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ABSTRACT

Segregation vesicles commonly occur in sea-floor basalts.
They generally are spherical in shape, 0.1 - 0.3 mm in diameter,
and partially filled with a dark, crescent-shaped lining of
aphanitic residue. This residue is a chilled residual melt
which entered the vesicle sometime after crystallization had
proceeded sufficiently to maintain the integrity of the vesicle
but before final crystallization, and flowed to the bottom of
the vesicle before solidifying. The crescent-shaped lining can,
therefore, be used as an indicator of the cooling orientation of
the rock.

By measuring the segregation vesicle inclinations in a pair
of thin sections cut along two mutually perpendicular planes, a
plane defining the horizontal orientation of the rock can be de-
termined. Results of testing this technique on 17 sea-floor
basalt samples, previously oriented by megascopic features, show
that segregation vesicle and megascopic orientations agree. The
technique can be used to determine the dip of basalt samples re-
covered in drill cores and to orient basalts in order to deter-
mine the paleomagnetic inclination acquired upon cooling. Ana-
lyses of the scatter of segregation vesicle inclinations of 34
rock samples indicate that the error associated with dip and mag-
netic inclination determinations generally are less than *36°and
+44°, respectively.
. Application of the technique to rocks recovered by dredge
and submersible from the Mid-Atlantic Ridge around 35.6° N
auring the AMAR expedition increased the number of samples
available for a paleomagnetic polarity study by almost 50 per-
cent., The results of this study show that about 85 percent
of the rocks collected are normally magnetized.

Results of application of the technique for structural and
magnetic polarity studies of DSDP cores 332A, 332B, 334, 395
and 395A, and 396B, which penetrated 117 to 583 m into North At-
lantic oceanic basement crust, suggest that this crust is struc-
- turally heterogeneous. Although rocks dipping 4° to 40° occur
in Holes 334, 395 and 395A, and 396B, dips in Holes 332A and




332B range from 20° upright to 14° overturned. As a conse-
quence of tilting, the true thickness of rock units in Holes
332A .and 332B may be 50 percent less than the vertical thick-
ness. Tilting may also result in reorientation of the original
direction of magnetization acquired by the rocks upon cooling.
This suggests that, at least some of the time, the source of
marine magnetic surface anomalies may not be in the upper

500 m of oceanic crust. The tilting may result from a num-

ber of deformation processes including subsidence, normal

block faulting, and mass wasting.




INTRODUCTION

PROBLEM AND PURPOSE -

According to the theory of plate tectonics, new oceanic
crust is continuously generated at mid-ocean ridges. This
crust acquires a magnetic signature at the ridge determined by
the earth's ambient magnetic field, and then spreads laterally
away from the ridge maintaining this signature. Reversals in
the earth's magnetic field with time then lead to the forma-
tion of sea floor magnetic lineations (Vine and Matthews, 1963;
and Dietz and Holden, 1970).

This theory has gained wide acceptance over the past 20
years. It is a paradigm that has helped to explain and unify
much of geologic process and history. Still unknown, however,
are the geologic structures inflicted upon oceanic crust as
it spreads. Also unknown, therefore, is how any such struc-
tural complexities might affect the nature and thickness of
rocks responsible for sea floor magnetic lineations.

In order to try to resolve these problems, dredge surveys,
deep submersible dives and photographic surveys at mid-ocean
ridges and fracture zones, and ocean crustal drilling projects
have been carried out (e.g. Fox, 1973; ARCYANA, 1975; Heirt-
zler, 1975; Dmitriev, Heirtzler and others, 1978a; Donnelly,
Francheteau and others, 1979%a; Johnson,.lQ?Qa; and Crane and
Ballard, 1981). These studies however, are limited in the
type and scale of information they can contribute to the under-

standing of ocean crustal structure and magnetism.




Rocks recovered during dredging surveys are poorly located
and commonly consist primarily of talus fragments. These rocks
can, therefore, only be used to give a general idea about the
surface distribution of rock types. They also usually lack the
orientation features necessary for magnetic polarity studies.

Although useful information about the geologic structure
at mid-ocean ridges is obtained by diving and by photographic
surveys, this information is limited to structural features
which are observable in surface exposures. It is even diffi-
cult to obtain information about the structure of the vertical
section by observing fault scarp exposures because these scarps
may pafallel the strike direction of dipping units, thus ex-
posing apparently flat-lying beds. The rocks recovered during
dive surveys, however, are well located and, along with diver
observations and photographs, give good information about the
surficial distribution of rock types and flow morphologies,
but usually lack orientation features and are, therefore, use-
less for magnetic polarity studies.

Rocks recovered during ocean drilling by the Deep Sea
Drilling Project (DSDP) give more information about the dis-
tribution of rock types in the vertical section, but repre-
sent only a narrow window into oceanic crust. Because the in-
place orientation of some of the section is preserved during
rock recovery, these rocks can be used to obtain information
about the magnetic polarity profile of the section of crust
that was drilled. It has been impossible, however, to unam-

biguously determine the geologic structure of the rocks re-




covered in these drill cores. Thus, it is impossible to be
sure that the measured paleomagnetic inclinations of the re-
covered rocks are not affected by tilting and that the observed
lithologic units are representative of a depositional strati-
graphic sequence and not the result of deformation.

Several lines of evidence suggest structural disturbances
of the upper 500 m of North Atlantic oceanic crust. For ex-
ample, breccia of possible tectonic origin was recovered at
DSDP Site 333 (Aumento, Melson and others, 1977b). It also
occurs at the basé of Holes 395A and 396B (Dmitriev, Heirtzler
and others, 1978b; and Melson, Rabinowitz and others, 1978b),
in minor amounts in Holes 417 and 418 (Robinson and others,
1979), and may have caused the drilling problems at site 319
(Dmitriev, Heirtzler and others, 1978a). Partially tectonized
plutonic complexes with brecciated zones were recovered at
shallow depths in Holes 334 (Aumento, Melson and others, 1977c)
and 395 (Melson, Rabinowitz and others, 1978b) and plutonic
breccia of possible talus origin overlies basaltic basement at
sites 395 and 395A (Melson, Rabinowitz and others, 1978b).
There is a lack of lateral continuity between the rocks re-
covered in holes drilled only 500 m (396 and 396B), 100 m (3322
and 332B), and less than 50 m (417A and 417D) apart suggesting
structural offsets between these holes (Aumento, Melson and
others, 1977a, Natland, 1978; and Donnelly, Francheteau and
others, 1979b). The steep dips of pillow margins recovered
in Hole 417D and the occurrence of apparently thicker pillows

in this hole compared with those in Hole 417A suggests tilting




of the rocks at site 417D (Donnelly, Francheteau aﬂd others,
1979b; and Robinson and others, 1979), and the dip of layering
in limestone units which are intercalated with basalt also
suggests tilting of rocks recovered in Holes 417D (Donnelly,
Francheteau and others, 1979b) and 332A (this study). Slick-
ensided fracture surfaces along which small scale displacements
occurred, indicating both reverse and normal faulting, were
observed in Holes 417D and 418A (Choukroune, 1979). Finally,
the measurement of non-dipolar magnetic inclinations and the
occurrence of magnetic polarity changes in the vertical sec-
tion of rocks recovered at sites 3327, 332B, 396B, 417D, and
418 (Hall and Ryall, 1977; Peterson, 1978; Bleil and Smith,
1979; and Hall and Robinson, 1979) may be a result of struc-
tural rotation of the rocks.

Attempts have been made to use such features as the dip
of pillow margins, sedimentary layering, other megascopic geo-
petal features, and non-dipolar magnetic inclinations to esti=-
mate the amount of tilt of rocks recovered in some of these
cores (Hall and Ryall, 1977; Johnson, 1978; Bleil and Smith,
1979; Donnelly, Francheteau and others, 1979b and c; Hall
and Robinson, 1979; and Robinson and others, 1979). Based on
these features alone, however, the amount of tilt cannct be
accurately determined.

Original dips of pillow margins may vary from horizontal
to nearly vertical and these dips cannot be distinguished

from structural dips in drill core samples.




Although depositional dips of sedimentary stratification
may commonly be shallow, semi-consolidated limestone with
sedimentary dips of 30° to 50° was observed during submersible
dives in the rift proximal to the Oceanographer Transform
(P.J. Fox, per. com., 198l). Furthermore, sedimentary layers
are rarely recovered in ocean basement cores.

Megascopic features such as cooling levels, which are sub-
horizontal ledges that mark the position of temporary stands
of lava within a cooling pillow, are more clearly indicative
of the horizontal cooling position of sea floor basalts (Bal-
lard and others, 1975; and Prevot and others, 1976) and have
been used to orient dredge haul basalt samples for paleomag-
netic studies (Johnson and Atwater, 1977; and‘Clark and others,
1978). Such features are also rare, however, in drill core
samples and when present may be ambiguous in interpretation.

Structural interpretations based on deviations of magnetic
inclinations from the expected dipole value are especially
speculative. These interpretations first require the assump-
tion of an original magnetic polarity, either normal or re-
versed. Secondly, it must be assumed that deviations from
dipolar inclinations result from tilting, and are not the
result of initial magnetization during magnetic excursions,
anomalous inclination due to secular variation, or for older
rocks, a north-south component of motion of the sea floor
since formation. Even accepting these assumptions, the mag-
netic inclination which results from tilting depends upon

the angle between the axis of structural rotation and magnetic




declination which is unknown.

Determining the geologic structure of oceanic crust is
critical to understanding structural processes at spreading
centers and the nature of sea floor magnetism. A method of
orienting sea floor basalt samples for both structural and
paleomagnetic studies, which is independant of the problems
mentioned above, has been wanting. The segregation vesicle
technique of sea floor basalt orientation is such a method.

Segregation vesicles are vesicles that are entirely or
partly filled with interstitial material. They were first
recognized by Teall (1889) for an occurrence of these vesicles
in the Tynemouth Dyke of northeast England and have been des-
cribed by several other workers (Table 1). Bideau and others
(1977) recognized that there is a preferred orientation to
these linings in segregation vesicles in sea floor basalts.
They proposed that gravity controls the orientation ©of the
lining and suggested that these vesicles may be used to orient
dredge haul basalt samples for paleomagnetic studies.

The main purpose of this thesis is to present evidence
that the segregation vesicle technique is, in fact, a reliable
method of sea floor basalt orientation which can be used in
determining the magnetic polarity of rocks collected during
dredge and dive surveys and the dip and paleomagnetism of
rocks recovered by drill cores. A simple method of applying
the technique to these sorts of studies is proposed. The
technique is then applied to a study of the paleomagnetism

of rocks recovered during a dredge and dive survey of the Mid-




Table 1.
vesicles.

Reference

Location

Previously recognized occurrences and geologic settings of segregation

Geologic setting

Teall, J. J. H., 1889

osann!, 1889
Judd, J. W., 1890
Sollas3, 1893

Teall, J. J. H., 1899

Harker, A., 1904

Bailey, E. B., and
others, 1924

Nicholls, G. D., 1958

Smith, R. E., 1967

Upton, B, G. J., and

Wadsworth, W. J., 1971

Donnelly, T. W., 1972

Thompson, G., and
others, 1976

Tynemooth Dyke, North Sea coast of NE England.

?
Mt. Ben Hiant, Western Isles of Scotland.
Barnesmore in Donegal.

Ballantrae and Sanguhar areas, Southern
Uplands of Scotland.

Skye.

Isle of Scalpay.

Isle of Soay.

Sleat and Isle of Ornsay.

Island of Mull.
Builth Wells.

New South Wales, Australia.

Crat@re Bory, Piton de la Fournaise, Rfunion.
St. Thomas and St. John, Virgin Islands.

Eastern Pacific Ocean, about 15° S., Nazca
Plate, Bauer Deep, DSDP site 319A.

Locally porphyric and/or amygdaloidal anorthite-augite and olivine tholeiitic
dike.

?
Newer Tertiary aphyric pyroxene andesite lava flqwz.
Augite-andesite dike.

Lower Silurian basic'pillow lavas.

Three occurrences in Tertiary dikes.
Finely crystalline, basic porphyritic dike.
Along the doleritic base of a sill.

Augite-andesite dikes.

Three occurrences in a Tertiary igneous complex: 1) pillow lavas of ‘tentral
‘type" basalts; 2) craignurite (dark-gray augite-andesite sills; 3) dolerite
ring dikes.

Ordovician spilitic pillow lavas of the Lower Spillitic Formation of the
Builth Volcanic Series. N

Ordovician basaltic pillow lavas of the Walli Andesite.

Recent basaltic pahoehoe lavas which floor the crater.

Spilite flows of the mid-Cretaceous Water Island Formation (the basal unit
of an island-arc volcanic sequence).

Early Miocene microdoleritic flow.




Reference

Table 1.

Location

Continued.

Geologic setting

Baragar, W. R. A., and
others, 1977

Bideau, D., and others,
1977

sato, H., 1978
Bernculli, D., and others,
1378

shibata, T., and others,
1979

bonnelly, T. W,, and
others, 1979b

Juteau, 1., and others,
1979

kKobinson, P., 1980

‘Journal not available. This occurrence is referred to in Judd (1890).

West of Mid-Atlantic Ridge, 37° N., DSDP site
332B.

DSDP site 332B.

Mid-Atlantic Ridge, 37° N., Famous area.

150 km east of Mid-Atlantic Ridge, 23° N.,
DSDP site 396B.

Tyrrhenian Basin, east Mediterranean Sea,
DSDP site 373A.

Oceanographer Fracture Zone, North Atlantic
Ocean, 35° N., 35° wW.

Western Atlantic Ocean, Bermuda Rise, 25° N.,
DSDP site 417A.

Western Atlantic Ocean, Bermuda Rise, 25° N.,
DSDP site 417A and D.

Gulf of California, East Pacific Rise, DSDP
sites 483B and 484A.

Base of a 4 m thick medial Pliocene picrite flow.

Near the upper and lower margins of a Middle Miocene Pillow basalt.

Quaternary pillow basalts.

Microcrystalline and intersertal parts of Middle Miocene pillow and massive
flows,

Basaltic clast of an Early Pliocene carbonate cemented basaltic breccia
(segregation vesicles photographed but not described).

Abyssal tholeiitic basalts.

Late Cretaceous porphyritic-subophitic massive basalt flow.

Late Cretaceous pillow basalts.

Mid~oceanic ridge basalts.

27his unit was later identified as an intrusive sill by Sir A. Geikie (ig_Harker, 1904, p. 400).

3Journal not available. This occurrence is referred to in Harker (1904).

0T




Atlantic Ridge, and the geologic structure and paleomagnetism

11

of rocks recovered in DSDP cores from the North Atlantic Ocean.

Based on these studies, interpretations are made about the
structural and magnetic characteristics of portions of the

crust beneath slowly spreading ocean basins.

STUDY AREAS, SAMPLE COLLECTION,AND FIELD WORK

Rocks used for this study were collected during the AMAR
1978 Expedition to the Mid-Atlantic Ridge, during DSDP Legs
37, 45, and 46, and during the Iceland Research Drilling
Project (IRDP), 1978.

The AMAR cruise took place during July and August, 1978.
The study area included portions of both the Famous and Amar
Rift Valleys of the Mid-Atlantic Ridge (Figure 1). These
rift valleys are located SW of the Azores Islands, between

© and 37° N and are separated by Fracture Zone B. The study

36
areas are referred to as Narrowgate and Amar. Two areas lo-
cated on the east and west mountain tops of the Famous Rift
Valley were also investigated.

The three vessels used for the survey were the deep water
submersible, Alvin, along with its support ship, EEEE' both
operated by Woods Hole Oceanographic Institute, and the Uni-
versity of Miami Research Vessel, Gilliss.

Two methods.of sampling were used. The mechanical arms
of the submersible, Alvin, were used to collect well posi-

tioned samples from the study area. To increase areal cover-

age, dredge haul samples were also collected. Pingers placed
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on the Alvin and dredge allowed their position to be monitored
within a transponder net by the Woods Hole ACNAV navigation
system. Using this system, the accuracy of relative position-
ing, with respect to the transponder net, can be within 10 to
20 m (Ballard and Van Andel, 1977; and Atwater and others,
1978).

The rocks collected were catalogued and described according
to their location, physical, petrological, and orientation
characteristics, and photographed and sampled aboard ship.

The samples uséd for this study were taken with a drill press
equipped with a 2.5 cm diameter diamond drill bit. A more de-
tailed description of shipboard operations is in Atwater and
others (1978).

Following the cruise any rocks with ambiguous descriptions
of orientation features were re-examined, photographed and
sampled, at Woods Hole Oceanographic Institute (April, 1980).

Legs 37, 45 and 46, of the DSDP took place during June-July,
1974, December and January, 1976, and February and March, 1976
respectively. The rocks recovered in DSDP Holes 332A, 322B,
and 334, drilled during Leg 37, 395 and 395A, drilled during
Leg 45, and 396B drilled during Leg 46 were studied for this
project (Figure 2). These rocks were recovered prior to ini-
tiation of this project and were catalogued, described, and
sampled according to DSDP procedures (Dmitriev, Heirtzler
and others, 1978a).

The Leg 37 samples studied were donated by Drs. James Hall

and Patrick Ryall at Dalhousie University. They contributed
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samples used for their paleomagnetic study which had been de-
magnetized to 500 to 1000 oe in order to determine the stable
NRM inclinations. The Leg 45 and 46 rocks were sampled at
the Lamont-Doherty Geological Observatory DSDP Core Reposi-
tory during September, 1979.

During October, 1980, a final visit was made to the La-

15

mont-Doherty Repository to recheck the location and orientation

of all DSDP rock samples. Selective portions of the cores con-
taining megascopic structural features such as contacts, sedi-
mentary layering, vug fillings, breccia, slickensides, and
fracturing were also described.

The IRDP took place during June-August, 1978 at Reydarf-
jordur, Iceland (Figure 2). During this project a 1900 m"
hole was drilled into the Tertiary lava pile and the surround-
ing subaerial section was mapped. Samples were collected from
both the drill core and the subaerial section.

The remaining samples used in this study are from Recent
shallow marine lava flows which originated subaerially on the
Island of Hawaii. These rocks were examined in thin sections
donated by Dr. Peter Weigand at California State University,

Northridge.
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SEGREGATION VESICLES

TERMINOLOGY

The term, segregation vesicles, was formally proposed by
Smith (1967) for any vesicles bearing features similar to
those which occur in the Ordovician basaltic pillow lavas of
the Walli Andesite of New South Wales, Australia. These vesi-
cles are 3 to 4 mm in diameter and are filled or partly filled
with glassy to fine-grained material which is texturally simi-
lar to the mesostasis and interpreted to be residual melt (Fig-
ure 3). He proposed the term because he believed segregation
vesicles to be genetically similar to segregation veins des-
cribed by Kuno and others (1957) and Kuno (1965).

Segregation vesicles occur in several environments but
most commonly occur in submarine lavas (Table 1). Because
their exact mode or modes of formation is unknown, a descrip-
tive rather than genetic term would be more appropriate to
refer to these features. The term, segregation vesicles,
however, is well established, having been used since 1967
(Smith, 1967) (Table 1) and is adopted here.

The terminology used to describe such vesicles in this
study is similar to the terminology proposed by Smith (1967)
(Figure 3). Smith, however used the term "lining" to refer
to the mesostasis in segregation vesicles. This term is con-
fusing because other secondary material may also occur as a
"lining" in these vesicles. The term "lining" is, therefore,

replaced by "aphanitic residue".
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GEOCHEMICAL STUDIES

Textural evidence suggests that the aphanitic residue in
segregation vesicles can be described as a residual melt formed
as a late fractionation product of the host rock (Teall, 1889;
Harker, 1904; and Smith, 1967). This relationship has been
confirmed by three geochemical studies. |

Upton and Wadsworth (1971) showed that the glass contained
in segregation vesicles in the basalts of Cratere Bory, Ré ~
union is rhyodacitic in composition (Table 2). Although the
difference in composition between the glass in the segregation
vesicles and the composition of the host rock is extreme (Fig-
ure 4) such evolved glasses occur in the interstices of tho-
leiitic dikes (Vincent, 1950; Walker, Vincent and Mitchell,
1952; and Elliott, 1956, in Upton and Wadsworth, 1971). Upton
and Wadsworth (1971) suggested that the rhyodacitic glass de-
veloped by fractionation of the host rock during unusually
oxidizing conditions.

Comparison of the composition of aphanitic residue in
segregation vesicles in DSDP basalts with the bulk chemical
composition of the host rock by Baragar and others (1977)
confirmed that the residue is a late fractionation product
of the host rock. The major chemical changes are an enrich-
ment of iron relative to magnesium and a decrease in alumina

due to pyroxene and plagioclase fractionation, respectively

(Table 2, Figure 4). This fractionation trend is further

emphasized by a comparison of the glass composition of these




Table 2, Major element analyses of magma residue in segregation vesicles (SV), Meso-
stasis, basaltic rocks (bulk), and glasses.

