Paleomagnetism and its application to 
geological and geophysical problems. John Wiley and 
Sons, Inc., 399 p. 

Irving, E., and Tarling, D. H., 1961, The paleomagnetism of 
the Aden volcanics: Journal of Geophysical Research, v. 
66, p. 549-556. 

Jones, P. W., and Rex, D. C., 1974, New dates from the 
Ethiopian plateau volcanics: Nature, v. 252, p. 218-219. 

LePichon, X., and Francheteau, J., 1978, A plate tectonic 
analysis of the Red Sea-Gulf of Aden area: 
Tectonophysics, v. 46, p. 369-406. 

McElhinny, M. W., 1973, Palaeomagnetism and plate tectonics, 
London, Cambridge University Press, 358 p. 

McKenzie, D. P., Davies, D., and Molnar, P., 1970, Plate 
tectonics of the Red Sea and East Africa: Nature, v. 
226, p. 254-258. 

28 



	

	

	

	

		 	

Overstreet, W. C., Stoeser, D. B., Overstreet, E. F., and 
Goudarzi, G. H., 1977, Tertiary laterite of the As Sarat 
Mountains, Asir Province, Kingdom of Saudi Arabia: 
Directorate General of Mineral Resources, Bulletin 21, 
30 p. 

Patel, J. P., and Gracii, P., 1972, Paleomagnetic studies of 
the Kapiti Phonolite of Kenya: Earth and Planetary 
Science Letters, v. 16, p. 213-218. 

Piper, J. D. A., and Richardson, A., 1972, The 
palaeomagnetism of the Gulf of Guinea volcanic province, 
West Africa: Geophysical Journal of the Royal 
Astronomical Society, v. 29, p. 147-171. 

Pouchan, P., and Roche, A., 1971, Etude paleomagnetique de 
formations volcanique du Territoire des Afars et Issas: 
Comptes Rendus de l'Academie des Sciences de Paris, v. 
272, ser. D, p. 531-534. 

Reilly, T. A, Raja, P. K. S., Mussett, A. E., and Brock, A., 
1976, The palaeomagnetism of Late Cenozoic volcanic rocks 
from Kenya and Tanzania: Geophysical Journal of the 
Royal Astronomical Society, v. 45, p. 483-494. 

Schult, A., 1974, Palaeomagnetism of Tertiary volcanic rocks 
from the Ethiopian southern plateau and the Danakil 
Block: Zeitschrift fur Geophysik, v. 40, p. 203-212. 

Schult, A., 1975, Palaeomagnetic results from the Ethiopian 
southeastern plateau and the Danakil Block, in Pilger, 
A., Rosier, A., eds., Afar between continental and 
oceanic rifting: Schweizerbart'sche Verlagsbehhandlung 
(Nagele u. Obermiller) Stuttgard, v. II, p. 

Schult, A., and Soffel, H., 1973, Palaeomagnetism of Tertiary 
basalts from Libya: Geophysical Journal of the Royal 
Astronomical Society, v. 32, p. 373-380. 

Strang way, D. W., Larson, E. E., and Goldstein, M., 1968, A 
possible cause of high magnetic stability in volcanic 
rocks: Journal of Geophysical Research, v. 73, p. 
3787-3795. 

Tarling, D. H., 1970, Palaeomagnetism and the origin of the 
Red Sea and the Gulf of Aden: Philosophical 
Transactions of the Royal Society of London, v. A267, 
p. 219-226. 

Tarling, D. H., Sanver, M., and Hutchings, A. M. J., 1967, 
Further palaeomagnetic results from the Federation of 
South Arabia: Earth and Planetary Science Letters, v. 2, 
p. 148-154. 

29 



	

	

Watkins, 1973, Palaeomagnetism of the Canary Islands and 
Madeira: Geophysical Journal of the Royal Astronomical 
Society, v. 32, p. 249-267. 

Watson, G. S., 1956, Analysis of dispersion on a sphere: 
Monthly notices of the Royal Astrov-ical Society, 
Geophysical Supplement, v. 7, p. 153-159. 

Wilson, R. L., 1959, Remanent magnetism of late Secondary and 
early Tertiary British rocks. Philosophical Magazine, v. 
4, p. 750-755. 

, 1970, Permanent aspects of the earth's non-
dipole magnetic field over Upper Tertiary time: 
Geophysical Journal of the Royal Astronomical Society, v. 
19, p. 417-437. 

, 1971, Dipole offset - the time average palaeo-
magnetic field over the past 25 million years: 
Geophysical Journal of the Royal Astronomical Society, v. 
22, p. 491-504. 

, 1972, Palaeomagnetic differences between normal 
and reversed field sources, and the problem of far-sided 
and right-handed pole positions: Geophysical Journal 
of the Royal Astronomical Society, v. 28, p. 295-304. 

30 



Appendix.--Detailed Zist of sampling localities 
[Reference is made to air photos of the GS-MO 
series, flown January 1, 1951.] 

1. Section IA and IB. Air photo GS-MO 2-19. The top of 
section IA is a prominent peak 6.7 cm from the top 
(northwest) edge of the photo and 8.2 cm from the right 
(northeast) edge of the photo. The section traverses 
down the east side of the peak to the prominent large 
cliff-forming flow (K112). Section IB continues from 
this large flow, about 1 km to the east, down the north 
side of a prominent east-west oriented ridge. 

2. Section II. Air photo GS-MO 2-19. About 3 km northeast 
of section IA, starting at the top of a prominent flat-
topped mesa, 2.0 cm from the top edge of the air photo 
and 3.5 cm from the right edge. The section traverses 
down the south facing hillside. 

3. Section III. Air photo GS-MO 2-21. Section begins at 
the top of the prominent peak, 9.0 cm from the top of 
the photo and 6.7 cm from the right edge, and initially 
traverses down the east ridge. From flow K40, the 
section was collected down the prominently outcropping 
south ridge of the peak. 

4. Section IV. Air photo GS-MO 2-27. 6.0 cm from the top 
of the photo and 8.7 cm from the right edge of the 
photo. The traverse descends down the well-exposed face 
immediately west of a cleft-like canyon. 

5. Trachyte plug, locality K120. Air photo GS-MO 2-21. 4.3 
cm from the top of the photo and 12.0 cm from the right 
edge in gully bottom near the northwest edge of the 
approximately 1 km-diameter plug, several hundred meters 
south of a village. 
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