3968 20-1* 3328 33-2* 332B 35-3* 335 6-14 Réunion* 332B*  332B* 3354

53-55 83-84 113-122 93-102 85-88 81-84 52-55 61-64 129-131 Crat2re Bory 33.3 30 35.3 81 6.1 47-49

-bulk  glass SV mesostasis SV SV mesostasis bulk SV bulk sV bulk sV bulk sV bulk sV bulk sV glass glass glass glass glass
510, 49.92 50.60 51.30 50.60 52,60 49.10 51,90 42.83 46.40 44.53 49.43 46.86 45.18 48.25 46.56 47.86 45.82 49.15 64.94 50.95 50.41 49.56 50.30 50.03
THO; 1.04 1.35 2.36 2.79 2.69 2.37 2,78 1.00 2,79 0.68 1.09 1.19 1.74 1.17 1.63 1.27 2.01 2.99 1.12 1.13 0.71 1.28 1.18 1.14
A1,04 17.64 15.30 11.68 10.10 11.10 10.28 9.98 15,00 13.16 17.56 13.03 15,70 10.09 15,29 11.43 15,83 9,33  14.79 13.92 15.04 16.20 15.21 14.30 15.94
Fep 0y 4.31 5.68 4.25 5.63 5.51 1.59 2.92
FeO 7.93 9.39  11.57 12.33 12,59 11.94 12.58 4.84 20.08 4.62 11,07 4.88 14.16 4,38 12.19 4.52 14.01 9.96 0.84 10.13 9.14 9.66 9.95  9.10
MnO 0.6 0.16 0.23 0.28 0.22 0.27 0.26 0.16 0.23 0.15 0.17 0.15 0.17 0.15 0.20 0.14 0.20 0.18  0.12 0.21 0.21 0.17
MgO 7.39 7.89 5.76 4.75 6.71 6.99 5.91 7.66 3.24 4.65 5.85 7.32 8.93 7.47 6.79 6.81 8.44 6.03 1.88 7.39 8.84 8.29 7.80 8.25
cao 12,79  14.11  14.11  13.89 13,56 14.57 12.29 14,12 7.88 13.27 13.19 13.00 11.54 11.66 13.75 11.64 13,44 10.99 3,76  12.41 12,59 11.83 12.20 11.5]
Na; 0 2.42 2.75 2,75 2.41 2,73 2.72 2.56 2.05 3.81 2.35 2.70 2.37 2.13 2.42 2.70 2.45 2.07 2.87 3.87 2.08 2.07 2.34 2.30 2.70
K0 0.21 0.25 0.25 0.28 0.38  0.38 0.45 0.22 0.73  o0.21 0.25 0.20 0.26 0.39 0.37 0.29 0.30 0.81 3.66  0.17 0.08 0.24 0.22 0.14
P0g 6.11 0.12 0.12 0.11 0.11 0.13 0.31 1.04 o.io 0.08
(Y 0.88 1.20 1.38 1.28 1.18 T o1.89 0.14 0.38
107 0.32 1.06 1.16 1.36 1.08
<y 6.03 3.80 1.05 0.09 0.20 1.26
s 0.02 0.00 0.02 0.00 0.05 0.00 0.01 0.00 0.03  ,0.00
TUPAL 100.49  99.1 100.0 97.40 102.60 98.90 98.70 100.11 98.32 100.26 96.78 100.02 94.20 99.56 95.62 99.65 95.68 99.81 '99.71 99,40 100.12 98.62 96.96 98.98

*Analyses for 396B are microprobe determinations from Sato (1978). Bulk and SV compositions for 332B and
335 are from Baragar and others (1977). Bulk analyses are by gravimeter, colorimetric, atomic absorption,
Pratt method titration, acid evolution, and Penfield tube determinations. SV analyses are averages of
multiple microprobe determinations. BAnalyses for Réunion are X-ray flourescence determinations from Upton
and Wadsworth (1971). Microprobe glass analyses of 332B and 335 are from Aumento and others (1977a) .
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EXPLANATION

Composition of*:
S:’;géf glass bulk SV  mesostasis
332B-33 o (7} [
332B-35 a a A
335-6 a a |
396B O % ¢+ O
Reunion Z v
. ¥ .y ,, *From Table 2. o N M

Figure 4. AFM diagram showing the composition of aphan-
itic residue in segregation vesicles in relation to the
composition of the host rock and mesostasis of some sea-
floor basalts. The diagram illustrates that the residue
in segregation vesicles is a fractionation product of the

host rock. Data are from Table 2. F = FeO + Fej03.




rocks to that of the magma residue in vesicles (Table 2, Fi-
gure 4).

There is an apparent Mg enrichment of the magma residue
in vesicles of DSDP Hole 335. Baragar and others (1977) at-
tributed this apparent trend to alkali depletion due to plagio-
clase fractionation, but it may also simply reflect analytical
error. Mg-chlorophaeite and dolomite occur as secondary
minerals in some of these vesicles and may have altered some
of the residual melt material. The defocussed microprobe beam
used to analyze the residual melt may either have been placed
over an altered portion of this material or may have over-
lapped onto secondary minerals. This possibility is suggested
by the low totals of some residual glasses from these holes
(Table 2).

Sato (1978) compared the composition of aphanitic resi-
dues in segregation vesicles to that of the host rock (whole
rock and glass cﬁemistry), and to the composition of the mesos-
tasis of basalts from DSDP Hole 396B (Table 2). His data
show that the FeO to MgO ratio of the mesostasis is higher
than that of the material in segregation vesicles (Figure 4)
suggesting that the fillings have retained an earlier composi-
tion of a continually evolving melt.

These geochemical studies support the interpretation that
the aphanitic residue in segregation vesicies is a fractionate
of the host rock. The final composition of the filling magma
residue depends upon the initial bulk composition of the rock,
its cooling environment and history, and the amount of frac-

tionation before chilling. These complications result in a
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wide variation of composition of magma residues in segregation
vesicles even from similar rocks with a similar bulk composi-
tion (Figure 2).

The residue must enter the vesicle sometime after cry-
stallization is sufficient to maintain the integrity of the
vesicle bﬁt before final solidification of the rock. Magma
remaining in the interstices of the rock continues to frac-
tionate, resulting in a more evolved chemistry (Figure 4).
The solidus temperature of the residue in segregation vesi-
cles must be slightly higher than that of the mesostasis.

The rock may, therefore, still be slightly plastic at the

time the melt in the segregation vesicles chills.

DESCRIPTION OF SEGREGATION VESICLES IN SEA FLOOR BASALTS

Introduction

During this investigation over 700 segregation vesicles
occurring in 37 different sea floor basalt samples were
studied for descriptive purposes. Twenty-one of the samples
were recovered from the Famous and Amar Rift Valleys during
the AMAR 1978 Expedition and 16 of the samples were recovered
from an area west of the Famous Rift Valley during Leg 37 of
the DSDP. Observations were made using a standard petro-
graphic microscope and thin sections ground to .03 mm. These
observations are synthesized along with information on the
characteristics and distributicn of segregation vesicles in

sea floor pillows and flows described by previous workers
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(Baragar and others, 1977; Bideau and others, 1977; Sato,
1978; Donnelly, Francheteau and others, 1979b; and Juteau

and others, 1979).

Distribution of Segregation Vesicles in Pillows and Flows

Segregation vesicles generally are absent in the glassy,
quenched or spherulitic outer chilled margin of pillows
and flows. Their first occurrence is just inside the glassy
rind where true glassy matrix disappears and the spherulitic
texture of the rock grades into an aborescent or sheaf-like
texture of intergrowths of hollow plagioclase microlites and
plumose pyroxene crystals (Juteau and others, 1979; Bideau
and others, 1977; and Bryan, 1972). The vesicles are most
abundant in the microcrystalline and intersertal parts of the
rock, near the upper and lower margins of pillows and flows, -
where they commonly are associated with plagioclase + pyroxene
and olivine microlites in an irregular or pilotaxitic arrange-
ment (Bideau and others, 1977; and Sato, 1978). They are rare
to absent in the most crystalline intergranular to subophitic

portions of the rock (Bideau and others, 1977; and Sato, 1978).

Shape, Size, and Microcrysts Surrounding Segregation Vesicles

The apparent shape of a vesicle depends in part upon the
direction of observation. To estimate the frequency of oc-
currence of different vesicle shapes, the vesicles observed
in thin section were divided into 3 categories: 1) circular;

2) slightly irregular with minor protrusion voids; and 3) very
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irregular with protrusion voids. An overwhelming number of
vesicles appear circular in thin section, indicating that the
dominant shape of segregation vesicles is sphérical (Figure 5).
The significance of protrusion voids is uncertain. Bideau

and others (1977) believed they formed by gas escape during
cooling. Some irregularities in the circular shape probably
are the result of destruction during thin sectioning.

The size of a vesicle measured in thin section is controlled
in part by the orientation of the thin section plane through
the vesicle. Unless this plane intersects the center of a
spherical vesicle, the measured diameter will be less than the
true diameter.

The segregation vesicles measured range in size from 0.05
to 2.09 mm in diameter, a range which is consistent with the
observations of other workers (Sato, 1978; and Bideau and
others, 1977). A majority are between 0.1l and 0.3 mm diameter
(Figure 6).

Plagioclase microlites surrounding the vesicles may be
arranged tangentially, radially, obliquely or randomly around
the vesicles. A tangential arrangement of these microcrysts
tends to be most common in parts of pillows of flows which have
an intersertal texture. Whereas, in microcrystalline or pilo-
taxitic portions of the rock segregation vesicles may be de;
lineated by obligque or randomly arranged microlites (Sato,

1978) .
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Shape, Crystallinity, and Amount of Residue in Segregation
Vesicles

Bideau and others (1977) recognized that the segregated
material forms a concave upward, crescent-shaped meniscus in
segregation vesicles. The apparent variability of this shape
depends upon the amount of £ill énd direction of observation
(Figure 7). Over 64 percent of the vesicles observed have
symmetrical linings (Figure 8).

The crystallinity of residual melt in segregation vesicles
is always similar to that of the residual melt in interstices
of the groundmass. It varies from being a devitrified glass
to a semi-crystalline, generally dark material, containing a-
bundant opaque oxides. Rarely it consists of plagioclase,
pyroxene or olivine microlites that are readily recognizable
by standard petrographic techniques.

Bideau and others (1977) recognized that the amount of £ill
in segregation vesicles is related to the{actual volume of
residual melt available to enter the vesicle and space avail-
able for the melt. The observed amount of f£ill depends upon
the actual volume of residual melt in segregation vesicles and
the direction of observation (Figure 7). Donnelly, Francheteau
and others (1979b) estimated about 50 percent f£ill in the se-
gregation vesicles they observed.

The amount of fill of 606 segregation vesicles observed in
23 different rock samples was estimated in thin section and the
diameter of the principal surface was measured. From these

measurements the volume of each vesicle contained within the
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principal and subsidiary surface was determined, assuming
spherical vesicles. The percent volume difference between
the two spheres was then determined as the ratio between the
two volumes (Appendix I). This ratio gives the apparent vol-
ume percent of segregated material in the vesicle.

In 59 percent of the observed vesicles the residue oc-
cupies less than 20 percent of the volume (Figure 9). These
data also suggest that the gas volume change required to make

room for the residue is usually less than 20 percent.

RECOGNITION OF THE POTENTIAL OF SEGREGATION VESICLES AS A ROCK
ORIENTATION TOOL

Although Upton and Wadsworth (1971) recognized that the
residual glass in the Réunion Island basalt was concentrated
in the lower part of the vesicle, Bideau and others (1977)
first proposed the segregation vesicle technique of sea
floor basalt orientation. Their technique was based upon
the recognition that there is a preferential orientation to
the crescent-shaped linings of segregated material along the
bottom of vesicles with their concavity pointing upward. They
suggested that once the residual melt enters the vesicle it
flows, under the force of gravity, to the bottom of the vesicle
before solidifying while the volatile phase occupies the space
near the top. A line connecting the points of the crescent can,
therefore, be used as an indicator of original horizontality.
A test of the technique on two pillow basalts of known orienta-

tion indicated agreement within 15° between the known orien-
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tation of the rock and that given by segregation vesicles.
Bideau and others (1977) suggested that the technique

would mainly be applicable to orienting dfédge haul basalt
samples for magnetic polarity studies. The segregation vesi-
cles probably form at about 1000°C so that the vertical axis
of the rock given by segregation vesicles is acquired before
the rock passes through the Curie temperature (about 150°¢) .
As a caution, they suggested segregation vesicles from the
interior of the rock should be used because this portion of

-the rock is the last to cool and has the least chance of being

affected by deformation after cooling. Based on the 15° angu-.

lar difference between the known and segregation vesicle ori-
entation of their test samples, they suggested that the tech-
nique would be applicable for magnetic polarity studies out-
side a band of 20° latitude of the paleocequator. They did not
recognize the applicability of the technique as a tool for
interpreting the structural profile of sea floor basalts re-
covered in drill cores.

Although they showed their technique to be potentially
useful, additional testing, along with a more rigorous sta-
tistical treatment of the data,is required to establish its

reliability.

33




34

FORMATION OF SEGREGATION VESICLES

Introduction

Although the main purpose of this thesis is to evaluate
the validity of, and once evaluated to use the segregation
vesicle technique of sea floor basalt orientation, it is de-
sirable to understand the physical and chemical properties of
the crystal-liquid-vapor system and environment of extrusion
that allowed these features to form. It is stressed, however,
that the validity of the technique probably is independent of
the mode of formation of segregation vesicles (Bideau and
others, 1977).

Any mechanism for the formation of segregation vesicles
must explain three processes: 1) the formation of a vesicle;
2) the volume decrease of the gas which occupies the vesicle,
in order to make room for the residual melt, without destroying
the vesicle shape, requiring that this decrease occurs after
the rock is sufficiently crystallized to maintain the inte-
grity of the vesicle; and 3) the movement of residual melt
from the interstices of the rock to the vesicle interior with-
out disruption of the vesicle shape. This movement must occur
sometime after the rock is 50 (Sato, 1978) to 70 (Bideau and

others, 1977) percent crystallized.

Previous Explanations

Teall (1889) suggested that segregation vesicles in tho-

leiitic dikes grew by displacement of the porphyritic con-
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stituents around them, resulting in a taﬁgential arrangement
of crystals around the growing bubbles. Sometime after most
of the porphyritic constituents were formed, but before final
crystallization of the rock, residual melt entered some vesi-
cles owing to absorption, escape, or condensation of the gas.
He did not, however, speculaﬁe upon which of these mechanisms
of gas evacuation most likely occurred.

Smith (1967) considered four possible mechanisms for pér-
tial evacuation of vesicle gas, to explain the formation of
segregation vesicles in the Walli Andesite (Table 1). These
mechanisms are; 1) shrinkage of gas during cooling at con-
stant pressure according to Charles' Law; 2) escape of gas
during cooling; 3) solution of vesicle gas in residual melt
due to its increased solubility in the melt with cooling; and
4) shrinkage of gas during cooling with increasing pressure
according to the General Gas Law.

He discounted the first three mechanisms. Calculations
according to Charles' Law indicated that the reduction in
temperatures during cooling was insufficient to account for
the estimated change in volume of the vesicle gas. There was
no evidence, such as ruptured vesicles, to indicate that the
gas escaped during cooiing. It also seemed unlikely that the
gas was dissolved in the melt. Although solubility of the gas
may increase with decreasing temperatures (Hamilton and others,
1964; and Moore, 1965), crystallization also continues leaving

less melt to redissolve the gas (Smith, 1967).




36

Preferring the last mechanism, Smith (1967) suggested that
a change in external pressure was created as the Walli Andesite
lava flowed from a subaerial, near shore position of extrusion,
down a sloping shoreline to a submarine position of deposition.
This depositional environment is consistent with:other geologic
observations. His calculations according to the General Gas
Law indicated that a change of pressure with cooling could
create the necessary volume contraction of the gas, which he
believed to be 50 percent.

This mechanism may account for the special set of circum-
stances associated with the formation of segregation vesicles
in the Walli Andesite, but cannot provide a general explana-
tion. Smith (1967) ignored previously reported occurrences
of segregation vesicles in dikes and other pillow basalts
(Table 1) which were not deposited on a sloping shoreline.

The Recent Cratare Bory lavas form a congealed lava lake
in the Piton de la Fournaise (Upton and Wadsworth, 1971)

(Table 1). Segregation vesicles rarely occur in these rocks,
but there is no indication that the ambient pressure changed
significantly as the rocks cooled. Upton and Wadsworth (1971)
preferred the solubility mechanism to explain the formation
of these segregation vesicles. They suggested that ground
water became locally involved with the lava, vaporizing ra-
pidly to form bubbles in the basalt while normal vesiculation
proceeded due to the exsolution of Co, gas. Because the melt
was undersaturated with respect to water, the water vapor in

the bubbles was dissolved by the melt, leading to oxidation
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of the melt and development of the rhyodacite fractionation
trend (Figure 4). The residual melt then entered the vesicles
by a process of suction toward the low pressure sites in vesi-
cles caused by water vapor evacuation (Upton and Wadsworth,
1971).

Baragar and others (1977) proposed a similar mechanism for
the formation of segregation vesicles in mid-ocean ridge ba-
salts (Table 1l). They suggested that because these basalts
are undersaturated with respect to water, water vapor in vesi-
cles'would be dissolved during crystallization by residual
melt. Such resolution along with contraction of the gas due
to cooling would create low pressure sites at the vesicles as
well as sufficient space for the residual melt in vesicles.

The residual melt would then be forced into the vesicles under
high external pressure.

Bideau and others (1977) noted the occurrence of protrusion
voids around vesicle margins and, therefore, suggested that
vesicle gas escaped during intrusion of the residual melt into

the vesicles.

Evaluation

Introduction

In order to evaluate proposed mechanisms for the formation of
segregation vesicles in sea floor basalts, the physical and chemi-
cal properties of the liquid, gas, and solid phases throughout the
cooling history of the mid-ocean ridge basalt system must be un-

derstood. Unfortunately, little is known about these pro-
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perties. Also crucial to the problem'but poorly understood
is how exsolution of different volatile phases during cooling
will ‘affect the physical properties of the remaining melt.

. The following evaluation is based upon what is known from
experimental data about the physico-chemical properties of
basic silicate melts as well as what can be deduced about
segregation vesicle formation from their shape and textural

characteristics.

Bubble Formation

Presuming the gas is of internal origin, bubbles begin to
form when the melt is supersaturated with respect to a vapof
phase (Sparks, 1978). 1In submarine basalts the dominant vola-
tile constituent that produces vesicles is co, (Moore and others,
1977; and Delaney and others, 1978). These rocks are under-
saturated with respect to water (Moore, 1965) such that water
alone will never enter into a volatile phase at depths greater
than 500 m (Moore, 1970).

If a melt becomes even slightly supersaturated with res-
pect to a volatile phase a bubble will result (Sparks, 1978).
Ease of bubble nucleation is aided by the electrostatic energy
density at the bubble embryo surface due to the presence of
absorbed ions such as oxygen, sulfur, and phosphorus (Levine,
1972 and 1973), which act as surfactants. In sea floor basalts
the surfactant may be sulfur or sulfur radicals. This is sug-
gested by the occurrence of vesicles lined with iron, nickel,

and copper sulfide spherules in the outer glassy rind of




pillow basalts (Moore and Calk, 1971; Yeats and Mathez, 1976;
and Moore and others, 1977). The presence of these sulfides
suggests that during early stages of formation, the vesicles
contained a substantial content of gaseous sulfur which later
reacted to form sulfide spherules (Moore and others, 1977).
Bubble nucleation is further enhanced by the presence of solid
boundaries where super saturation pressures are reduced (Fis-
cher, 1948; Wilcox and Kuo, 1973; and Sparks, 1978). Micro-
crysts and phenocrysts probably act as bubble nucleation sites.
Vesicles in the well-quenched portion of glassy rims of pil-
low basalts commonly are attached to crystals (Delaney and
others, 1978) and segregation vesicles usually are surrounded
by a web-like network of these crystals.

The degree of vesiculation is controlled by the volatile
content of the lava at the time of eruption and the confining
pressure induced by the water column (Moore, 1970; and Duffield,
1978) . Bubble growth occurs by both the diffusion of gas dis-
solved in the magma to bubble sites and decompression of the
gas inside the bubble as the hydrostatic pressure is decreased.
Diffusional growth rate is a function of the composition, solu-
ability,and degree of supersaturation of the volatile phase
(Sparks, 1978).

co, solubility primarily depends upon pressure and temp-
erature, increasing significantly at pressures in excess of
about 20 Kbars (Khitarov and Kadik, 1973). Experimental evi=-
dence indicates that acidic and basic silicate melts can only

dissolve 0.1 to 0.6 weight percent CO2 at pressures up to 3 to 5

39




40

Kbars. At any given pressure and temperature conditions co,
solubility also is markedly dependent upon bulk composition,

increasing as the ratio of network modifiers (e.g. Nazo, K.O,

2

o A1203, P205) in-

Creases. CO2 is, therefore, more soluble in basic than acidic

Ca0, MgO, etc.) to network builders (SiO

melts.

Solubility curves for co, in basic melts at pressures less
than 30 Kbars and temperatures less than 1850° have been deter-
mined (Khitarov and Kadik, 1973; and Spera and Bergman, 1980).

The estimated CO, concentration in some sea floor basalt
melts prior to crystallization is about 0.2 to 0.4 weight per-
cent (based on analysis of glass-vapor inclusions in phenocrysts).
Although some of this gas ends up trapped as inclusions in
phenocrysts, CO, contents of matrix glasses are still close to
the saturation curve (about 0.08 to 0.16 weight percent) at
pressures (about 0.2 to 0.5 Kbars) and temperatures (about 1000
to 1200°C) of quenching (Delaney and others, 1978; and Spera
and Bergman, 1980). If magma chambers beneath mid-ocean ridges
are located at shallow depths it is possible that CO2 degassing
occurs prior to extrusion. Several authors have suggested that
such magma chambers are located at depths of 2 to 5 km (Kusz-
nir and Bott, 1976; Rosendahl, 1976; and Rosendahl and others,
1976). Assuming a lithostatic pressure gradient of 0.3 Kbars/
km (Carmichael and others, 1974), and a pressure due to the
overlying water column of 200 to 500 bars, this depth corres-
ponds to a pressure of about 1 to 2 Kbars. Even at these pres-

sures, and temperatures of about 120000, a basic melt with as
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little as .08 weight percent CO2 could become vapor saturated
(Delaney and others, 1978; and Spera and Bergman, 1980).

The insoluble nature of Co, at low éressures implies that
early bubble growth probably is the result of diffusion of
CO2 to bubble nuclei’ within the magma chamber. Outgassing
probably occurs rapidly once the magma rises to a level at
which the supersaturation pressure of the CO2 content is
reached. Decompressional bubble growth then follows as the
volatile saturated magma rises from the magma chamber to the
eruptive site. Assuming that CO2 begins to evolve from a melt
in a shallow magma chamber experiencing a lithostatic pressure
of 1 Kbar, the melt is then extruded at a depth of 5000 m
(0.5 Kbars), the evolving volatiles exhibit ideal gas behavior,
and there is no resistance to bubble growth, calculations
according to Charles' Law indicate that the rising bubble may
double in volume.

The pressure of the gas inside a growing bubble in a .sea-
floor basalt must equal or exceed the surrounding hydrostatic
pressure, plus the excess pressure (viscous pressure, surface
tension pressure,and inertial pressure) (Rosner and Epstein,
1972) . Magnitudes of excess pressures determined for subaerial
basalts are small, ranging from .00l to .l bars (Sparks, 1978),
and hence are ignored here. The CO2 pressure must, however
equal the confining pressure of the overlying water column.
This pressure may range from 260 to 280 bars assuming a pres-
sure gradient of 1 bar per 1C.m of water depth (Gross, 1972)

and rift valley depths similar to Famous Rift Valley depths of
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2600 to 2800 meters (Phillips and Flemming, 1978).

At some point the vesicle will stop growing. This occurs
when the melt is no longer saturated with respect to a vola-
tile phase or there is a balance between the internal pressure
of the bubble and the dissolved vapor pressure of the gas
(Sparks, 1978). For Leg 37,and Amar and Famous Rift Valley
basalts, occurrence of spherical vesicles, undeformed by flow
stresses or the weight of the overlying rock indicates that
cessation of growth occurs after the melt has solidified suf-
ficiently to maintain the shape of the vesicle. This tempera-
‘ture is referred to as the rigid temperature (Moore and others,

1977).

Process of Gas Evacuation and Flow of Residual Melt into
the Vesicles

Once a vesicle is established there is potential for a
segregation vesicle to form if a variety of conditions are met.
One of the most controversial problems of segregation vesicle
formation on the sea floor is what process causes the gas to
partially evacuate the vesicle, making room for the residual
melt.

With cooling, the gas in the vesicle will shrink. Smith
(1967) suggested that the gas in Walli Andesite segregation
vesicles shrank to half of its maximum volume prior to intru-
sion of the residual melt. A similar estimate was made for
segregation vesicles of some DSDP basalts (Donnelly, Franche-

teau and others, 1979b). Observations of segregation vesicles




in basalts from the Famous and Amar Rift Valleys and Leg 37
basalts during this study indicate that volume shrinkage usu-
ally is less than 20 percent (Figure 9).

The temperature decrease that occurs between the rigid
temperature and the time the last melt enters the vesicles
probably is around 150°C (Smith, 1967; based on cooling tem-
peratures of tholeiitic basalt in Alae lava lake, Hawaii from
Peck and others, 1965 and 1966). Smith (1967) used Charles'
Law to show that such a temperature decrease can decrease the
absolute volume of the gas (assuming ideal behavior) by 17
percent. This volume change is consistent with observations
of this study (Figure 9).

Although the gas shrinks, below the rigid temperature the
container (vesicle) is fixed in volume. The pressure of the
gas on the vesicle walls, however, will decrease to some value
less than the confining pressure of the overlying water column.
By application of the General Gas Law (keeping volume constant,
and assuming a 250°C temperature decrease), the pressure of
the gas inside the vesicle may decrease by approximately 20
percent. For rocks erupted on some parts of the Famous Rift
Valley this means a pressure decrease from about 260 bars to
208 bars. As soon as the gas starts to shrink, therefore, a
pressure gradient is established. The width of this gradient
is unknown, but it probably is narrow.

This pressure gradient may then initiate flow of nearby
rasidual melt into the vesicle. Flow may continue until the

pressure inside the vesicle equals that outside the vesicle
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or the melt becomes too viscous or crystalline to flow.

This explanation conflicts with that of Bideau and others
(1977) who suggested that the gas leaves the vesicles through
protrusion voids. Observations of vesicle shapes during this
study, however, indicate that segregation vesicles generally
are spherical and without protrusion voids (Figure 5). Where
there are protrusion voids it is difficult to determine when
in the cooling history they formed, if they actually resulted
in escape of the volatile or only formed as a result of local
variations in pressure in the neighborhood of the growing
bubble, or if they were caused by destruction of the vesicle
wall during thin sectioning. Furthermore, volatile escape by
vesicle disruption requires that the pressure inside the bub-
ble exceed the confining pressure. Under these conditions
there is no way to explain the flow of residual melt to the
vesicle site, except by forceful injection.

The suggestion of Baragar and others (1977) that the vapor
in segregation vesicles is resorbed by the residual melt is
equally unlikely. Co, gas is not very soluable in silicate
melts and its solubility decreases with decreasing tempera-
ture and pressure (Spera and Bergman, 1980). Furthermore,
bubbles form because the melt is saturated with respect to
a vapor phase (Sparks, 1978) and it is unlikely that a melt

will resorb a phase with which it is already saturated.
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Physico-Chemical Properties of Residual Melt

Once the residual melt enters the vesicle it presumably
flows to the bottom before solidifying (Bideau and others,
1977). The shape of the subsidiary surface is controlled by
an interaction of the rate of viscous flow of the cooling
melt and the rate of cooling (Smith, 1967). The symmetrical,
crescent-shaped aphanitic meniscus in sea floor basalt vesi-
cles and its preferential orientation suggests a rapid flow
rate. The quenched or fine-grained nature of the residual
melt also indicates a rapid cooling rate. The cooling rate
must be slow enough, however, to allow the f£luid to flow and
develop a symmetrical form in equilibrium with the earth's
gravitational field.

The fact that residual melt can enter some vesicles and
flow rapidly to the bottom of the vesicle before chilling
implies it probably is not very viscous and is dense enough
to flow rapidly. It also must have a low surface tension in
order to penetrate the crystalline web around the vesicle
and form a symmetrical, concave-upward-shaped meniscus inside
the vesicle. These physical properties probably are largely
accommodated by changes in the volatile concentration and
composition, and changes in the Fe to Mg ratio of the residual
melt during cooling.

For a given composition, melt viscosity largely is depen-
dent upon temperature and volatile concentration (Murase and
McBirney, 1973; and Scarfe, 1973). When vesiculation occurs

sea floor basalts are saturated with rescect to CO, (Moore




and others, 1977; Delaney and others, 1978). Dissolution of
co, in silicate melts increases polymerization and results in
a measurable increase in the viscosity of the melt (Spera and
Bergman, 1980). As the melt exsolves C02 and crystallizes, the
ratio of HZO to CO2 in the remaining melt may increase dras-
tically (Khitarov and Kadik, 1973). Although viscosity gen-
erally increases with decreasing temperature (Murase and Mc-
Birney, 1973), the effect of an increased weight percent of
dissolved water in the residual melt may act to depolymerize
the melt and minimize the viscosity (Shaw, 1972; and Scarfe,
1973).

Disassociation of silicate polymers with increased water
content probably also helps reduce the surface tension. Ex-
perimental evidence also indicates that surface tension de-
creases with decreasing temperature (Murase and McBirney,
1973).

Density variations during magmatic evolution depend upon
the composition of the evolving melt. During fractionation
sea floor basalt magmas follow a Skaergaard trend with the
residual melt having a higher Fe to Mg ratio than the initial
melt (Figure 4). An increase in this ratio leads to an in-

crease in density. Although H,O acts to decrease melt density

2
this effect seems to be offset by the increase in Fe (Bottinga

and Weill, 1970; and Sparks and others, 1980).
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Conclusion

Segregation vesicles in sea floor basalts form sometime
after the melt cools sufficiently to maintain the integrity of
the vesicle. During vesicle formation the pressure of the gas
inside the vesicle equals the ambient pressure, but with cool-
ing the gas pressure decreases to a value less than the am-
bient pressure. This pressure decrease establishes a pressure
gradient along which residual melt may flow to low pressure
sites inside vesicles.

Segregation vesicles generally are restricted to micro-
crystalline and intersertal portions of pillows and flows
where crystallization proceeds sufficiently to maintain the
form of the vesicle but not to restrict flow of residual melt
within the framework of the crystallizing rock (Baragar and
others, 1977). Once the residual melt enters the vesicle it
flows to the bottom before solidifying.

In order to enter and form a concave-upward crescent-shaped
meniscus inside a vesicle the residual melt must be dense, of
low viscosity,and have a low surface tension. These physical
characteristics probably are primarily accommodated by changes
in the volatile composition and Fe content of the evolving
melt.

The explanation presented here is only applicable to the
formation of segregation vesicles in sea floor basalts. The
exact process of formation probably is different for the
various environments in which they form (dikes, lava lakes,

and shallow water basalts).
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THE SEGREGATION VESTICLE TECHNIQUE OF
.SEA FLOOR BASALT ORIENTATION: TESTING, METHODS, AND PROCEDURES

INTRODUCTION TO TESTS OF THE TECHNIQUE

Several tests are necessary to establish the reliability
of the segregation vesicle technique as an orientation tool
with possible applications for paleomagnetic and structural
studies.

Observations of segregation vesicles indicate that cres-
cent-shaped linings of aphanitic residue in vesicles of the
same rock have slightly different orientations. A test of uni-
formity is, therefore, necessary to establish that the residue
in segregation vesicles is preferentially oriented. It is then
important to show that for rocks which can be oriented by an
acceptable megascopic criterion, there is a significant compo-
nent of the preferred orientation of the segregation vesicles
in the known orientation of the rock. Finally, the orientation
of the rock given by segregation vesicles must agree with the
orientation given by an acceptable megascopic criterion, within
the limits of reliability of those criteria. If these tests
are successful, then it is necessary to establish the limits
of the reliability of the orientation of the rock given by
segregation vesicles, considering the scatter of the data.

The technique has the potential to be used to determine
structural dips of submarine basalts which are sampled in place
(that is, by drill core). This application of the technique,
however, is only useful if the scatter of the data is small

enough to give a reliable estimate of the dip within a reasonably
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small error. For this application of the technique two criteria
must be satisfied. It must be shown that, in test cases, the
segregation vesicle orientation of the rock has an error margin
that is less than 45° and that this orientation agrees with the
known orientation of the rock.

The technique may also be used to determine the magnetic
polarity of dredge haul basalt samples (Bideau and others,
1977). A test of the reliability of this application of the
technique is how well the magnetic inclinations of rocks
oriented by segregation vesicles agree with the inclinations
of rocks of the same age and location oriented by an accept-
able megascopic criterion. If there is good agreement,‘then
the geographical regions within which the technique may be
used for magnetic polarity studies depends upon the reliability
of the determined magnetic inclination. As will be shown, to
establish.these limits it is necessary to determine the error
associated with this magnetic inclination based upon the error
in the orientation of the rock due to scatter of segregation

vesicle data.

SAMPLING AND PROCEDURES FOR MAKING MEASUREMENTS

The Sample Set

Ideally, the segregation vesicle technique of sea-floor
basalt orientation should be tested on subaerial samples that
can be well oriented in the field. This test was attempted.

Over 300 thin sections of subsaerial basalts from eastern Ice-
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land (Figure 2) and 40 thin sections of shallow-water basalts
originating from subaerial Hawaiian volcanoes were examined.
Spherical vesicles with crescentic-shaped linings of aphanitic
residue were not observed in the Hawaiian samples and were
only very rarely observed in the Iceland sections.

Rocks successfully used to test the technique were col-
lected during the AMAR cruise to the Mid-Atlantic Ridge (Fig-
ure 1). Submarine samples can be used as test rocks because
megascopic subhorizontal features, which are indicative of
their cooling position, can be used to orient these rocks with
some degree of reliability (Ballard and others, 1975; Prevot
and others, 1976; Bideau and others, 1977; and Wells and others,
1979). Thirty eight samples which can be oriented by such
megascopic features, were collected during the AMAR cruise.

Well oriented minicore samples were taken from these rocks
by setting the rocks in a gravel-filled wash basin such that
the horizontal orientétion feature was situated either perpen-
dicular or parallel to the long axis of the drill bit. The
drilied sample was then labeled with a scribe line and arrow
to indicate the vertical axis and "up" direction of the mini-
core. Three mutually perpendicular axes were ascribed to this
orientation with the +x axis pointing toward the "up" direc-
tion and the y and z axes forming the reference horizontal
plane (Figure 10). Arbitrarily oriented minicore samples were
taken from rocks lacking megascopic geopetal features. One
to 3 cores were taken from each rock.

O0f the 38 samples with megascopic geopetal features col-
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Figure 10A. Sketch of a rock used to test the segregation vesicle
technique showing location and orientation of minicore samples. Arrow
indicates up direction based on megascopic criterion. Schematically
shown is the orientation of thin section planes and the manner in which
segregation vesicle inclinations are measured. Equal area histograms
show distribution of segregation vesicle inclinations actually measured
in each thin section. Numbers on the ordinate indicate the number of
measurements. 0° is the up direction from megascopic criterion. The
mean value of segregation vesicle inclinations falls within 200 of this
up direction for all thin sections. Statistical data are from Table 3.

Figure 10B-F (following pages). Sketches of some of the rocks used to test
the segregation vesicle technique showing minicores and histograms as above.
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lected, 17 also have segregation vesicles. These samples were
used to test for agreement between the segregation vesicle and
megascopic orientation of the rock. An additional 17 of the
samples collected have no megascopic orientation features but
have segregation vesicles. These samples were used for other

tests of the technique.

Megascopic Orientation of Sea Floor Basalts

Introduction

A sea floor basalt orientation scheme, based on megascopic
geopetal features was established in order to classify rocks
according to the reliability of these features as indicators
of the cooling position of the rock. This scheme consists of
four categories ranging from "MC-1" (megascopic criterion-1)
which is the most reliable, to "MC-4" which is the least re-
liable (Figure 11). Only rocks with "MC-3" or better were used
to test for agreement between the segregation vesicle orien-

tation and megascopic orientation of the rock.

MC-1l: Hollow Layered Pillow Fragments With Well Developed
Stalactites

Morphologically, rocks of this category are characterized
by a broken pillow shell and one or more flat shelves. These
shelves may be drain-away ledges or flattened gas cavities
(Figure 113).

Drain~away ledges mark temporary stands of lava within the

pillow. Because lava is fluid, these ledges generally are sub-

54




Cooling level

e
5 cm

Sample no. 821-6

X

Drips

Figure 11A. Sketch of an "MC-1" rock. Rocks of this cat-
category are hollow layered pillow fragments with well dev-
eloped drips. Reliability of orientation features is +15°.
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Figure 11B. Sketch of an "MC-2" rock. Rocks of this cate-
gory are hollow pillow fragments, sheet flows, or ledges with
moderately well developed drips. Reliability is +45°.
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Figure 11C. Sketch of an "MC-3" rock. Rocks of this cat-
egory are pillow or massive flow fragments. They have a
smooth outer surface and scoriaceous inner surface. Relia-
bility is +70°,
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Figure 11D. Sketch of an "MC-4" rock. Rocks in this cat-
egory are layered pillow fragments or flat sheet flow frag-
ments without drips. Reliability is £180°.
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horizontal with a very flat and smooth upper surface. The sub-
horizontal orientation of these ledges was observed in the
field during submersible studies of spreading centers (Ballard
and Moore, 1977; and Wells and others, 1979) and in exposures
of subglacial pillow basalts in Iceland (Wells and others,
1979). |
If the pillow breaks, the lava below the chilled ledge may
drain away forming curtain-like or drip-like septa or stalac-
tites on the bottom of the ledge. Such septa generally are

about 1 cm in length. These septa allow for determination of

the upward facing surface of the ledge, while the flat ledge
allows for determination of the horizontal position of the
rock during cooling (Prevot and others, 1976; and Ballard and
Moore, 1977).

Flattened gas cavities may also indicate the horizontal
cooling position of a sea floor basalt. These are discrete
cavities, distinguished from drain-away shelves by the occur-

rence of vertical internal walls separating them from other

cavities. They presumably formed as large gas cavities which
were flattened during cooling by the weight of the portion of
flow overlying the cavity as the gas pressure inside the cav-
ity decreased. Field observations confirmed that the flatten-
ed surface of these cavities indicates the subhorizontal
cooling position of the rock on the sea floor (Prevot and
others, 1976; Bideau énd others, 1977; and Wells and others,
1979). The upward facing surface of the cavity may be dis-

tinguished from the downward facing surface by its smoother




appearance (Bideau and others, 1977) . 1If such a determination
is not possible, septa or drips on other rock surfaces may be
used to determine the upright position of the rock.

These flattened cavities must not be confused with scoria-
ceous zones or cavities which occur at the center of a pillow.
Such features have no preferred orientation with respect to
the cooling position of the rock.

Several factors complicate the use of these features as
indicators of original horizontality. Stalagmites or driplets
of Basalt from the septa at the bottom of a drain away ledge
or pillow crust may acéumulate on the upper surface of the
ledge below (Wells and others, 1979). These may be confused
with stalactites but usually are worm-like in appearance and
lack the relief of stalactites. Furthermore, the presence of
a chilled glassy crust can not be used to indicate the upper
surface of a ledge or cavity. The occurrence or thickness of
a glassy crust does not depend upon which wall of the cavity

faced up during cooling but rather upon how rapidly the lava

was quenched and how much glass has spalled off since quenching.

In fact, drain-away ledges will commonly have a thicker layer
of glass on the downward facing than on the upward facing sur-
face (W.B. Bryan, per. com., 1980).

Although ledges in pillow basalts generally are flat, they
may be broadly bowed upward (Ballard and Moore, 1977, photo
no. 54). If the curvature is broad enough, a fragment of the
ledge sampled from the sea flocor may still seem flat. An es-

timated error of about 15° must, therefore, be associated with
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any orientation based on these criteria.

MC-2: Arcuate Hollow Pillow Fragments, Sheet Flows, or
Ledges With Moderately Well Developed Stalactites

Rocks of this category are arcuate forms with moderately
well-developed stalactites. The arcuate fragment may be a
drain-away ledge, pillow crust, or sheet flow fragment (Figure
11B).

Drain-away ledges with stalactites on the underside of
the ledge, have been described. If the ledge is arcuate, such
that the ambiguity of cooling position of the rock is greater
than 15 degrees, then the rock is classified here.

Pillow basalts may break open during cooling, spilling
their molten contents but maintaining their pillow form (Bell-
aiche and others, 1974; and Ballard and Moore, 1977). As the
lava inside the pillow drains out, stalactites may form, ex-
tending downward from the underside of the upper pillow crust.
These stalactites are similar to those which form on the bottom
of drain-away ledges, but may be more poorly defined. Curtain-
like septa may also develop an arcuate, concave upward form
along the sub-vertical walls of the pillow crust.

During sheet flow deposition the thin outer, ropy and com-
monly undulating surface of the flow may chill and remain at
a fixed level while the lava below this level drains away.
Again, stalactites may form on the underside of the sheet flow,
which can give a rough estimate of the vertical position of the
rock during cooling.

Because rock fragments of this category have an arcuate
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outer surface it is not possible to make a precise determina-
tion of their horizontal cooling position. However, they also
have stalactites which give a rough indication of the vertical
orientation and "up" axis during cooling. This combination of
features can be used to determine the orientation of the rock
to within about 45° of its cooling position.

Caution must be used in interpreting the cooling position
of rocks using these morphologic features. Stalactites which
develop on these arcuate fragments may not be well defined.
While the relatively smooth‘outer surface of the rock compared
to the rough interior surface is usually sufficient to dis-
tinguish the outer from the inner portion of the pillow or
sheet flow, stalactites may be of insufficient quality to de-
fine a vertical. TIf the rock is highly phyric, glass covered
phenocrysts may protrude into the rough interior surface,
adding to the roughness, and may even appear to be stalactites.
It may also be possible to mistake pillow buds (Ballard and

Moore, 1977) for stalactites.

MC-3: Pillow Or Massive Flow Fragments Without Stalactites

Rocks of this category are fragments of pillows or massive
flows, with radial fractures or jointing, a glassy outer margin
and a roughor scoriaceous interior. The outside surface may be
flat or slightly arcuate. This surface is distinguished from
the inner surface by its smooth glassy appearance, compared to
the irregular, scoriaceous inner surface (Figure 11C).

These criteria are sufficient to distinguish the outer




from the inner surface of the rock. The actual cooling position
of the rock, however, can only be determined to within 70° at

best.

MC-4: Layered Pillow Fragments Or Sheet Flows Without
Stalactites

These rock fragments are slab shaped or have very flat fea-
tures such as a drain-away ledge, flattened gas cavity, or sheet
flow crust (Figure 11D). Such features are good indicators of
the horizontal position of the rock at the time it cooled (as
previously described), but due to the absence of stalactites,
it is impossible to distinguish the upward- from the downward-
facing surface of the rock. True orientation of a rock based
only on a flat feature is purely speculative. It is possible

to be in error by 180°.

Magnetic Measurements

As previously described, minicores, either oriented with
respect to the megascopic orientation of the rock or arbitrarily
oriented, were drilled from rocks collected during the AMAR cruise
(Figure 10). Prior to cutting the rocks for thin sectioning,
magnetic measurements were made using a Schonstedt DSM-1 Digital
Spinner Magnetometer. Figure 12 shows the conventions used for
measuring magnetic direction with respect to the orientation
axes of minicore samples. The magnetic declination is arbitrary
with respect to the geographic position of oriented samples, and

the magnetic direction is only relative to the orientation axes
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of the minicore for samples lacking megascopic geopetal features.

Twenty samples were demagnetized at steps of 50 to 100 oe,
following each remanence measurement, to 500 oe using an alter-
nating field demagnetization unit. This unit is designed with
a two-axis tumbler, which prevents acquisition of rotational
remanent magnetization by reversing its sense of rotation after 1
every complete rotation about the vertical axis. The magnetic }
inclination and declination of these samples changed less than

50

throughout the demagnetization process (Figure 13). Al-
though the median demagnetizing field (MDF) varies greatly be-
tween samples (Figure 13) it does not seem to be a measure of
directional stability. Samples with both low and high MDFs
remained directionally stable through 500 oe demagnetization.
Wide ranges in MDF were previously recognized in median

valley basalts although there appears to be a general increase

in the MDF of these basalts with age (Johnson and Atwater,

1977). This variation may occur because MDF is partly controlled
by magnetic grain size. The decrease in MDF with age may be due
to a decrease in effective grain size caused by the formation
of cracks in titanomagnetite grains as they alter to titano-
maghemite (Ade-Hall and others, 1976; and Johnson and Atwater,
1977).

Regardless of MDF value, directional stability of these

samples with alternating field demagnetization indicates that

the direction of original cooling thermal remanent magnetiza-
tion (TRM) is similar to the direction of the natural remanent

magnetization (NRM). Soft components of chemical or viscous
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¢ indicates normal inclinations

o indicates reversed inclinations

Figure 13. Wulff stereonet plots (southern hemisphere
projection) of the measured magnetic directions with suc-
cessive steps of af demagnetization from 25 to 500 Oe of 5
samples collected during the AMAR expedition. The number
of points indicates the number of demagnetization steps.
Also noted is the sample number and MDF of each sample.
Declination is arbitrary.




remanence are not a large component of the NRM. The remaining
samples were therefore routinely demagnetized at steps of 50 oe
to only 200 oe. All samples remained stable through this de-
magnetization sequence and further demagnetization was not ne-
cessary to remove soft components of remanence.

The stable NRM was taken as the vector average of the
three closest sequentially measured directions. Some of the
stable NRMs were determined by H.P. Johnson at the University
of Washington, following similar procedures to those described

here.

Measuring Segregation Vesicle Inclinations

In order to determine the orientation of a rock given by
segregation vesicles, these vesicles must be examined in at
least two thin sections from the same rock sample which are cut
at a known orientation to each other. These sets of éegregation
vesicle inclinations, measured in each thin section, represent
projections of the horizontal plane, defined by the crescent-
shaped linings or lunes of residue in segregation vesicles, in
the plane of the thin section. These measurements are equiva-
lent to apparent dips. In the same way that two apparent dips
can be used to determine the true dip of a planar feature (Bill-
ings, 1972; and Ragan, 1973), sets of segregation vesicle in-
clinations measured in a pair of thin sections from the same
rock sample can be manipulated to give an indication of the
three dimensional or true segregation vesicle orientation of

the rock.
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As previously described, the meniscus of aphanitic residue

generally appears as a crescent-shaped lining in segregation
vesicles., Assuming that the orientation of the meniscus is
controlled by gravity (Bideau and others, 1977), a line con-
necting the points of the lune represents a projection or ap-
parent dip of the horizontal plane at the time the residual
melt in segregation vesicles solidified, in the plane of the
thin section. Symmetrical crescents give the most reliable
indication of this apparent dip.

In this study, thin section chips were routinely cut a-
long two mutually perpendicular planes containing the refer-
ence vertical axis, the xy and the xz planes (Figure 10). For
rocks which are oriented by megascopic features, these thin
sections are vertically oriented with respect to the cooling
position of the rock. For unoriented rocks these sections are
only oriented relative to the arbitrarily assigned axes of
the minicore.

The segregation vesicle inclination or apparent dip is
measured as the angle between the reference horizontal (y or
z axis) and the line connecting the points of the crescent of
the meniscus. To measure this angle a standard petrographic
microscope, equipped -with an ocular with cross hairs and a
mechanical stage set on a rotating stage divided in degrees
is used. The thin section is set in the mechanical stage so

that, when viewed through the ocular, the +x axis appears at
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the top, the +z or +y axis appears to the right of the observer,

the rotating stage reads zero with respect to the vernier scale
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on the stationary stage clamp, and the cross hairs are parallel
to the x and y or z axes. Beginning at one corner of the thin
section, the mechanical stage is used to systematically tra-
verse the entire slide. Each segregation vesicle encountered
is measured. The segregation vesicle inclination can range
from 0° to 360° and is given by the amount of counter clock-
wise rotation required to orient each segregation vesicle so
that a line connecting the points of the crescent is parallel
to the E-W cross hair, the meniscus appears concave upward
(toward the top of the field of view) and the N-S cross hair

forms the axis of symmetry of the meniscus (Figure 14).

MATHEMATICAL MANIPULATION OF SEGREGATION VESICLE INCLINATION
DATA SETS: STATISTICAL TECHNIQUES AND COMPUTATION OF STRUC-
TURAL AND PALEOMAGNETIC PARAMETERS

Introduction

The segregation technique involves making observations
which are recorded as the measurement of segregation vesicle
inclinations. Associated with these directional data are
errors. Small systematic errors may result from inaccuracies
in the orientation of thin sections. For samples recovered
in DSDP cores,deviations of the drill core (from which mini-
core samples are later taken) may result in thin section
orientation errors up to 5°, Small errors (less than 3° and
usually less than 1°) may also be introduced by inaccurate
minicore sampling, inaccuracies in thin section cutting, grin-
ding or alignment of the thin section chip on the glass slide, or

improper alignment of the thin section on the microscope stage.
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Figure 1l4. Schematic illustration of conventions used
for measuring segregation vesicle inclinations. Notice
they are measured from 0° to 360° as the amount of counter
clockwise rotation required to align the points of the
crescent parallel to the reference horizontal axis with
the curvature of the crescent concave upward.
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In most cases these errors can be determined by using a gonio-
meter to measure the angle between pairs of thin section chips
and by marking the chips so that the orientation of the thin
section on the microscope stage can be measured with respect
to the cross hairs. If necessary, data can be corrected for
such errors.

Even after removal of systematic errors, data are scat-
tered. The amount of scatter inherent in the data is partly
controlled by the orientation of the thin section plane with
respect to the original vertical axis of the rock. Sections
cut parallel to the original vertical axis will minimize scat-
ter, whereas sections nearly perpendicular to this axis will
maximize scatter because these sections are cut along a plane
which is close to the horizontal plane defined by the residue
in segregation vesicles. Small variations in the orientation
of the residues, therefore, result in a large variation in
the apparent dips observed in thin section, and data from
such sections may be expected to show scatter about 360°.

No satisfactory explanation has been given for the inherent
scatter of segregation vesicle inclinations, although some sug-
gestions have been made (Bideau and others, 1977). Consequent-
ly, it is unkown if there is any process which controls the
distribution of the scatter in a way which can be predicted.
This scatter in the data is, therefore, assumed to be randomly
distributed. The specific distribution assumed depends upon
the desired property of the distribution, as will be discussed.

However, all are variations of a normal distribution. That is,
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small errors are more likely than large errors, negative and
positive errors have the same probability, and the best esti-
mate of the mean is the least squarés value.

Inspection of equal area rose diagrams showing the fre-
quency distribution of segregation vesiéle inclinations in-
dicates that the assumption of the random distribution of
errors is probably valid. These diagrams illustrate that the
distribution of inclinations approximates a bell-shaped curve
on a circle (Figure 10).

Because the reliability of the interpretation of the data
depends upon the "goodness" of the data, propef statistical
treatment is essential. It is imperative that meaningfﬁl mea-
sures of dispersion be recorded with each estimate of the mean.

The following discussion is of the statistical and geo-
metrical manipulations that are applied to segregation vesicle
inclination data sets. This discussion is necessary here in
order to understand the tests of the segregation vesicle
technique which follow. The discussion is presented assuming,

as is shown later, that the technique works.

Statistical Techniques of Two-Dimensional Directional Data

Introduction

The segregation vesicle inclinations measured in each thin
section plane can range 0° to 360° (Figure 14). These are,
therefore, measurements of direction which are distributed a-

bout a circle.




71

Previously, methods of linear statistics were used to
analyze problems of directional data (Bideau and others, 1977).
There are problems, however, with using conventional linear
statistical techniques for this purpose. The analysis of
linear directions depends heavily upon the choice of the zero
direction. For example, if zero degrees is taken to indicate
a linear value, and the average of 350° and 20° is desired,
linear techniques give a value of 185°, Obviously, the ap-
propriate mean is 5°. This answer is obtainable by adjusting

the zero direction so that the problem reduces to an average

of 260° and 290°. Such adjustment, however, requires indivi-
dual investigation of every data set. Arc distances also
bring points closer together than line distances. Measures

of standard deviation must, therefore, be transformed to ac-
count for data distributed on a circle rather than on a line.
The natural periodicity of a circle requires the points cannot
be infinitely far away and, therefore, different measures of

scatter and tests of uniformity from those used for linear data

must be applied (Mardia, 1972; and Batschelet, 1965).

Circular statistical techniques are used here to circum-
vent these problems. All computations assume either a circular
normal distribution as described by Von Mises (1918, in Mardia,
1972), or a wrapped normal distribution.

A variable is said to have a Von Mises distribution if the

probability density function of a variable, &, is described by,
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ek(a-e)

f(a) = C (1)

Qhere, © is the mean angle, k is the concentration parameter,
o is an angle of the population, and C is a constant which is
a function of k (Batschelet, 1972).

The wrapped normal distribution is generated by wrapping
a linear normal distribution around a circle. The probability
density function for this distribution with a mean angle of
zero and standard deviation = ¢, is given by,

4+

! 1
Blo) =5vsm E, el

(0L+2Trk)2

=) (2)

where, o is any angle of the population (Mardia, 1972).

The shapes of the wrapped normal and Von Mises distribu-
tion are similar (Figure 15). The most obvious differences
between the two distributions are the points of inflection,
which are located at one standard deviation from the mean. In-
spection indicates that the assumption of a wrapped normal dis-

tribution results in a larger estimate of the standard deviation

of the data set than the assumption of a Von Mises distribution.
In the limiting cases, when the concentration parameter, k,
approaches zero or infinity, the two distributions tend to the ;
same point distribution. A satisfactory agreement of the two
distributions for intermediate values of k was verified by
Stephen (1963, in Mardia, 1972).

The important statistical parameters of the circular normal
distribution to the segregation vesicle problem are described

here. The computations which must be applied routinely are
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normal

-180 0° +180

Figure 15. A graphical comparison of the wrapped normal
and Von Mises distribution with a mean vector 6=0, a length
of the mean vector an 0.4464, and K=1l. Dots are located at
the points of inflection (after Batschelet, 1965).
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accomplished by computer program CIRST (Appendix II).

Average Segregation Vesicle Inclination (Circular -Mean)

Each segregation vesicle inclination measured; adi, is
considered to be a vector of unit length on a circle. To
determine the average inclination of these vectors, measured
in a single thin section, each one is resolved intd its X

(horizontal) and Y (vertical) components. So that,

for adi, i=l,n

Xi = cos (adi) (3)

Y.
1

Il

sin (adi). (4)

The average of the X and Y components is given by,

n

C =1 X./n (5)
i=1 1t :
n

S = T Yi/n (6)
i=1l

where n is the number of measurements in each data set. The

average vector, then, is given by,

AD = arctan (S/C) (7)

(Mardia, 1972 and Batschelet, 1972).

AD is computed for each thin section of a pair of thin
sections from the same rock sample. This results in an ADl
and AD2, ADl is the average segregation vesicle inclination

of the Xz thin section, and AD2 is the average segregation

vesicle inclination of the xy thin section. ADl and AD2 then

are the apparent dips which represent the average projection
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of the true dip, or orientation, of the rock given by segreg-
ation vesicles onto each of the thin sections.

Values for AD1l and AD2 can range from 0° to 3600. A value
of 0° to 90° or 270° to 360° indicates that the apparent dip
is upright with respect to the orientation axes of the minicore.
Values between 90° and 270O indicate that the apparent dip is
overturned. Values near 90° or 270° indicate that the apparent
dip is vertical and parallel or subparallel to the x axis of

the minicore.

Length of the Mean Vector

The vector AD has both magnitude and direction on the unit
circle. The magnitude, or length of this vector is given by,

R = (c2 + g2)1/2 ~ (8)

< <

So that, 0 R 1.

| The value of R depends upon how well the data are clustered.
An R value close to unity signifies well clustered data with a
well defined preferred orientation. Whereas, for a perfectly
uniform distribution of the data R will equal zero (Mardia,

1972; and Batschelet, 1972).

Rayleigh Test of Uniformity

The segregation vesicle technique assumes that the meniscus
of aphanitic residue in segregation vesicles is preferentially
oriented with respect to the earth's gravity field. It is,

therefore, desirable to determine if in fact there is a pre-
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ferred orientation to a given data set.

The Rayleigh test of uniformity is used to check for pre-
ferred orientation of circular directional data. The null
hypothesis of this test is that the distribution is uniform,
or, there is no preferred orientation. To reject this hypothe-
sis, R must exceed a critical value. Critical values of R for
a given sample size, assuming a Von Mises distribution, have
been computed (Stephens, 1969, in Mardia, 1972) (Appendix III).

For computation here, values for R at the 10 percent level
of significance were taken from Appendix III, with interpola-
tions where necessary, so that, for every whole number from
n=2...50, there is a corresponding R value. These values are
stored as an array in CIRST (Appendix II). The computed R
value is compared to the appropriate value in the array. If
the computed R value exceeds the value in the array, the data
are said to be preferentiaily oriented. If the opposite is the
case, then the uniform hypothesis is accepted.

Acceptance of the uniform hypothesis does not indicate that
the three-dimensional distribution of the orientation of resi-
dual melt is uniform. It only means that the projection of
this distribution onto the plane of the thin section is uni-
form. Recall that this can result if the thin section chip is
cut nearly parallel to the original horizontal surface. To
check for this possibility, a thin section should be made at a
different orientation to the one with a uniformly distributed

data set.




V-Test

The V-test is a modification of the Rayleigh test. It
leads to significance only if there is a clustering of data
around a known direction. The test is important only when
rocks can be oriented by a megascopic orientation feature.
If this is the case, it can be used to test for clustering
of the measured segregation vesicle inclinations about the
orientation given by megascopic criteria. This test may be
used to indicate such clustering even if there is a bimodal
distribution (perhaps caused by a complex cooling history) to
the measured segregation vesicle inclinations. The test is
not included in CIRST because it is not generally applicable
and computations are easily executed.

The null hypothesis is that there is no evidence that the
measured directions are clustered about a predicted direction.
To test this hypothesis, the component, V', of r, (where r =

Rn) in the known direction, 0, is calculated by,

1
V = r cos AD(cos O) + r sin AD(sin 0). (9)

'
If © and AD are opposing vectors, V will equal zero. Large
)
values of V indicate a large component of R in the known
direction, signifying that, it is more likely that the null

hypothesis can be rejected.

Batschelet prepared a table (after Keeton, 19269 in Batschelet,

1972) of critical values for the statistic, u, where,
1
u = (2/m) /% (10)

for various values of n and P (level of significance). If the
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calculated u value exceeds the critical value listed in the
table (Appendix IV), then the null hypothesis can be rejected
at the specified level of significance. There is indication,
then, that the data are ciustered about the known direction.
Significantly, a data set may fail the Rayleigh test of
uniformity, but pass the V-test, if a large enough component
of the measured directions is in the known direction. The V-
test is, therefore, a more useful test if there is a predicted
direction since it can be used to test for clustering on a
specific part of the circle. Whereas, the Rayleigh test can
only test for clustering on any part of the circle (Batschelet,

1972).

Concentration Parameter

The concentration parameter, K, ranges from 0 to infinity.
As indicated by the probability density function of the Von
Mises distribution (eq. 1), high values of K signify well
clustered data about the mean direction.

An estimate of K is important here for calculation of the
95 percent confidence interval of the mean. Maximum likelihood
estimates of K, ﬁ, based on the length Qf the mean vector, R,
were derived by Batschelet (1965, in Mardia, 1972, Appendix
2.3). These values are stored as an array in CIRST and the

appropriate value is retrieved after R is computed.
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Confidence Intervals for the Mean Direction

The confidence interval for the mean direction is an esti-
mate of the interval about the true mean within which the esti-
mated, or calculated, mean lies with a given probability. This
is the most important measure of dispersion calculated. It is
this measure of dispersion which is propagated onto other
quantities derived from AD1l and AD2.

Graphical methods, based on the Von Mises, distribution
are available for determining the 95 and 99 percent confidence
intervals for the mean once n and R are known (Batschelet,
1972). The 95 percent confidence interval can also be com-
puted by an approximation from Mardia (1972). According to

this approximation,

A

k' = nRK | (11)

The 95 percent confidence interval ESAD, is then given by,

ESAD = 1.96/ /KT, in radians. (12)
The approximation by Mardia is included in CIRST. ESADI1
and ESAD2 are the 95 percent confidence intervals of ADIL
and AD2, respectively.
Other measures of dispersion calculated by CIRST but
not critical to the segregation vesicle problem are described

in Appendix ITI.
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Rose Diagrams

Program CIRST is also used to plot frequency distributions
of the data for each sample. To eliminate aistortion these
distributions are plotted on equal area Rose diagrams (Figure
10). The radius of the equal area Rose diagram is incremented
as the square root of thé frequency, thus conserving area. The

class width is 200.

Calculation of Structural and Paleomagnetic Parameters and the
Propagation of Errors Onto These Quantities

Introduction

By the preceding calculations four quantities are deter-
mined. These are the two average segregation vesicle inclina-
tions (or apparent dips) ADl and AD2, along with their associated
errors, ESADl and ESAD2, (the 95 percent confidence interval for
ADl and AD2,respectively). From these measured quantities two
more quantities are derived. These quantities are the true dip,
D, and the dip direction or trend, T, with respect to the orieﬁ—
tation axes of the minicore sample. It is necessary to formulate
a mathematical model which describes the relationship betweeﬁ
the measured parameters, AD1l and AD2, and the derived parameters,
T and D. That is

T

1

£, (AD1, AD2), and (13)

D bid

9 (AD1, AD2). (14)

But, because there are statistical errors associated with ADLl

and AD2, there is no unique solution for T and D.
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A theory of errors, therefore, is needed to determine how
ESAD]l and ESAD2 propagate onto T and D. This relationship is
given by the law of propagation of the variance-covariance ma-
trix, or simply, the covariance law (Vanfcék, 1973).

By this law

Ex = BE B (15)

where, Ey is the error matrix for the derived quantities, and
EL is the error matrix for the known, or measured quantities.
B is an X by L matrix, where X and L are the number of derived
and measured variables, respectively, which expresses the re-
lationship between the known and unknown variables. BT is the
transposed B matrix. It is a transfer function which shows
how the errors in the derived quantities relate to the errors
in the measured quantities.
For some samples a stable magnetic direction consisting
of a declination, DECl, and inclination, ENCl, with respect to
the orientation axes of the minicore is also measured (Figure
12) . For these samples two other quantities are derived, the
corrected stable magnetic inclination, ENC2, and, AZI, which
is the horizontal angle between T and the projection of the
corrected magnetic direction onto the horizontal plane, DEC2.
ENC2 and AZI are given by the orientation of ENCl and DECl when
the plane defined by T and D was in the horizontal position.
This determination requires a simultaneous rotation of ENCl and
DECl as T and D are rotated to a reference horizontal position.
A mathematical model which describes the relationship be-

tween the calculated parameters,T and D, the measured parameters,
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in ENCl and DECl, and the desired derived parameters ENC2,and

AZI, is necessary. So that,

ENC2

]

£, (ENC1, DECl, T, D) and (16)

AZT

]

£, (ENCl1l, DEC1l, T, D). (17)

4
But, there are errors associated with T and D, as well as
a covariance between these errors. There is, therefore, no
unique solution for ENC2 and DEC2. Again, by the covariance
law (Vanicék, 1973) (eg. 15), the manner in which the errors
in T and D are propagated onto ENC2 and AZI can be computed.
The derivations necessary for application of the covari-
ance law to the segregation vesicle problem are after R.
Boutilier (per. com., 1980). Complete derivations are in
Appendices V=VIII. The calculation of T, D, ENC2, AZI, and

their associated errors (95 percent confidence intervals) is

accomplished by computer program ROTSTAT (Appendix IX).

Calculation of Dip and Trend

As previously mentioned, the average segregation vesicle
inclination measured in each of a pair of thin sections from
one rock sample, ADl and AD2, is analogous to a structural ap-
parent dip. There are several graphical and mathematical
techniques for computing a true dip and trend (dip direction),
or structural attitude, from two apparent dips (for example

see Ragan, 1973; Billings, 1972; or Phillips, 1971). The

formalism here is after R. Boutilier (per. com., 1980) (Appendix V).

According to the coordinate system shown on Figure 16, the




X
~~ 09 Trend

Figure 16. Block diagram showing the coordinate system
used to calculate the dip = D and trend = T from two appar-
ent dips (average segregation vesicle inclinations), AD1l
and AD2. N is the normal to the (ADl, AD2) plane. Q is
the projection of N onto Z. P is the projection of N onto
the horizontal (X, ¥) plane. +Z, +X, and +Y are equivalent
to the -x, +z, and +y axes, respectively, which are
ascribed to minicore samples.,
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apparent dips, ADl and AD2, define two unit vectors with the

coordinates,
AD1l = (cosADl, 0, sinADl), and (18)
AD2 = (0, cosAD2, sinAD2).

These two vectors define a plane. The vector defining
the normal, or pole to the plane, ﬁ, is given by the cross
product or AD1l and AD2, so that

N = ADL X AD2 =

(-cosAD2sinADl, -cosADlsinAD2, cosADlcosAD2) (19)

The magnitude of this vector is given by,

2 2

>

IN| = /(cos?AD2sin?

ADl) + (cosZADlsin AD2) + (cosszlcos AD2) (20)

The unit vector defining the pole to the (ADl, AD2) plane is

therefore,

N = N/

The true~-dip of the(aADl, AD2) plane, D, is the maximum angle
this plane makes with the horizontal (X, Y) plane. This is
calculated as the angle X makes with the Z axis (Figure 16).

By the dot product rule,

N+ 2z = |[N| |2|cosD (21)
Since, z = (0, 0, 1), (22)
cosD = 1 (cosADlcosAD2). (23)

N

)

Values for D range from +90° to -90°. 0o dip indi=-

cates that the plane is horizontal. Upright dips have




85

positive angles.‘ A vertical plane will have a dip of 90°.

If the plane is overturned, the dip angle will be negative.
The trend, T, is given by the angle -N makes with the X

axis after being projected onto the horizontal (X, Y) plane.

If P is the projection of N onto the (X, Y) plane and 3 is the

projection of N onto the 2 axis, then,

N =3 + 0 and, (24)

=% - Q. (25)
It can then be shown that (Appendix V)

0= (N - 2)z. (26)
By substitution of (eqg. 26) into (eq. 25),

B=%- (% . 2)z. (27)
-P is taken because the trend of the dip direction will be in

the opposite quadrant of the trend of the vector defining the

pole to the plane (Figure 1l6). From (egs. 21, 22 and 23),

~

(N . Z) = cosADlcosAD2. Therefore, from (eqg. 9)
P = (-cosAD2sinADl, -cosADlsinAD2, 0). (28)

The magnitude of the vector is given by,

|| = /cos?AD2sinZ?ADl + cosZADlsinZAD2. (29)
By the dot product rule, the angle, T, that -P makes with the X
axis 1is given by

-% . X =|-B| |X|cosT. | (30)




A >

since, X = (1, 0, 0), and |-B| = |B], (30)

cosT = cosAD2sinAD1l (31)

B

T can range from 0° to 360°. It is measured from the +X
toward the +Y axis (Figure 16). Its value has no significance
with respect to geographic meridians. If D is less than zero,
then N will be in the same quadrant as T. In this case a cor-
rection is applied, so T =T + 180°.

If the plane given by T and D is nearly vertical, then
one or both of the average apparent dips may be close to 90°
or 270°. 1In this case, small errors in the apparent dip may
move the average value from the upright into the bverturned
field. This problem may create a pair of apparent dips in
which one is upright while the other is overturned. It is
physically impossible to resolve such a data set into a single
plane which can be defined by a T and D. An arbitrary correc-
tion of the average dips must, therefore, be made when both
dips are not either upright or overturned. |

According to the correction, the apparent dip with the
smaller 95 percent confidence interval is taken as being the
correct value. If this apparent dip is upright, then the plane
is assumed to be upright, and if it is overturned, the plane
is assumed to be overturned. The apparent dip with the larger
95 percent confidence interval is then moved the smallest dis-
tance possible which will make it compatible with the other
apparent dip. This correction is automatically performed by

ROTSTAT (Appendix IX) if necessary, and a message is printed to
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indicate that such a correction has been made. The program

then proceeds as usual.

The Error in Dip and Trend

According to the covariance law, the manner in which the

errors in ADl and AD2 propagate onto T and D is given by,

_ T
En, b = PPrgapl, Esap2® (32)

More simply stated, E the errors in T and D, are re-

TI DI

lated to the errors in AD1l and AD2, E weighted by

ESAD1l, ESAD2’
function, B, which describes how T and D vary with ADl and AD2

at the point of evaluation. Mathematically,

sé Sop 5T 3T ESADLZ ESADL2 5D 9D (33)
5ADI 3AD2 5ADI 3AD2
2 | 2
SDT SD oD oD ESAD21l ESAD2 9T oD
: 5ADT 3AD27 SADZ 3ADZ

where, ESAD12 and ESAD21 are the correlations between the errors
in AD1l and AD2, and because there is no correlation between
AD1l and AD2 (or the xz and xy thin sections), ESAD12 = ESAD2l = 0.

By multiplication of the above matrices,

2 _ T 2 2" 2
Sp = (5551) ESAD1” + (BADZ) ESAD27, (34)
2 2 2 9D 2 2
SD = (m) ESADL1™ + (m) ESAD2", and (35)
2
Sop~ Spr = (BADl)(BADl) ESAD1? + (BAD2)(8AD2) ESAD27. (36)




Equation (34) states that the error in the trend, ST’ is a func-
tion of the error in the avérage apparent dips, ESAD1l and ESAD2,
weighted by the rate of change of the trend with each average
apparent dip, §T/5AD1 and 3T/ 3%AD2. Similarly, (from eqg. 35),

the error in the dip, S is a function of the error in the

D'
average apparent dips, ESADl1l and ESAD2, weighted by the rate
of change of the dip with each average apparent dip, 8D/ 3ADl
and 3D/ 3AD2.

It can be shown (Appendix VI), using equations (23) and

(31),
T _ -tanAD2cos?T, ' (37)
D1l sin4AD1l
T _ cos?T , ©(38)
AD2 tanADlcos<AD2
D _ cos?D ‘ cosT - tanADlsinTtanAD2coszT}, (39)
@AD1 cos<T cos<AD1 sin4AD1

and _® _ sinTcos?D. (40)

AD2 cos4AD2

By the above derivations, all variables necessary to calcu-
late Sm and S, are known. The result of equations (34) and (35)
will be the 95 percent confidence interval for T and D, res-
pectively. Because the equations assume a wrapped normal dis-
tribution, values for ST and SD can range from zero to infinity.
It may seem as though St and SD should not be able to exceed
1800, but because by the wrapped assumption periodic errors
are not superimposed and added to the same area, there are
no limits to the maximum value for the error. Although the

rapped assumption will give a slightly larger estimate of the
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error than the Von Mises distribution, for intermediate wvalues
of k agreement is satisfactory (Stephens, 1963). Values for
ST and SD larger than 180° can simply be interpreted as errors
of 180°. 1In other words, the data are so bad that is is not
known where, within 95 percent confidence, the vector lies.
Any measure of dispersion of ADl1 and AD2 can be entered
into the error matrix. The result of ST and SD will be that
statistical property which is input into the error matrix.
Equation (36) describes the covariance of T and D. This
is an important parameter since T and D aré not statistically

independent. Any change in either quantity will affect the

other quantity.

Calculation of the Corrected Magnetic Direction and Azi-
muth of the Trend

For some samples a stable magnetic direction, M1, is mea-

89

sured relative to the orientation axes of the minicore. However,

the segregation vesicle orientation of the rock, defined by D,
T, ST and SD,was not known when this direction was measured.
To correct for the dip of the rock, M1l must be rotated about an
axis perpendicular to T as the plane defined by T and D is
rotated back to the reference horizontal (Figure 17).

There are several graphical and mathematical methods for
the simultaneous rotatioh of a vector and plane (e.g. Billings,
1972; Ragan, 1973; Phillips, 1971; and Johnson, 1939). The

mathematical method used here is after R. Boutilier (per. com.,

1980) . According to this formalism, the coordinate system
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Figure 17. Block diagram showing the coordinate system
within which the measured magnetic inclination (M1l) is
defined. D and T are the dip and trend of the shaded plane,
respectively. Mlx, Mly, and Mly are the projection of M1
onto the X, Y, and Z axes respectively. DECl is the declin-
ation and ENC1l is the inclination of M1l with respect to the
X, ¥, and 2 coordinate system. +X, +Y, and +Z are equivalent
to minicore axes z, y, and -x, respectively.
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(Figure 17) is rotated until it is in the plane given by T and
D, with X in the direction of T. M2 is then calculated as the
components of the M1l vector in the rotated coordinate system.

The computations necessary are accomplished by computer
program ROTSTAT (Appendix IX). The complete derivation is in
Appendix VII.

M1l is given by a declination, DECl, and inclination, ENCI,
measured with respect to the orientation axes of the minicore.
According to the coordinate system on Figure 17, Ml defines a

unit vector given by the components,

Mlz = sinENCl (41)
MlX = cosENClcosDEC1
MlY = cosENClsinDECl.

The coordinate system is first rotated about the Z axis
by the angle T. So that, X' points in the direction of D

(Figure 18). Following this rotation

MlX' = MlxcosT + MleinT (42)
| )

MlY M1X51nT + MchosT
Vo an

For the final rotation of the coordinate system, the (X',
Z') plane is rotated about the Y' axis by the angle D. So that,
X' is in the direction of D (Figure 19). Following this ro-

tation,




Figure 18. Block diagram illustrating the orientation of
the coordinate system (X', Y¥', Z') following rotation of
the X, ¥, and Z system about the Z axis until X'=T, Mlyx:,
Mlyt+, and Mlg' are the projections of M1l onto the X', Y',
and Z' axes, respectively.
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/ \\ ’ X"=D
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Figure 19. Block diagram illustrating rotation of the
X', ¥', and 2' axes about the Y' axis by the angle D.
Mlyn, Mlyw, and Mlge are projections of M1l onto the X", ¥Y",
and 2" axes, respectively. X" and ¥Y" lie in the shaded
plane. 2Z" is normal to the plane. DEC2 and ENC2 are the
declination and inclination, respectively, of the M1 vector
to the X", Y", and 2" axes.
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MlX" = Mlx'cosD + MlZ'sinD (43)
MlY" = MlY'
MlZ" =-M1X'sinD + MlZ'cosD

The components of M1 in the new rotated coordinate system

then, are

A

M2 = (Mlx", M1

Y"' MlZn) | (44)

The corresponding inclination, ENC2, and declination, DEC2,

are given by,

sinENC2 MlZ“, and (45)

cosDEC2

Il

Mlx"/cosENCZ, (46)

where, DEC2 is the horizontal angle between T = 0 degrees and
the projection of M2 onto the (X", ¥Y") plane. It is not the
deviation of magnetic declination from true.north. For most
samples the in-place magnetic declination cannot be determined
because they either rotate about a vertical axis during sampling
(drill core samples), are not sampled in place (dredge and sub-
mersible samples) or, if sampled in place are not properly
oriented (submersible samples).

The azimuth of the trend is calculated assuming that DEC2
points toward magnetic north or south, for normally, or reversely,
magnetized rocks, respectively. If the rocks are reversely
magnetized then DEC2 = DEC2 + 180. The azimuth of the trend,

AZI, is then given by,

AZI = 360 - DEC2. (47)




The Error in the Corrected Magnetic Direction and Azimuth
of the Trend

By the " preceding calculation, ENC2 and AZI are given as
function of T and D. However, there are errors associated with

T and D, S and STD (egs. 34, 35 and 36). Hence, there is

T’ SD
no real unique solution for ENC2 and AZI. By the covariance
law the manner in which the errors in T and D propagate onto

ENC2 and AZI is given by,

_ T
Epnc2, azr ~ BEg rg rg /B

T °D °TD (48)

More simply stated, the error in ENC2, S and AZI, S is re-

EI AI
lated to the error in T and D (ST and Spyr respectively), and
the covariance between the errors in T and D (STD), weighted

by a function, B, which describes the relationship between

ENC2 and AZI, and, T and D. Therefore,

s2 Sag 5AZI  9AZI sé Spr 9AZI  HENC2 (49)
3T 3D 57T 3T
Spa sé " |sENc2  sENC2 Sy sg 5AZI  HENC2
| 3T 5D 5D 5D
By multiplication of the above matrices,
2 3AZI, 2 .2 9AZI 9AZI SAZI. 2 .2
Spa = (g " 8p + 2(=5 —3p~ Spp) + (5p) 7 Sp (50)
and
2 3ENC2,2 .2 SENC2 3ENC2 SENC2, .2
Sg = (T37 ) Sp T S(%g 55 °tp) T (T3p ) SD (51)

Equation 50 states that the error in AZI is equal to the
error in T, D and the covariance between these errors,weighted

by the rates of change of AZI with T, 3AZI/3T, and D, JAZI/3D.




Similarly, (by eq. 51) the error in ENC2 is equal to the error
in T, D,and the covariance between these errors, weighted by
the rate of change of ENC2 with bothAT and D ( 3ENC2/ 3T, and
9ENC2/ 3D, respectively). The quantity STD is important here
because the error in AZI and ENC2 is a function of the rate of
change of these vafiables with both T and D. Since there is
correlation between the errors in T and D, the covariance be-
tween these errors, STD’ must be considered in the calculation.

It can be shown that (Appendix VIII),

BENC2 _ sinD(MlxsinT - MlycosT) (52)
i COSENC2
SENC2 _ =(Mlg'sinD + M1x'cosD) (53)
aD cosENC2
BAZI  _ 1 { cosENC2cosD (MlysinT -
T "~ sinAZIcos?ENC2
MchosT) - M1_,"sinENC2( 3ENC2) }
X et
T
AZT _ 1 "{ COSENC2 (Mly'sinD = (55)

D sinAZIcos<ENC2

Mlz'cosD) - Mlx"sinENC2( ENC2)}
3D

Solutions for Mlx, M1 M1,', MlX' and MlX",were given by

Y’ Z
equations (41), (42) and (43).

By the above derivations all variables necessary to calcu-
late SA and Sy are known. The result of equations (50) and
(51) is the 95 percent confidence interval for the azimuth of

the trend and the corrected magnetic inclination, respectively.

As with the values of ST and SD’ the error can range from
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zero to infinity because periodic errors are not added. Any
error greater than 180° can be taken to equal 180°. Compu-
tation of an error greater than or equal to 180° indicates
that it is now known, within 95 percent confidence, where
the vector lies in space.

Again, any measure of dispersion can be used as input
quantities. The statistical property of the calculated error
will be the same as the input error.

Finally, S

a and SE are calculated for ST = 0,0. The re-

sults of this calculation may be important when the plane given
by D and T is horizontal. When this is the case T is undefined.
It may, therefore, be desirable to know the error in AZI and

ENC2 only due to the dip.

Acceptability of Statistical Techniques and Test Cases

In the preceding calculations a previously established,
theoretically acceptable statistical procedure for the propa-
gation of errors, the covariance law, is adhered to. Any
other justification of the theoretical acceptability of this
law is beyond the scope of this thesis. The method is accept-
able providing the mathematical models describing the relation-
ship between the known and derived parameters are correct, and
the derivations of the covariance law applicable to the se-
gregation vesicle problem are correct.

To help test the wvalidity of this approach several hypo-

thetical cases were investigated in which, due to the geo-




metrical arrangement of ADl, AD2, T, D,and M1, certain confi-
dence intervals for T, D, ENC2, and AZI, were intuitively ex-
pected. A qualitative judgement of the reasonablenesslof

errors calculated by the covariance law could, therefore, be

made. Six of these cases are described.

Test Case 1

The xz thin section plane is almost perpendicular to T.
The xy thin section plane is cut almost parallel to the plane
containing T and D. There are no magnetic data for this hypo-
thetical sample so 999.999 is recorded for DEC. In ROTSTAT out-
puts,INC is printed in place of ENC. ROTSTAT produces the

following output:

Processing Test Case 1

Input Data: - ADl = 1.00000
SAD1l = 5.00000
AD2 = 35.00000
SAD2 = 20.00000
DEC = 999.99900
INC = 0.00000
Calculated Dip = 35.00836
Trend = 88.57193
Calculated Errors S(DIP) = 19.98982
S(TREND) = 7.21836

No magnetic data for this sample.
The results of the computation are that the error for the

dip is similar to the value for the error in AD2, and the
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value for the error in the trend is similar to the value for
the error in ADl. These calculated errors are reasonable be-
cause AD2 is the apparent dip most "controlling" the dip and

AD1 is the apparent dip most "controlling" the trend.

Test Case 2

The attitude of the plane by ADl and AD2 is almost per-
fectly horizontal. The trend direction should, therefore,
be undefined with an error greater than or equal to 180°.

ROTSTAT produces the following output,

Processing Test Case 2

Input Date: ADl = .10000
SAD1 = 5.00000
AD2 = .10000
SAD2 = 5.00000
DEC = 999.99900
INC = 0.00000
Calculated Dip = .14142
Trend = 44.,99989
Calculated Errors S(DIP) = 4,99997
S(TREND) = 2025.72829

No magnetic data for this sample.

The error in the trend is 2025.73°. This value is con-
sistent with the expected error. The error in the dip is
similar to the errors in AD1l and AD2. This value should be

expected because ADl = AD2 and T is at the midpoint between
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AD1 and AD2. Therefore, neither apparent dip will have more

influence on the error in the true dip.

Test Case 3

In this case the dip is almost vertical and the T direction
bisects the angle between AD1l and AD2. Small changes in the
dip should cause large changes in the trend. The expected
error in T is again greater than or equal to 180°. As shown

below, the results of the calculation are consistent with the

expected value.

Processing Test Case 3

Input Data ADl = 89.00000
SAD1 = 5.00000
AD2 = 89.00000
SAD2 = 10.00000
DEC = 999.99900
INC = 0.00000
Calculated Dip = 89.29288
Trend = 44.99989
Calculated Errors S(DIP) = 3.95344
S(TREND) = 320.33583

No magnetic data for this sample.

The value for the error in D may seem smaller than ex-
pected. However, when the dip direction is nearly vertical,
small changes in either apparent dip will not affect the value

of the true dip.
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Test Case 4

In this case the attitude is nearly horizontal, as in ﬁest
case 2. However a magnetic direction is added. The expected
result is that the error in AZI should be egual to or greater
than 180°. The error in ENC2 is expected to be similar to the
error in D. Finally, when ST = 0, the error in AZI shoﬁld be
small. The following printout from ROTSTAT shows that the re-

sults of the calculation are consistent with the expected values.

Processing Test Case 4
Input Data AD] = .10000

SAD1

1l

5.00000

Il

AD2 .10000

SAD2

Il

5.00000

DEC 60.00000

INC 40.00000

1l

.14142

Calculated Dip

Il

Trend 44.99989

Calculated errors S(DIP) 4.99997

S (TREND) 2025.72829

Calculated corrected magnetic inclination 39.86339

345.03049

Il

Calculated azimuth of trend
Calculated errors in inclination and azimuth:

S(AZI) 2021.64873

Il

S(INC) = 4.99998
Calculated errors in inclination and azimuth:

S(AZI) 1.07845

It

S (INC)

il

4.83029
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Note that the last calculation is for trend error = 0.0.

Test Case 5

This example is the same as test case 1 with the addition
of magnetic data. DECl is almost parallel to T. According to
this geometry the magnetic vector rotates almost in the plane
given by T and D. The expected results are that the error in
ENC2 will be similar to the error in D and the error in AZI will
be similar to the error in T. This is,in fact, the case shown
by the results of the calculation below. The error in AZI may
be somewhat smaller than expected indicating a small value for

STD.

Processing Test Case 5

Input Data: ADl = 1.00000
SAD1l = 5.00000

AD2 = 35.00000

SAD2 = 20.00000

DEC = 88.60000

INC = 60.00000

Calculated Dip 35.00836

Trend = 88.57193

Calculated Errors S(DIP) = 19.98982

S(TREND) = 7.21836
Calculated corrected magnetic inclination = 24.99164
Calculated azimuth of trend = 359.98451

Calculated errors in inclination and azimuth:




S(AZI) 3.90570

S (INC) 19.98998

Calculated errors in inclination and azimuth:

S(AZI) .00247

S (INC) 19.98982

Note that the last calculation is for trend error = 0.0.

Test Case 6

This test case is identical to test case 3 with the addi-
tion of magnetic data. According to test case 3, T was unde-
fined within 95 percent confidence. The magnetic vector added
has a declination almost parallel to T and ENCl less than D.
Because the axis of rotation (the perpendicular to T) is not
constrained, ENC2 will vary rapidly with T. Based on this
geometry, rotated values for ENC2 can be either positive or
negative. The error in ENC2 should, therefore, be equal to
or greater than 180°. &as shown below, the calculated errors

are consistent with the expected results.

Processing Test Case 6

Input Data: ADl = 89.00000
SADL = 5.00000
AD2 = 89.00000
SAD2 = 10.00000
DEC = 75.00000

INC = 20.00000
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Il

Calculated Dip 89.29288

Trend = 44.99989

Calculated errors S(DIP) = 3.95344

S(TREND) = 320.33583
Calculated corrected magnetic inclination = =54.04849
Calculated azimuth of trend = 126.84272

Calculated errors in inclination and azimuth:

S(AZI) 266.18465

S (INC) 257.76944

Calculated errors in inclination and azimuth:

S (AZI) 4.36244

Il

S (INC) 2.37057

Il

Note that the last calculation is for trend error = 0.0.

Summary of Statistical Method

The segregation vesicle inclinations measured in each pair
of thin sections from a minicore sample are entered into compu-
ter program CIRST (Appendix II). This program is designed to
use circular statistical techniques (Batschelat, 1972; and
Mardia, 1972) to compute the average segregation vesicle in-
clination of each thin section of the pair, ADl and AD2 (eq.
7) and the 95 percent confidence interval of each mean, ESADI
and ESAD2 (eqg. 12). CIRST also plots equal area rose diagrams
which show the frequency distribution of the segregation vesi-
cle inclinations measured in each thin section and executes

the Rayleigh test of uniformity to check for preferential
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orientation of these inclinations. If a megascopic orientation
of the rock sample is known, the V-test can be used to test for
clustering of the measured segregation vesicle inclinations
about the orientation of the rock given by megascopic criteria.
AD1l, AD2, ESAD1l, and ESAD2, are then entered into computer
program ROTSTAT. This program is designed to compute the true

dip, D, and its associated error, S and the dip direction,

DI
T, along with its associated error, ST’ with respect to the
orientation axes of the minicore sample (egs. 18-31). The

errors, and ST' are due to the errors in ESAD1l and ESAD2

SD
and are determined by application of the covariance law (Vani;
cek, 1973) (egs. 32-40).

If a stable magnetic direction with respect to the orien-
tation axes of the minicore was measured for a sample, the de-
clination, DECl, and inclination, ENCl, are entered into com-
puter program ROTSTAT along with the other parameters. ROTSTAT
computes the corrected magnetic inclination, ENC2, and, AZI,
the horizontal angle between T and the corrected magnetic de-
clination, DEC2. These values are determined by a series of
mathematical manipulations included in ROTSTAT which accomplish
the simultaneous rotation of ENCl and DECl as the plane defined
by T and D is rotated back to the reference horizontal position
(egs. 41-47). The program also computes, according to the
covariance law (Vaniéék, 1973) (egs. 48-55), the errors asso-
because of the errors, S

ciated with ENC2, S and AZI, S

E’ A’ T

and SD.
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RESULTS OF TESTS OF THE SEGREGATION VESICLE TECHNIQUE

Test for Preferred Orientation

The segregation vesicle technique assumes that the cup-
shaped lining of aphanitic residue is preferentially oriented
with respect to the earth's gravity field. Equal area histo-~
grams (Figure 10) show an apparent preferred orientation of
segregation vesicle inclinations measured in a given thin sec-
tion. As a quantitative test of preferred orientation, the
Rayleigh test of uniformity was applied to the segregation
vesiclé inclination data sets from the 17 samples which were
oriented by megascopic criteria.

Calculated R values (eqg. 8) for these samples are listed
on Table 3. Recall that this value can range from 0 to 1, with
values close to 1 signifying well clustered data. The rejec-
tion of an R value for the Rayleigh test, however, is strongly
weighted by the number of measurements. If there are a large
number of measurements small R values can still signify pre-
ferentially oriented data.

In 94 percent of the cases (data from 47 thin sections)
randomness of segregation vesicle inclinations can be rejected
at the 1 percent level of significance (Table 3) indicating
that the assumption of prefefential orientation generally is
correct. For 6 percent of the cases (data from 3 thin sections)
randomness cannot be rejected (Table 3). 1In these cases,
samples are from rocks oriented by MC-3. Because the megascopic

orientation is of poor quality, the chance cf increasing




Table 3. Segregation vesicle orientation and paleomagnetic data for samples which can
be oriented by megascopic orientation features. Abreviations are from the text.

Sample

number #€  Nxz ADl  ESADL  Rxz  Uxz  Nxy  ADZ ESADZ Rxy Uxy D 5o ENCLENCZ s
818-2 2 351 5 3 0.4 25 0.93 2.28 9 5 -10.8 -14 23
818-3 1 2 6 11 0.99 1.97 2 341 11 0.99 1.88 20 11 58.9 68 11
821-4 2 3 2 18 0.97 2.37 3 3 13 0.99 2.41 4 15 81.6 81 15
821-6-A2 1 32 355 11 0.85 5.55 18 6 10 0.93 6.81 8 10 62.5 63 11
-Cl 1 8 358 22 0.87 3.47 11 353 27 0.73 3.42 7 26 62.5 68 22
821~9-A3 1 19 10 19 0.76 3.51 10 347 21 0.85 3.70 16 19 57.0 46 20
-Bl1 1 12 2 18 0.86 4.20 44 353 11 0.79 7.40 7 12 57.4 58 18
822-6-Al 2 10 347 14 0.92 4.04 19 7 19 0.76 4.67 14 15 42.4 47 17
-A4 2 26 7 14 0.83 5.93 17 348 13 0.89 5.11 13 13 3.41 36 13
823-8~-A3 2 9 4 9 0,98 4.17 4 341 21 0.94 2.50 19 21 -53.6 ~35 19
-B1 2 11 2 15 0.91 4.29 4 17 20 0.95 2.56 17 20 -52.5 -62 15
824-9-A1 2 39 1 17 0.64 5.68 17 9 10 0.95 5.43 10 10 ~32.4 -40 12
-A2 2 417 8 21 0.51 5.01 24 23 32 0.47 3.00 24 31 -31.7 -56 31

-B 2 14 341 31 0.61 3.19 18 17 14 0.88 5.05 25 23 -32.4 -39 21
828-~5 2 9 356 9 0.98 4.14 2 333 11 0.99 1.76 28 11 42.9 36 9
831-1 3 5 338 31 0.83 2.56 4 6 45 0.72 2.04 23 31 56.0 58 42
831-3 1 54 2 7 0.91 9.49 25 1 11 0.90 6.36 2 8 52.4 51 10
831-6 1 9 7 13 0.94 3.96 6 353 26 0.86 2.96 10 20 36.6 43 26
831-14 3 5 8 0.99 2.80 2 340 11 ~1.00 0.94 20 11 31.7 25 8
832-2 1 6 34 0.75 2.59 4 356 11 0.99 2.82 7 30 28.6 21 26
103-5~1 3 19 29 71 0.24 1.31 10 1 54 0.45 1.99 30 70 51.6 67 47
103-33-6B 1 19 8 14 0.87 5.30 5 7 10 0.98 3.09 10 12 5.81 65 10
-6WHOT 1 12 359 17 0.88 4.29 10 357 27 0.75 3.55 3 26 56.0 56 17

-7a 1 22 350 19 0.72 4,71 12 348 19 0.85 4.07 15 18 52.0 43 19
103~-33-41 2 5 22 18 0.95 2.79 7 5 23 0.87 3.24 22 18 75.4 57 18

LOT
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apparent scatter of the data due to the orientation of the
plane of observation is increased. For this reason results
of application of the Rayleigh test to unoriented samples have

no significance as a test of the assumption of preferred orien-

tation, and are not considered.

The V-test

Showing that segregation vesicle inclinations have a pre-
ferred orientation is insufficient without also showing that
the preferential orientation is related to the earth's gravity
field. This direction is taken as the normal to subhorizontal
megascopic cooling features. Equal area histograms (Figure
10) show a clustering of segregation vesicle inclinations a-
round this direction, indicated as 0°. a quantitative measure
of clustering about a known direction, the V-test, was applied
to the segregation vesicle inclination data from the 17 mega-
scopically oriented rock samples. Recall that according to

this test, to reject random clustering a computed u value (eq.

10) must exceed a critical wvalue
must equal or exceed 5 (Appendix

Computed u values are listed
can be rejected in 71 percent of
percent of the cases at P = .001
cases at P = .005 to .001, and in

cases at P >0.1.

leigh test, also passed the V-test.

and the number of measurements
Iv).

on Table 3. Random clustering

the cases at P >.0001, in 13

to .0001, in 8 percent of the

the remaining 8 percent of the

Data from the 3 cases that passed the Ray-

This result indicates

that although data are randomly distributed in these cases,
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there is a significant component of the measured inclinations

around the earth's gravity field.

Comparison of the Segregation Vesicle Orientation With the
Megascopic Orientation

The most obvious test of the technique is for agreement
between the segregation vesicle orientation of the rock and
that given by megascopic orientation features. The average
segregation vesicle inclination, AD, + one 95 percent confi-
dence interval of the mean, ESAD, computed from each data set,
should be within the limits of reliability of the orientation
given by megascopic features. The calculated dip, D, + one

95 percent confidence limit of this dip, S given by a com-

D’
bination of the average segregation vesicle inclination in
each pair of thin sections from a rock sample, should also fall
within the limits of reliability of the horizontal surface
given by the megascopic orientation feature. Comparison of
the values for ADl and ESAD1l, AD2 and ESAD2, and D and SD, with
the reliability of the megascopic orientation'(Table 3), indi-
cate that these conditions are met in all cases. There is no
case where the orientation of the rock given by segregation
vesicles does not agree with that given by the megascopic
orientation feature.

To test for reproducibility, multiple samples were taken
from 6 of the rocks. 1In all cases there is good reproduci-

bility of the orientation given by segregation vesicles, and

good agreement between the segregation vesicle and megascopic
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orientation (Table 3).

Reliability of the Segregation Vesicle Technique as a Struc-
tural Tool

As previously mentioned, in order to use the technique to
determine the structural dip of sea floor basalts recovered by |
drill core, two criteria must be satisfied. It must be shown :
that the segregation vesicle orientation of the rock agrees f
with that given by megascopic criterion. This condition is
satisfied (Table 3). Secondly, the error margin of the se-
gregation vesicle orientation must be reasonably small.

Bideau and others (1977) estimated £hat by the segregation
vesicle technique they could be sure of the orientation of a
rock within about 15°. However, they only tested the techni-

que on two rock samples oriented by megascopic geopetal features.

They also did not take into consideration that the segregation
vesicle technique only gives an estimate of some average orien-
tation of the rock, with which is associated a certain error.

A more rigorous approach is necessary to establish the limits
of reliability of the segregation vesicle technique as a struc-
tural tool.

The sample set for this test includes 17 rock samples which
were oriented by segregation vesicles and megascopic criterion
(Table 3) and the additional 17 samples were oriented by se-
gregation vesicles only (Table 4). The average dip (D) and 95
percent confidence interwval of the dip,SD,was calculated for

these samples.




Table 4.

text.

Sample
number

g818-8
820-3

-P1
822-3-Al
824~3-CB-P1l
829-4~-STL
829-12
832-3~-P3
103-4-4-P2
103-4-5
103-9-33
103-21-2-A3
103-23-9
103-24-1
103-33-2

Segregation vesicle orientation and paleomag-
netic data for samples which can not be oriented by mega-
scopic orientation features. Abbreviations are from the

AD1

6
179
190
169
134
344
359
122
267
358
326
80
1
142
9

103-33-39-A1 3

103-33-40
103-46-3

204
51

ESAD1

51
19
10
21
21
le
17
46
15
35
50
23
65
37
15
22
36
39

AD2

32
181
153
201
138
304
339
117
196
31
322
71
65
331
18
325
173
246

ESAD2

34
26
24

30
28
26
46
55
36
25
44
21
61
16
29
24
53
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39
23
23
10
17
27
26
27
15
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28
17
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61
15
29
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53

ENC1

51.9
-37.7
-67.2

30.1
-20.8

38.5

44.8

-7.7
-57.7
-81.9

44.5
-60.6

18.8

29.2

64.1

50.3

72.5

21.1

ENC2
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47
26
25

29
25
24
40
15
36
46
16
27
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15
21
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Cumulative frequency curves of Sp (Figure 20) show that
previously oriented samples generally have smaller errors than
unoriented samples. This is because thin sections cut from
previously unoriented rocks are more likely to be cut at a
large angle to the original vertical axis than those which
are oriented, resulting in a larger apparent scatter due to the
direction of observation.

The central curve (Figure 20) can be used to determine the
limits of reliability of the segregation vesicle technique as a
structural tool, assuming that some of the time rocks recovered
by drill core will have a subhorizontal dip. It shows that 50
percent of the samples have errors less than 190, and 90 percent
of the samples have errors less than 36°. Although smaller
errors are desireable, these errors are not too large to pre-
clude some structural interpretation.

Because two lines can be used to define a plane of any
orientation, a further test of the validity of the technique
as a structural tool was undertaken in which 3 thin sections
were cut at different orientations to each other from an unor-
iented rock sample. When plotted on a stereonet, the average
segregation vesicle inclination determined for each of the
thin sections all fit essentially the same plane (Figure 21).
This test indicates that two thin sections are adequate to
define the horizontal plane given by segregation vesicles.
Measuring inclinations in a third section will not add signi-

ficant information.
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Figure 20, Cumulative frequency curve of the 95 percent
confidence interval of the calculated dip (original horiz-
ontal surface), S,. Class width is 59, Data are from
Tables 3 and 4. The graphs show that, considering all of
the test samples, in. 90 percent of the cases the error is
less than 36°. The table lists the frequency of other
errors.
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Sample 332A z
29,1 33-36

Figure 21. Stereonet plot of three average apparent dips
(ADyy, ADy,, and ADy:,) determined from segregation vesicle
studies of 3 thin sections from the same rock sample. All
apparent dips fit essentially the same plane.
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Reliability of the Segregation Vesicle Technique as a Paleo-
magnetic Tool

Bideau and others (1977) suggested that the main application
of the segregation vesicle technique might be to orient dredge
haul basalt samples for paleomagnetic purposes. They indicated
that by using the technique the magnetic polarity of a sea-floor
basalt could be determined outside a band of 20° latitude cen-
tered around the palecequator. This estimate was based on

what they believed to be the degree of certainty of the orien-

tation technique.

By a more rigorous treatment of the segregation vesicle
data (egs. 48-55), the manner in which errors in the orientation
of the rock given by segregation vesicles propagates onto the
rotated magnetic vector can be determined. By considering
these errors, a more reasonable assessment of how well the mag-

netic polarity of rocks oriented by segregation vesicles agrees

with the polarity of rocks of the same age and geographic loca-
tion oriented by the accepted megascopic criteria can then be g
made. Calculation of these errors is also necessary to deter- |
mine the geographic limits of the application of the technique
for paleomagnetic purposes.

The magnetic inclinations of 17 unoriented rock samples

was measured (Table 4). Because these rocks are not oriented
there is a large variation of these measured inclinations

(Figure 22A). To determine the magnetic inclination acquired
by these rocks upon cooling, they were oriented by the segre-

gation vesicle technique, and the measured magnetic vectors were
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Figure 22A , Frequency
distribution of the ab-
solute value of meas-~
ured magnetic inclin-
ation of unoriented sam-
ples. The average value
of multiple samples from
the same rock is used
here. Data are from
Table 4.

Figure 22B , Frequency
distribution of the ab-
solute value of magnetic
inclinations rotated
according to the segre-
gation vesicle orienta-
tion of the rock. The
average inclination of
multiple measurements
from different cores of
the same rock is used
here. Data are from
Table 4.

Figure 22C. Frequency
distribution of the ab-
solute value of meas-
ured magnetic inclin-
ation of samples orien-
ted by megascopic fea-
tures. The average in-
clination of multiple
measurements from dif-
ferent cores of the same
rock is used here. Data
are from Table 3.
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rotated according to these orientations. These corrected magne-
tic inclinations are more tightly clustered about the4expected
dipole value (56°) with an average inclination of 54° and a
standard deviation of 18° (Figure 22B).

This distribution compares well with the measured magnetic
inclination of rocks oriented by megascopic critéria (Figure
22C). The similarity of these distributions indicates that
the segregation vesicle technique is at least as good a tool
for orienting rocks for paleomagnetic purposes as the accepted
megascopic criteria. In fact, in all but 2 cases, or 89 percent
of the time, the average rotated magnetic inclination, + one
95 percent confidence interval (SE) of this average, contains
the dipole inclination (Figure 23).

There is a large variation in the S_ from sample to sample

E
(Figure 23). These values limit the latitude at which it is
possible to determine the magnetic polarity of a rock sample.
If the error in the rotated inclination exceeds the mean in-

clination then the polarity of the rock cannot be determined

within 95 percent confidence. For 95 percent of the cases SE

is less than 44.5° (Figure 24). By the tangent rule for an
axially centered dipolér magnetic field (Irving, 1964), 44.5°
of inclination occurs at + 26° of the paleocequator. Outside
this latitude the technigque probably can be used to determine
the polarity of samples which have segregation vesicles 95
percent of the time. The technique has the accuracy Bideau

and others (1977) suggested only 50 percent of the time.
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Figure 23, Graphic display of the corrected magnetic in-
clination, determined by the segregation vesicle technique,
plus or minus one 95 percent confidence interval of this
value. The figure shows that in 89 percent of the cases
the calculated inclination includes the expected dipole
inclination. Data are from Table 4. Average values of the
two samples from 820-3 are plotted.
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Practicality and Usefulness of the Technique

The segregation vesicle technique is a time consuming method
of rock orientation. It is'only useful if segregation vesicles
occur frequently enough to make them worth looking for. It is
only worth pursuing if the structural and/or paleomagnetic
information gained adds significantly to the solution of a pro-
blem.

Three hundred-sixteen thin sections from 158 rock samples
collected during the AMAR cruise were examined for segregation
vesicles. Only 34 of the rock samples or 22 percent have
sufficient segregation vesicles to orient the rocks. Thirty-
eight of the rock samples collected during the cruise were
oriented by megascopic criteria. Seventeen of these were also
oriented by the segregation vesicle technique. An additional
17 of these samples were oriented only by the segregation vesi-
cle technique. These 17 samples increased paleomagnetic cov-
erage of the study area by about 45 percent. This increase
in data added significantly to the reconstruction of the mag-
netic evolution of the area. The cost, however, was 316 thin
sections, a minimum of 150 hours of microscope work, and an-
other 300 hours for paleomagnetic data processing, rock orien-
tation and thin section chip preparation.

As a tool for determining the structural dip and corrected
magnetic polarity profile of sea floor basalt samples recovered
by drill core, the segregation vesicle technique is unsurpassed.

Basalts examined from the DSDP holes studied (Figure 2) all
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contain segregation vesicles with some frequency of occurrence.
On average, about 30 percent of the rock samples taken from
these holes have segregation vesicles which can be used to de-
termine the dip of the rocks, providing more structural infor-
mation than has ever been available for these holes. Once the
dip of the rock is known the corrected magnetic polarity can
be determined giving some insight into the‘ pre-deformational
stratigraphic and paleomagnetic characteristics of the rocks

recovered.

Problems with Application of the Technique

Several problems can complicate the application of this

technique to structural and paleomagnetic studies. There may

be a very broad range to the measured segregation vesicle angles
that cannot be minimized significantly by changing the direc-
tion of observation. This scatter may be caused by a complex
cooling history resulting in more than one generation of vesi-
cles and fillings, rotation or deformation of the rock during

or shortly after intrusion of residual melt into vesicles, or re-
moval or deformation of some of the segregation vesicle during
thin sectioning, or as a result of secondary alteration of the
rock. Additionally, it may be possible for the rock to rotate
between the time it acquires its segregation vesicle and mega-
scopic orientation (around the solidus temperature of the rock,
800 to 1200°C) and the time it acquires its magnetic direction

(around the Curie temperature of the rock, lSOOC).
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A complex cooling history may be indicated by chemical
studies of the aphanitic residue. In this case residue in
the vesicles may be expected to exhibit differing stages of
chemical evolution.

The fact that rotated magnetic inclinations cluster about
the expected dipole value (Figure 22) suggests that subsolidus
rotation prior to magnetization is not generally a problem.

If it were, these inclinations would be randomly distributed.
Careful sampling may help avoid complications of rotation or
deformation during or shortly after intrusion of the magma resi-
due. Samples taken from the more massive parts of pillows and
flows are the last to cool and, therefore, are likely to solidify
and pass through the Curie temperature after the flow or pillow
stops moving. .

Some destruction of the original shape of the magma residue
in some segregation vesicles during thin sectioning or by al-
teration is inevitable. Such vesicles are obvious when viewed
in thin section and can be avoided by only measuring vesicles
with very distinct and fairly symmetricél linings of residual
melt in fairly spherical vesicles.

If there is any doubt about the quality of the data, if
tests for preferred orientation are not satisfied, or if the
errors in the derived parameters are unreasonably large, the
information should not be used for paleomagnetic or structural

interpretations.




123

APPLICATION OF THE SEGREGATION VESICLE TECHNIQUE TO THE
AMAR MAGNETIC POLARITY PROBLEM

INTRODUCTION

Three previous magnetic investigations of the Famous Rift
Valley (Figure 1) revealed reversely magnetized rocks within
the limits of the Brunhes positiveicentral anomaly. Several
reversely magnetized zones appeared in the inversion solution
of a deep-tow magnetometer line which crossed the Narrowgate
study area in the vicinity of line A-A' (MacDonald, 1977) (Fig-
ures 25 and 26). These reversals correspond to surface magne-
tics which show a low in the central anomaly just south of the
deep-tow line (Atwater and others, 1978; and Phillips and others,
1975). Additionally, 22 percent of the rocks recovered from the
Famous Rift Valley floor during the Famous expedition which
could be oriented, have reversed magnetic polarities (Johnson
and Atwater, 1977). Segregation vesicle studies of one of these
reversed rocks (sample number KNR 42-114) suggests, however,
that it may have been oriented upside down with respect to its
cooling position during measurement of its magnetic polarity.

Suggested explanations for these reversals were: 1) rever-
sal due to a self reversing magnetic mineral, 2) sampling of
a young magnetic field reversal within the Brunhes normal mag-
netic epoch, 3) accelerated hydrothermal alteration of titano-
magnetite to titanomaghemite resulting in reverse polarization,
and 4) older crust (>0.69 m.y.) leftin the median valley due to

random shifts in the axis of spreading. None of these explana-
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Figure 25. Graphs showing bathymetric (A) and magnetic
intensity (B and C) profiles along line A-A' (Figure 25).
Profile C shows crustal magnetization based on the solution
of deep-tow magnetometer data (after Macdonald, 1977). It
shows reversely magnetized zones occurring within the walls
of the rift valley. Shown for comparison is a profile of
remanent intensity of surface rocks (Figure 27). Solid
lines indicated well located data; dashed lines indicate
approximately located data; dash-dot lines indicate contours
or data points projected onto A-A'.
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tions were considered conclusive (MacDonald, 1977; and
Johnson and Atwater, 1977).

The main impetus of the AMAR 1978 Expedition was to
examine the origin and extent of this apparently reversely
magnetized crust within the Brunhes normal epoch. This in-
vestigation was accomplished by a detailed study of the mag-
netic properties of rocks recovered from the Narrowgate and
Amar study areas (Figure 1l). Sampling methods and procedures

were previously discussed in the introductory chapter.

MAGNETIC POLARITY

The rocks collected during ﬁhe AMAR cruise were recovered
by submersible and dredge. In order to determine their magne-
tic polarity they had to be reoriented with respect to their
cooling position on the sea floor. As previously mentioned,
38 of the samples collected were oriented according to MC-1,
2,0r 3 (Figure 11). The segregation vesicle technique was
also used to orient 17 of these 38 samples as well as an addi-
tional 17 samples which were not oriented by any other criteria.
The measured magnetic direction of the latter 17 samples was
then rotated with respect to the segregation vesicle orienta-
tion according to the procédure described (Figures 16-19).

The locations and magnetic polarities of the oriented
samples collected from the study areas are shown on Figures
27 and 28. The bulk, but not all of the samples are normally

magnetized, Within the Narrowgate study area 6 of the 36
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Amar study area during the AMAR cruise.
area is shown on Figure 1.

Location of study




129

samples, or about 17 percent, are reversely magnetized. Three
are from the valley floor and 3 are from the valley walls,
Within the Amar study area 2 of the 19 oriented samples, or
about 10.5 percent, are reversely magnetized.

Three of the reversely magnetized samples from the Narrow-
gate area have Curie temperatures in excess of 300° Cc. These
samples are fragments of thin (1-2 cm thick) cooling levels or
sheet flows. The samples from the Mt. Uranus and Mt. Mars
areas (Figure 27) are parts of a pillow or flow from which other,
normally magnetized samples’were collected.

The high Curie temperature of these reversed samples indi-
cates oxidation of the original titanomagnetite to titanomaghe-
mite (Ozima and others, 1974; Honnorez and others, 1978; and
Peterson and othérs, 1979), a process which can lead to self-
reversal of the original direction of magnetization (Verhoogan,
1962; O'Reilly and Banerjée, 1966; Johnson and Merrill, 1973;
and Ryall and Ade-Hall, 1975). If self-reversal occurred, it
must have been very localized, at least in the case of the Mt.
Uranus and Mt. Mars rocks. Although self-reversed rocks are
rarely found (Hall and Ryall, 1977) a similar occurrence of
within-flow opposed magnetic polarities possibly caused by self-
reversal, was recognized in two subaerial flows by Heller (1980)
and Heller and Peterson (1981).

The 5 remaining reversely magnetized rocks have properties
of remanent intensity, Curie temperature, and inclination which

are similar to the normally magnetized rocks (Table 5). Of the
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Table 5. The magnetic properties (+1 standard deviation)
of normally and reversely magnetized rocks recovered from

the Narrowgate and Amar study areas.

NARROWGATE

Normal

Number of

samples 36

Inclination (°) 50.5 % 17.6
Jnrm (x10"%emy/cc) 14.8 + 11.5

Tc (°C) 211 * 37

Reversed

AMAR

Artm———

Normal

19

61.6 * 13.9 43.9 £

9.8 + 3.6

198 £ 6

14.3

228

*

t

19.4

6.4

54

Reversed

56.3

1+

H

16.0

243 *

3.5

9
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possible explanations for reversely magnetized rocks pre-
viously mentioned, the only explanation compatible with

this similarity of magnetic properties is eruption of the
reversed rocks during a short reversed event within the Bru-
nhes normal epoch. Twelve different polarity excursions
within the Bruhnes epoch, during the last 40,000 years,

have been documented, including the Laschamp event which
occurred 8,000 to 20,000 years ago (Barendregt, 1981; and
Bohommet and Babkine, 1967). Because the rocks within the
median valley probably are less than several tens of thousand
years old (Bryan and Moore, 1977) any of these recent excur-

sions may have been sampled.

CONCLUSION

The segregation vesicle technique can be used to orient
sea floor basalts recovered by dredge or submersible for magne-
tic polarity studies. This technique was successfully applied
to rocks collected during the AMAR expedition and increased the
magnetic polarity information available by almost 50 percent.

Although most of the rocks recovered from the study areas
are normally magnetized, there are two sets of reversely magne-
tized rocks. One set is characterized by relatively high Curie
temperatures and the rocks were sampled from pillows or flows
from which other normally magnetized rocks were also recovered
(Figure 27). These characteristics suggest that the reversed

magnetizations are the result of self-reversal.
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The second set (Table 5) is characterized by magnetic
properties equivalent to the normally magnetized rocks.
These rocks may have been erupted during a short reversed

event within the Brunhes epoch.
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\

APPLICATION OF THE SEGREGATION VESICLE TECHNIQUE TO STRUCTURAL
AND PALEOMAGNETIC STUDIES OF SEA~FLOOR BASALTS RECOVERED BY
DRILL CORES

INTRODUCTION

Probably the most significant application of the segrega-
tion vesicle technique is as a tool for defermining the struec-
tural state and pre-deformational magnetic polarity profile of
oceanic basaltic basement rocks recovered in cores. The DSDP
has penetrated a vertical thickness of nearly 600 m into oceanic
basement. Although the petrological, geochemical, geophysical,
and magnetic properties of these cores have been described in
the Initial Reports of the DSDP, without application of the
segregation vesicle technique there has been no way of directly
determining the structural dip of the rocks recovered in these
holes. It has also been impossible to determine how post-de-
positional structural complexities may have altered the original
volcanic stratigraphy or magnetic polarity profile of the rock
units recovered in these holes.

A method of using the segregation vesicle technique to de-
fine dip units, corrected magnetic units, and to construct re-
stored (pre~deformational) profiles is described. The manner
in which lithologic units may be used to help define, or may
relate to dip and magnetic units is also discussed.

For the purpose of demohstrating the general applicability
of the technique, and exemplifying how the technique may be
applied to basement rocks recovered in cores, the technique

is applied to several DSDP cores from the North Atlantic.




134

Application of the technique for rigorous structural and
paleomagnetic studies requires a much closer sample spacing
than was possible for this study. However, based on the re-

sults presented, some preliminary interpretations are made.

PROCEDURE

The DSDP drill recovers a cored section of rock approxi-
mately 6 cm in diameter. These sections vary in length de-
pending upon the coﬁesive properties of rocks recovered.

Upon recovery the core is split along its length so that
one of the split sections may be preserved intact while the
other section is sampled for étudy. Cored pieces that are
long enough to preclude the possibility that the piece tum-~
bled about an axis other than the vertical during drilling
(that is, greater than 6 cm in length) are marked with orient-
ation arrows indicating the in-place vertical and "up" direc-
tion of the drilled piece (Figure 29).

It is crucial that any section of core chosen for applica-
tion of the segregation vesicle technique be greater than 6 cm
in length and unambiguously labeled with such orientation marks.
If there is any doubt about the orientation of a sample in the
main core barrel or any indication that a section may have been
inverted during handling that section of core should not be
used for structural studies.

For application of the segregation vesicle technique, 2.5

cm diameter minicore samples are drilled. perpendicular to the
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vertical axis of oriented pieces in the main core. In order
to preserve the orientation of the minicores these samples
are marked with a line indicating the top of the core and
hatchures which extend to the right of this line (Fiéure 29).
The minicore is then labeled with respect to its location in
the main core following DSDP conventions (Melson, Rabinowitz
and others, 1978a).

In order to standardize the direction in which segregation
vesicle and magnetic inclinations are measured (Figures 12 and
14) orientation axes are assigned to each minicore so that +x
marks the up direction of the minicore and +y and +z mark the
in-place horizontal plane. +y points in the direction of the
hatchures at the top of the core and +z points down the core
(Figure 29).

Prior to cutting the minicores for thin sectioning, the
stable magnetic direction is measured according to the conven-
tions described for horizontally drilled samples (Figure 12)
and using the magnetometer and demagnetization unit previous-
ly described. The procedure followed for determining the
stable magnetic inclination and declination is after Bleil
and Smith (1979). This magnetic inclination and declination
are referred to as ENCl and DECl, respectively. Because drill
core samples rotate about a vertical axis during sampling,
declination has no geographic significance and is relative
only to the orientation axes of the sample. If samples were
received from paleomagnetists who previously determined the pal-

eomagnetism of the sample, these samples were rechecked using the
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Dalhousie spinner magnetometer to be sure that the reported
stable magnetic direction conformed to the conventions used
here. Corrections were applied when necessary.

After determining ENCl and DECl, two thin sections are
made of each rock sample from rock chips cut along two mutally
perpendicular planes one containing the xy and the other con-
taining the xz axes (Figure 29). The segregation vesicle in-
clinations in each thin section are measured according to the
conventions illustrated on Figure 14. These measurements are
entered into computer program CIRST (Appendix II). The results
of CIRST output, along with values of ENCl and DECl for each
sample, are then entered in computer program ROTSTAT (Appen-
dix IX) as previously discussed in the section on statistical
techniques., The significant outputs of the computations per-
formed by these programs are the dip (D) of the sample, the
magnetic inclination; (ENC2) corrected for the dip, and the
direction of the dip (AZI) assuming that the horizontal compo-
nent of ENC2 points toward magnetic north if the rock is nor-
mally magnetized, or south if the rock is reversely magnetized,
in the northern hemisphere.

By variations of this approach the technique may be applied
to basalt samples collected by any drill core regardless of the
width of the core barrel. The only requirement is that sections
of rock are recovered which preserve the in-place rock sequence
and orientation. The technique cannot be applied to drilling

projects in which chips are recovered.
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DEFINITION OF DIP UNITS

Dip units may be defined by using this technique. 1In
this study these structural units consist of consecutive
rock samples which have a similar dip as indicated by segrega-
tion vesicles or megascopic geopetal features. ,Boundaries be-
tween dip units are placed where the dips of consecutive sam-
ples differ. Because sample spacing usually is great and
core recovery is low the division between dip units is some-
what arbitrary. However, structures such as breccia zones or
zones of rock containing slickensided surfaces, abrupt chaﬂges
in lithology such as sediment layers or changes in phenocrysts
abundance or composition, or the boundaries of chemical units
are used as boundaries for dip units if they occur between two
samples having differing dips. If dip changes occur within
rock units that apparently are otherwise homogeneous, the con-
tact between dip units is placed at the midpoint between sam-
ples of differing dip.

Although this technique may be capable of providing much
structural information about the ocean floor, there are several
problems to be aware of when interpreting results. It is al-
most always impossible to know the dip of the rocks between
samples. Although dip units can be defined, this problem makes
it difficult to distinguish between local structures, such as
flow surface rubble, and major structures, such as the dip of
a series of rock layers, with certainty. Furthermore, drill

cores represent only a narrow window into the vertical structure
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of oceanic crust. The lateral extent of any unit defined is
unknown. Observations are made only at the outcrop scale,

and without the control provided by a series of adjacent holes
or detailed surficial mapping, any regional interpretations

based on drill core data are speculative.

CORRECTED MAGNETIC UNITS

Corrected magnetic units are defined by consecutive rock
samples which have a similar corrected magnetic inclination
(ENC2) as determined by the segregation vesicle technigque.
Magnetic units are divided between samples of differing ENC2.
The same problems encountered in defining and interpreting
dip units are encountered here. The method for determining
the position of a contact betweén magnetic units is the same

as that used for defining dip units.

RESTORED PROFILES

Restored lithologic profiles are constructed by reorienting
tilted beds to a horizontal attitude. The true thickness (Tm)
measured perpendicular to the dip of each unit is observed in
this orientation. The true thickness of lithologic units is
given by

Tm = (cos(D))t
where t is the maximum vertical or downhole thickness of a lith-
ologic unit and D is the dip of the unit. The value of D used

to calculate Tm of a lithologic unit is either the D of a sample




140

from that unit, the average D of more than one sample from
that unit if the dips are similar, the average D of the rocks
of the structural unit containing the lithologic unit,or the
D of a rock from a nearby unit. If the dips of more than one
sample from the same lithologic unit are different, then the
unit is subdivided and the D included in each subdivision is
used to calculate the Tm of that subdivision.

Because there is an error associated with D, S there is

D’
also an error associated with Tm. To determine this error, Tm
is also calculated using D = D + Sp and D = D =~ SD. The Tm
calculated using the shallower of the resulting dips will give
the maximum value for Tm and is referred to as Tmax. The Tm
calculated using the steeper of the resulting dips will give a
minimum value and is referred to as Tmin. If D is nearly ver-
tical, addition of SD may not result in a steeper dip. In
this case the Tmin value recorded is the same as the Tm value.
The total Tm, Tmin, Tmax of the lithologic rock units re-
covered is calculated by a summation of these values for each
unit. Restored magnetic polarity profiles are constructed by
repositioning magnetic units so that they correspond to the re-
stored position of the lithologic units which they contain.
The true thickness of corrected magnetic units is computed
by a summation of the Tm of each lithologic unit contained in
the magnetic unit.

These profiles restore only the dip. They are not neces-

sarily representative of the original lithologic and magnetic
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section prior to deformation. Such an interpretation excludes
the possibility of repetition or deletion of units due to

faulting or other deformation.

THE DIRECTION OF DIP (AZI)

As'previously described the azimuth of the trend is com-
puted assuming that DEC2 points toward magnetic north if the
sample is normally magnetized and south if the sample is re-
versely magnetized (egs. 46 and 47). There are, however,

several problems with this assumption.

During deformation, rocks may rotate about a vertical axis,

inclined axis or be subjected to multiple phases of deformation
resulting in rotation about multiply oriented axes. Reorien-
tation of the rocks, according to the method used here, however,
assumes that dips are the result of simple, single-stage rota-
tion about a horizontal axis. Reorientation of the rocks, ac-
cording to this method will restore the magnetic inclination
back to the angular value it had prior to tilting. But, if
rotation occurred about a non-horizontal axis, the restored
declination cannot be used as an indicator of the direction of
magnetic north with respect to the dip of the rock. This pro-
blem is thoroughly discussed by MacDonald (1980).

As an example of this problem, consider the case where a
horizontal layer of rock which is magnetized according to an
axially centered geomagnetic dipole, is deformed in two stages.

The first rotation is a 15o counter-clockwise rotation about
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a vertical axis and the second stage is a 45° tilt to the
west about a horizontal axis. The in-place dip direction of
the rocks is 290°. Reorientation of the rocks according to
the method used here, however, will give a dip direction
(AZI) of 315°.

Additionally, paleosecular variation has resulted in
angular dispersions of the virtual geomagnetic dipole ranging
from about 13° to 0° latitude to 20° at 90° latitude over the
past 5 m.y. (McElhinny and Merrill, 1975). Thus, even if the
assumption of single-stage rotation about a horizontal axis
is correct, there is a question about how good a single magne-
tic measurement is as an indicator of magnetic north. Due
to secular variation alone the in-place declination of any
sample may not only deviate from the average position of the
present day magnetic north, but the measured declinations be-
tween samples may also be expecﬁed to vary. According to
the method of determining AZI used here such deviations would
result in a small apparent change in the direction of dip.
This problem of determining absolute dip direction may be com-
pounded if there has been a significant northward component
of motion of the crust during formation of the volcanic pile.

Finally, the statistical errér associated with AZI (SA)
commonly is large for several reasons. Obviously, SA will be
expected to be large if there is a large amount of scatter to
the measured segregation vesicle inclinations. If the re=-

stored inclination (ENC2) is steep then small errors in the
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segregation vesicle orientation of the rock will result in
large errors in the restored declination which is used to
calculate AZI. SA may also be large if the aip of the rock
is shallow because as the dip approaches 0° the direction of
the dip becomes more poorly defined.

Due to these problems, it is difficult to make definité
interpretations regarding the direction of the dip of rock
units. Consistency of AZI values of rock units, however, may
indicate that the units were deformed together about the same

.axis of rotation.

THE GEOLOGIC STRUCTURE AND PALEOMAGNETISM OF EXTRUSIVE BASALTIC
ROCKS RECOVERED DURING LEGS 37, 45, AND 46 OF THE DEEP SEA DRILL-
ING PROJECT

Geological and Geophysical Setting of Leg 37

The segregation vesicle technique was applied to some rocks
recovered from Holes 332A, 332B,and 334 which were drilled dur-
ing Leg 37 of the DSDP. These holes were drilled about 30 and
100 km to the west of the Mid-Atlantic Ridge (332 and 334, res-
pectively) at about 37° N latitude (Aumento, Melson and others,
1977a and c) (Figure 2).

The interpretation of sea-surface magnetic anomaly profiles
across site 332 indicated that this hole was drilled into the
eastern side of a negative anomaly which is part of the Gilbert
reverse polarity epoch between positive anomalies 2' and 3

(Ade-Hall, Aumento and others, 1976). The age assigned to this
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anomaly is'about 3.2 to 3.8 m.y. (Talwani and others, 1971).
Assuming a uniform spreading rate the estimated age of the
crust responsible for this anomaly at site 332 was calculated
to be 3.5 £ 0.1 m.y. (Aumento, Melson and others, 1977a). A
near bottom geophysical survey using a deeply towed instrument
package, however, indicated that the sea surface anomaly pat-
tern is misleading because it fails to account for an east-
ward phase shift of the observed anomaly, with respect to the
source, due to thestrike of the ridge. Solutions of deep tow
magnetometer data indicated that Hole 332 penetrated the broad
(4 km wide) transition zone between the Gauss and Gilbert epochs
(Macbhonald, 1976). The age assigned to this transition zone is
about 3.2 m.y. (Talwani and others, 1971). Interpretations of
an additional near-bottom magnetometer survey (Greenewalt and
Taylor, 1978) indicated that the hole was situated in a trans-
ition zone in the Gibert reversed epoch following the Cochiti
normal event, giving a slightly older age (+0.38 m.y.) to the
crust at this site, according to McElhinny (1973).

Based on these data, and assuming that a uniformly magne-
tized layer located within the upper oceanic basement crust
is the source of the surface magnetic anomaly (Vine and Mat-
thews, 1963; Atwater and Mudie, 1973; and Talwani and others,
1971), the basement rocks recovered were expected to either be
reversely magnetized with inclinations consistent with the
°)

dipole field inclination (56 (Ade-Hall, Aumento and others,

1976) or have unpredictable inclinations since the behaviour
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of theearth's magnetic field during a reversal is unknown
(MacDhonald, 197e6).

Paleontological age dating indicates that the oldest sedi-
ment cored at site 332 is 3.2 ha 0.6 m.y. (Miles and Howe,
1977). This age is consistent with the basement age given
by fission track dating of 3.6 ha 0.4 m.y. (Mitchell and Au-
mento, 1977) and the paleomagnetic age assuming either the
interpretation of Ade-Hall and others, (1975); MacDonald,
(1976) , Aumento, Melson and others, (1977), or Greenwalt and
Taylor, (1978).

The sea-surface magnetic anomaly profile in the vicinity
of site 334 indicated that the hole penetrated crust magnetized
during positive anomaly 5. Talwani and others (1971) assigned
an age interval from 8.71 to 9.94 m.y. to this anomaly. Bla-
kely (1974) however, proposed that the anomaly 5 interval be-
gan earlier, at 10.21 m.y. Assuming a uniform spreading rate
the age for the magnetic source at Hole 334 was calculated to
be 8.9 m.y. (Aumento, Melson and others, 1977c). The basement
rocks recovered were therefore, expected to have magnetic in-
clinations around +56° (the normal dipole field inclination).

Paleontological age dating indicates that the oldest sedi-
ment cored at site 334 is 9.8 + 2.0/-1.8 m.y. (Miles and Howe,
1977). This age is older than both the calculated age at
this site assuming a uniform spreading rate (Aumento, Melson
and others, 1977c) and the age interval assigned to anomaly 5

by Talwani and others (1971). It is, however, within the age
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bounds of anomaly 5 proposed by Blakely (1974).

Hole 332A

Introduction

Hole 332A penetrated 330.5 m of basaltic basement rocks
with an average recovery of ten percent. The rocks recovered
were divided into 7 major lithologic units and 48 subunits
identified on the basis of phenocryst composition and the
presence of glassy rinds, or changes in grain size, respective-
ly. Because of the poor recovery the boundaries of rock units
are somewhat arbitrary. The hole was interpreted as consisting
primarily of pillow basalts interlayered with basalt breccia,
rubble, and sedimentary rocks (Figure 30). The pillows pri-
marily are aphyric to moderately plagioclase - and sparsely
olivine - phyric basalts. Massive flows, sheet flows, and in-
trusive rocks may also have been recovered (Aumento, Melson and
others 1977a).

The basaltic rocks were divided into magma groups on the
basis of major element geochemistry. Magma groups 1l and 2 are
interlayered with group 6 and group 3 is interlayered with
group 4 (Figure 30). This relationship was interpreted to
suggest coeval eruption from separate magma chambers (Flower
and others, 1977).

Seven magnetic superunits were defined on the basis of the
- in-place magnetic inclination of the basement rocks. These

measured in-place inclinations indicate that the upper part of
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Figure 30 (following pages). DSDP Hole 332A core log.
A) Shows the lithologic units, subunits, and lithology of
each subunit as identified by Aumento and others (1977b).
An explanation of symbols is on Figure 31. The dip of the
rocks of each subunit interpreted from segregation vesicle
studies is schematically represented. B) Illustrates the
distribution of magma groups. Data are from Flower and
others (1977). C) Illustrates the in-place magnetic units
and superunits. Open boxes and solid lines are centered
over the average magnetic inclination of the rocks included
in each unit with the width of the box indicating the stan-
dard deviation. The average inclination of superunits is
indicated by dashed lines with horizontal bars indicating
the standard deviation. Circles with numbers indicate the
in-place inclination and sample number of the samples
studied. Dashed vertical line indicates the dipole inclin-
ation. Data are from Hall and Ryall (1977) and Table 6.
D) Shows the dip and 95 percent confidence interval of the
dip of each sample, the dip of the dip units defined, and
the dip of the megascopic geopetal features. Data are
from Table 6. E) Shows the corrected magnetic units.
Dashed vertical line indicates the dipole inclination.
Horizontal bars in D and E indicate the 95 percent confi-
dence interval of each determination.
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the hole is normally magnetized with shallow to dipolar
inclinations. This is followed by a reversely magnetized
section with shallow inclinations (Figure 30) (Hall and

Ryall, 1977).

Segregation Vesicle Studies

Nineteen of the 46 sampleé collected from Hole 332A have
segregation vesicles of sufficient quality and abundance to
orient the rocks. These 19 samples represent the cored
interval from about 104 m subbottom, at the sediment/basalt
interface, to 390 m subbottom. The lithologic units, magma
groups and in-place magnetic units included in this section
of core are illustrated on Figure 30. The sample location
and measured in-place magnetic inclination of each sample is

on Figure 30 and Table 6.

Dip Units

Studies of segregation vesicle inclinations of these 19
samples indicate that Hole 332A penetrated a structurally com-
plex section of basement rocks. The dip (D) and 95 percent
confidence interval of the dip (SD) of each sample is listed
on Table 6 and illustrated on Figure 30.

Megascopic geopetal features clearly indicative of the
cooling position of the rocks are rare in the core. Where
they occur they usually are slightly ambiguous in their in-

terpretation, but are used to help define dip units. The




Table 6.

Subbottom

ENC1

ENCl1l values are from

ENC2

Structural and paleomagnetic data resulting
from segregation vesicle studies of basalts from DSDP hole
332A. Abbreviations are from the text.
Aumento and others (1977a).

Sample number depth (m) D(°)  sp(%) ) ) Sg(®)  azI(®)  sp(®)
6.2 (92-94) 104.42  +77 14 +29.7  +74 14 1 17

7.1 (8-11) 111.58 =23 18 +43.3 =30 13 49 29
7.2 (7-10) 113.07 =23 9 +34,9 =57 9 10 35

7.2 (41-44) 113.41  +24 10 +61.5  +55 11 56 19
10cc (78-81) 149.48  +17 34 +59,3  +52 25 54 69

12.1 (122-125) 160.22 -39 21 +58.3 =61 23 56 32

14.1 (123-126) 179.23 -84 14 -5.2 -75 10 138 35

17.1 (14-17) 206.64  -64 40 -67.3  +21 49 24 13

21.1 (57-60) 245.07  +76 33 -43,9  +21 32 149 3

22.1 (141-144) 255.41  +15 15 +24.9  +33 13 122 48

23.1 (106-109) 264.56  +82 42 -41,1  +19 43 221 50

28.2 (61-64) 313.11  -29 20 -22.8  +27 28 268 61
29.1 (33-36) 320.83  -44 23 -22.8  -18 20 156 35

30.1 (104-107) 331,04  -36 13 -24.2  +53 16 131 18

31.1 (95-98) 340,45 =55 ‘20 -24,9  -20 16 143 26

33.2 (128-131) 361,28  +69 37 -27.3  -82 22 35 360
34.1 (113-116) 369.13 -84 17

34.2 (136-139) 370.54  -88 19 +6.0 +68 22 248 29

36.1 (67-70) 387.67  -48 18

152
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locations and descriptions of these features are shown on
Figure 30.

Based on these data, the interval of core studied is
divided into dip units for the purpose of constructing re-
stored profiles. The boundaries of these units along with a
schematic representation of the dip of each lithologic unit
is shown on Figure 30.

Dip unit I is defined by both segregation vesicle data
and megascopic geopetal features. Segregation vesicles from
sample 6.2 indicate a dip of 77° upright. Laminae in an
overlying limestone indicate a dip of about 60°. Dip unit
I is defined as containing lithologic subunits 1 and 2.
Seéregation vesicles and megascopic orientation features
are from subunit 2. Subunit 1 is also included in this dip
unit because of its proximity to the oriented - samples. The
upper contact of this structural unit is placed at the sedi-
ment/basaltic basement interface at the top of lithologic
subunit 1. The lower contact is placed at the base of litho-
logic subunit 2. Below this unit no rocks were recovered for
an approximately 6.5 m interval. The rocks below this inter-
val differ in dip.

Dip unit II is defined by samples 7.1 (8-11l) and 7.2
(7-10) which are shallowly dipping and overturned. These sam-
ples are from lithologic subunits 3 and 5, respectively. Dip
unit II is interpreted as including all of subunit 3, the

intervening subunit 4 which is lithogically similar to 3,
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and the upper part of subunit 5. The lower limit of this
unit is placed at 103.4 m where a calcite cemented basalt
breccia occurs. Rocks below this breccia differ in dip.

Dip unit III is defined by samples 7.2 (41-44) and l0cc
(78-81) which have similar, shallow and upright dips. Be-
tween these two samples, at about 131 m, flattened vesicles
suggest a similar dip of about 30°. The flow units of this
interval are separated by glassy margins. Vesicle size de-
creases from about 2 to 0.5 mm downward away from these mar-
gins, suggesting along with the segregation vesicle.data,
that the units are upright.

This dip unit is interpreted to contain lithologic sub-
unit 5, beginning at the base of the welded breccia, and
lithologic subunit 15 from which the minicores were sampled
as well as the intervening lithologic units. Segregation
vesicles indicate that the underlying rock unit has a dif-
fering dip.

Below dip unit III segregation vesicles indicate that
the rocks are gently to steeply dipping and primarily over-
turned. Dip unit IV, characterized by this variable assort=-
ment of dips, is defined by samples 12,1 (122-125) to 36.1
(67=-70) (Table 6). This unit is divided into subunits IVA
and IVB. With the exception of samples 22.1 (141-144) and
36.1 (67-70), these subunits are characterized by an in-

creasing dip with increasing depth.
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Subunit IVA is defined by samples 12.1 (122-125) to
23.1 (106-109) which were taken from lithologic subunits
16, 17, 19,and 20. The orientation of flattened vesicles
and a basalt/sediment contact within subunit 24 indicate
a nearly vertical dip similar to that of sample 23.1 (106-
109). Subunit IVA is,therefore, interpreted as containing
lithologic subunits 16, 17, 19,and 24 as well as the inter-
vening lithologic subunits. Although no samples from litho-
logic subunits 25 to 26B were available they are included
with this dip unit because they are lithologically similar
to subunit 24. Segregation vesicles of a sample from subunit
27A indicate a differing dip; The lower limit of IVA is,
therefore, interpreted to be at the base of lithologic sub-
unit 26B, where a change in lithology occurs.

Subunit IVB is defined by samples 28.2 (61-64) to 36.1

(67-70) which were taken from lithologic subunits 27a, 29,
30, 33, 34,and 35. The orientation of secondary material
which partly fills vugs at 340.05 m (Figure 30) substan-
tiates the dip given by segregation vesicles. Unit IVB
is interpreted as containing the lithologic subunits from
which the samples were taken as well as the intervening

rocks.

Corrected Magnetic Units
Segregation vesicle studies indicate that the rocks re-

covered in Hole 332A are dipping, resulting in a reorientation
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of the magnetic direction acquired by the rocks upon cooling.
By correcting for the dip of the rocks according to the ro-
tation method described (Figures 17, 18,and 19) the corrected
magnetic direction (ENC2) of the rock samples studied was
determined (Table 6). The core interval studied is divided
into 10 corrected magnetic polarity units (Figure 30 and Table
7) on the basis of these corrected magnetic directions which
are different from the in-place record.

Magnetic unit A is defined by sample 6.2 (92-94). The
corrected inclination indicates that this sample originally
was normally magnetized with an inclination close to the
dipole value. Unit A is interpreted as containing lithologic
subunits 1 and 2 which are lithologically similar and also
correspond to dip unit I.

Magnetic unit B is defined by samples 7.1 (8-11l) and
7.2 (7-10). Corrected inclinations indicate that both of
these samples originally had reversed polarities with inclin-
ations close to the dipole value. This magnetic unit is in-
terpreted to contain lithologic subunits 3, 4,and the upper
part of 5. The lower limit is placed at the breccia zone
of subunit 5. The sample taken below this zone has an op-
posing corrected polarity. This boundary corresponds to the
lower boundary of dip unit II.

Magnetic unit C is defined by samples 7.2 (41-44) and
10cc (78-81). Corrected inclinations indicate that both these

samples originally were normally magnetized with inclinations




Table 7. Corrected magnetic units of DSDP hole 332A.,  Sample numbers and dips are from
Table 6. Lithologic units are from Figure 30. Abbreviations are from the text.

Correct.ed Samples Litholqgic Average Average £ Tm
magngtlc included §ubu.n1ts EI\LCZ SOE (m) (m)
unit » included ) ) _ -
A 6.2 1, 2 +74 14 3.80 0.85
B 7.2, 7.2(7) 3, 4, 50 -44 11 5.60 5.15
C 7.2(41), 10cc 5L-15 +54 18 36.10 33.93
D 12.1, 14.1 16, 17 -68 16 38.57 14.79
E 17';§.i%';'é.§2'1 18-27A +24 33 129,53 49,42
F 29.1 28, 29 -18 20 3.92 2.82
G ;'30.1 30U +53 16 10.00 7.93
H ' 31.1 30L-32 =20 16 29.53 19.32
I 33.2 33 -82 22 9.35 2,26
J 34,2 34 +68 22 12,60 0.44

LST
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close to the dipole value. Unit C is interpreted to include
lithologic subunits 5 and 15, from which the samples were
taken, as well as the intervening subunits. This magnetic
unit corresponds to dip unit III.

Magnetic unit D is defined by samples 12.1 (122-125) and
14.1 (123-126) both of which have corrected inclinations that
are reversed and near the dipolar value. Unit D is interpreted
to contain lithologic subunits 16 and 17 from which these sam-
ples were taken.

Magnetic unit E is defined by samples 17.1 (14-17) to
28.2 (61-64). Corrected magnetic inclinations indicate that
all these rocks were normally magnetized with shallow inclin-
ations. The unit is interpreted to contain lithologic sub-
units 19, 20,and 27A from which the samples were taken as
well as the intervening subunits. Subunit 18 is also included
in Unit E because of its lithologic similarity to subunit 19
and because of its proximity to sample 17.1 which was taken
from subunit 19.

Magnetic unit F is defined by sample 29.1 (33-36) which
has a corrected inclination that is reversed and shallow. This
unit is interpreted to contain lithologic subunit 29, from
which the sample was taken down to the top of the basalt brec-
cia zone at the top of subunit 30, as well as subunit 28. Sub-
unit 28 is also included because of its proximity to sample
29.1 and its lithologic similarity to subunit 29.

Magnetic unit G is defined by sample 30.1 (104-107) which,
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when the dip correction is applied, is normally magnetized
with a dipolar inclination. This unit is interpreted to
include the upper part of lithologic subunit 30 from which
the sample was taken. It extends to the base of a zone of
basalt rubble. The sample below this zone has an opposing
polarity.

Magnetic unit H is defined by sample 31.1 (95-95) which
has a reversely magnetized and shallow corrected inclination.
This magnetic unit is interpreted to contain the lower part
of lithologic subunit 30 from which the sample was taken as
well as subunits 31 and 32, which are also included with unit
H because they are lithologically similar to 30. A sample
from subunit 33, which is lithologically distinct from the
above units, has a differing corrected inclination.

Mégnetic unit I is defined by sample 33.2 (128-131) which
has a reversed and dipolar corrected inclination. This magne-
tic unit is interpreted to contain lithologic subunit 33 from
which the sample was taken.

Magnetic unit J is defined by sample 36.1 (67-70) which
is normally magnetized with a dipolar inclination according to
the corrected value. Unit J is interpreted to include litho-

logic subunit 34 from which the sample was taken.

Restored Profiles

The 19 samples studied represent a vertical thickness of

about 286 m. Segregation vesicle studies, however, suggest
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tha£ these rocks are tilted. Therefore, the vertical thick-
ness of rock units penetrated may be greater than the true
thickness (Tm) of each rock unit. The Tm, Tmin,and Tmax of
each lithologic subunit along with the dip used to calculate
each thickness is listed on Table 8. The Tm of lithologic
units, subunits and magma groups is shown on Figure 32. These
data suggest that a true thickness of only about 142 m of rock
units was penetrated. As in the vertical section, the thick-
ness of aphyric rock units exceeds that of phyric units.

The true thickness of magnetic units, based on the true
thickness of corresponding lithologic units is listed on
Table 7 and illustrated on Figure 32. These data suggest
that normally magnetized units have a true thickness greater g

than twice that of reversely magnetized units.

Hole 332B

Introduction

Hole 332B penetrated 583 m into basaltic basement with an
average recovery of 21 percent. The rocks recovered were divided
into 11 major lithologic units and 45 subunits on the basis of
phenocryst composition and the presence of glassy rinds, or
changes in grain size, respectively. The core was described
as consisting primarily of layers of pillow basalt with minor
intercalations of brecciated basalt, sedimentary, and possibly
intrusive rock units. Subunit 7 consists almost entirely of

diabasic rocks of probable intrusive origin. Such rocks are
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.Table 8. The vertical thickness and true thickness of
l}thologlc subunits of DSDP hole 332A. Sample numbers and
dips are from Table 6. Lithologic subunits and lithologic

thicknesses are from Figure 30. Abbreviations are from the
text.

Litholggic Vertical D(°) Dﬁ}n Dﬂ?x Tm Tmin Tmax Source of D
subunit t(m) ) ) {m) (m) _(m) sample number(s)

1 0.20 77 63 89 0.04 0,003 0.09 6.2

2 3.60 " " " 0.81 0.063 1.63 "

3 3.81 23 9 36 3.51 3.08 3.76 7.1, 7.2(7)

4 0.97 " " " 0.89 0.78 0.96 "

5U 0.82 " " " 0.75 0.66 0.81 "

5L 7.67 20 14 42 7.21 5.70 7.44 7.2(41), 1l0cc

SA 0.18 " " " 0.17 0.13 0.17 "

6 1.46 " " " 1.37 1.08 1.42 "

7 0.40 " " b 0.38 0.30 0.39 "
0.39 " " " 0.37 0,29 0.38 "
0.19 " " " 0.18 0.14 0.18 "

10 7.09 " " " 6.66 5.27 6.87 "

11 0.16 » " " 0.15 0.12 0.15 "

12 0.21 W " " 0,20 0.16 0.20 "

13 0.14 " " " 0,13 0.10 0.14 "

14 0.16 " " " 0.15 0.12 0.16 "

15 18.05 " " " 16.96 13.41 17.51 "

16 16,00 39 18 61 12.43 7.76 15.27 12.1

17 22.57 84 70 - 2.36 2.36 7.72 14.1

18 9.08 64 44 " 3.98 3.98 6.53 17.1

19 47.52 " " " 20,83 20.83 34.18 "

20U, L 20.63 79 43 - 3.94 3,94 15.09 21.1, 23.1

20M 9.00 15 o] 30 8.69 7.79 9,00 22,1

21 8.98 79 43 b 1.71 1.71 6,57 21,1, 23.1

22 0.29 " " " 0.06 0.06 0.21 "

23 4,43 " " " 0.84 0.84 3.24 "

24 4.77 " " " 0.91 0.91 3.24 "

25 0.96 " " " 0.18 .18 0.70 "

26A,B 18.41 " " " 3.51 3.51 13.46 "

27,A 5,46 29 9 49 4,77 3.58 5.39 28,2

28 3.13 44 21 77 2.25 0.70 2,92 29.1

29 0.79 " " " 0.57 0.18 0.74 "

30 19.60 36 23 49 15.86 12.86 18.04 30.1

31 19.78 55 35 75 11.35 5.12 16.20 31.1

32 0.15 76 49 - 0.04 0.04 0,53 33,2, 34.1

33 9,35 v " " 2.26 2.26 6.13 "

34 12.6 88 69 - 0.44 0.44 4.52 34.2

35 7.00% 43 32 66 4.68 2.85 6.06 36,1

TOTAL t = 286 TOTAL Tm= 141.59

*To 390 m
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Figure 32. Restored profiles showing the true thickness
of lithologic units and subunits, magma groups, and cor-
rected magnetic units shown on Figure 30. Data are from
Tables 7 and 8. Open boxes, A-J, are centered over the
corrected magnetic inclination of the rocks contained in
each unit., The average 95 percent confidence interval of
these samples is indicated by the width of the box.
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also common in subunits 9, 10, and 1ll. Breccia increases in
abundance toward the bottom of the hole and is especially
common in unit 9 (610.1-721.5 m subbottom). The lowermost
unit, unit 11 (712.0-721.5 m subbottom) consists entirely of
basaltic rubble of mixed lithologies. The recovered rock
fragments are fractured and contain slickensided surfaces
(Figure 33) (Aumento, Melson, and others, 1977a).

The recovered basaltic rocks were divided into 7 magma
groups on the basis of major element geochemistry. The most
distinctive chemical break, characterized by an abrupt change
in the ratio of Mg to Mg f Fe, occurs at 400 m subbottom depth
(Flower and others, 1977).

The basement rocks were divided into 9 magnetic super
units on the basis of in-place magnetic inclinations. These
units are reversely magnetized as might be expected on the
basis of the surface magnetic anomaly pattern. The inclina-
tions are shallow, however, with respect to the expected dipole

value (¥56°) (Hall and Ryall, 1977) (Figure 33).

Segregation Vesicle Studies

Of the 9 minicore samples collected from this hole 5
have segregation vesicles of sufficient abundance and guality
to orient the rocks. These 5 samples represent the cored
interval from about 322.5 to 450.0 m subbottom, which con-~

sists of lithologic units 3A, 3B, and a portion of 4, litho-
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Figure 33. DSDP hole 332B core log. Explanation is the
same as Figure 30 except in C) in-place magnetic polarity
data for individual samples are from Table 9; in D) Data
are from Table 9; and in E) data are from Tables 9 and 10.




logic subunits 6 to 12 and a portion of 13, magma groups
1 to 4, and shallow, reversely magnetized rocks (Figure

33 and Table 9).

Dip Units

Studies of segregation vesicle inclinations of these
5 samples indicate that at least some of the rock units are
steeply dipping and even overturned. The dip (D) and 95 per-
cent confidence interval of the dip (SD) of each sample is
listed on Table 9 ana illustrated on Figure 33. Based on
these dips, and for the purpose of constructing restored
profiles, the interval of core studied is divided into dip
units.

Dip unit I is defined by samples 9.1 (17-20) and 9.1
(112-113) which have similar, nearly vertical dips. Both
of these samples are from lithologic subunit 6. Unit I is
interpreted as including all of lithologic subunits 6 and 7.
Although no samples from subunit 7 were studied for segrega-
tion vesicles, is is included with unit I because it is part
‘of the same lithologic unit and magma group.

Dip unit IT is defined by sample 13.1 (72-74) which has
a shallow, overturned dip. This sample is from lithologic
subunit 8. Although no other samples from this subunit were
available, all of the rocks of subunit 8 are included in dip

unit II.
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Table 9. Structural and paleomagnetic data resulting from segregation vesicle
studies of basalts from DSDP hole 332B. Abbreviations are from the text. ENCl values

are from Aumento and others (1977a).

Subbottom ENC1 ENC2
Sample numb ° ° °
mple number depth (m) D(°)  sp(®) ) ) Sg(®)  azZI(°)  5,(°)
9.1 (17-20) 332.18 +83 18 -33.3 -6 24 303 3
9.1 (112-113) 333.12 -88 29
13.1 (72-74) 370.60 -14 13 -20.9 =15 10 259 47
15.2 (83-85) 400.83 +86. 20 -23.4 -064 16 227 26

20.2 (6-8) 447.56. +49 15 -33.5 =27 21 333 16

LOT
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Two sampleg 15.2 (83-85) and 20.2 (6-8), from the lower
portion of the core interval studied have moderately steep to
steep, upright dips. Sample 15.2 (83-85) is from lithologic
subunit 10 and sample 20.2 (6-8) is from subunit 13. This
dip unit is defined as containing subunits 10 and 13 from
which samples 15.2 and 20.2 were taken.as well as the inter-
vening subunits, 11 and 12. Subunit 9 is also included with
dip unit III on the basis of its proximity and lithologic sim-
ilarity to subunit 10. The bottom of the unit is placed at
450 m subbottom just below the depth from which sample 20.2

was taken.

Corrected Magnetic Units é
Reorientation of the rocks back to the horizontal position é
with simultaneous rotation of the measured magnetic direction
indicates that the paleomagnetic polarity profile probably
was different from the present in-place record. On the basis
of the corrected magnetic inclinations (ENC2) of the samples
(Table 9) the core interval studied is divided into two cor-

rected magnetic polarity units (Figure 33 and Table 10).

Magnetic unit A is defined by samples 9.1 (17-20) and

9.1 (112-113). Corrected magnetic inclinations indicate that

both of these samples originally had shallow reversed polari-
ties. Unit A is interpreted as containing lithologic subunits ;
6 and 8 from which the samples were taken as well as the in- |

tervening subunit 7. The average ENC2 of the samples contained



Table 10. Corrected magnetic units of DSDP hole 332B. Sample numbers and dips are

from Table 9. Lithologic subunits are from Figure 33, Abbreviations are from the text.

Corrected Lithologic
A Samples X
magnetic included subunits
unit included
A 9.1, 13.1 6, 7, 8
9, 10, 11
B 15.2, 20.2 12, 13

Average
ENC2

)

-10.5

-45.5

Average

°)

17.0

18.5

(m)

76.25

50.89

Tm
(m)

35.02

29.93

69T
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in unit A is -10.5° with an average SE,of 17.0°,

Magnetic unit B contains samples 15.2 (83-85) and 20.2
(6-8). Corrected magnetic inclinations indicate that both
of these samples originally had reversed polarities with
steeper inclinations than those of Unit A. This magnetic
unit is interpreted as containing lithologic subunits 10 and

13 from which the samples were taken as well as the inter-

vening subunit 12, Subunit 9 is also included in this mag-
netic unit because of its proximity and lithologic similari-
ty to subunit 10 from which sample 15.2 (83—85) was taken.
The average ENC2 of samples contained in B is ~45.5° with

an average SE of 18.5°,

Restored Profiles
Because segregation vesicle studies suggest that the rock

units recovered from Hole 332B are tilted, the vertical thick-

ness of rock units penetrated may be greater than the true
thickness (Tm). The Tm, Tmin, and Tmax of each lithologic
subunit along with the dip used to calculate each thickness
is listed on Table 11. The Tm of each lithologic unit, sub-
unit and magma group is shown on Figure 34.

The 5 samples studied represent a vertical thickness of

127.50 m of rock. The true thickness of these rock units,
however, may be only about 65 m. These data suggest that sub-

units consisting of or containing probable intrusive rocks



Table 11. The vertical thickness and true thickness of lithologic subunits of DSDP

hole 332B, Sample numbers and dips are from Table 9.

Figure 33, Abbreviations are from the text.

Lithologic subunits are from

Litholo.gic Vertical D(°) Dn})in Dn:)ax T Tmin Tmax Source of D
subunit t (m) () () (m) (m) (m) sample number (s)

6 29,22 85.5 61.0 - 2.29 2.29 14.17 9.1(17), 9.1(112)

7 14.46 " " - 1.13 1.13 7.01 "

8 32.57 14 1 27 31.60 29,02 32.56 13.1

9 0.4 86 66 - 0.003 0.003 0.16 15.2

10 2.03 " " - 0.14 0.14 0.83 "

11 3.82 " " - 0.27 0.27 1.55 "

12 13.98 49 34 v64 9.17 6.13 11.59 20.02

13 31.02 " " " 20.35 13.60 25,72 "

TOTAL t = 127.50

TOTAL Tm= 64.95

LT
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Figure 34, Restored profiles showing the true thickness
of lithologic units and subunits, magma groups, and correct~-
ed magnetic units shown on Figure 33. Data are from Tables
10 and 11, Open boxes A and B are centered over the average
corrected magnetic inclination of rocks contained in each
unit. The average 95 percent confidence interval of the in-

clination of the samples is indicated by the width of the
box.
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(subunits 7, 9, 10, and 1l1) are over-represented in the verti-
cal section. These subunits actually are only about 1 m in
thickness. A pbssibility, however, is that the diabasic
units were vertically intruded prior:- to tilting and because
the rocks were later tilted by about 850, the vertical thick-
ness of intrusive units penetrated is the true thickness of
the units. If this is the case, calculation of the true
thickness according to the method described gives an erroneous
result. This is a problem to be aware of when doing segrega-
tion vesicle studies, but it is impossible to resolve.

Subunit 8, consisting of plagioclase-phyric basalt, may
be the thickest unit followed by the highly olivine-phyric
basalt of subunit 13. Magma group 2, characterized by a high

content of FeO and TiO2 may represent the thickest sequence

of eruptive units.
The true thickness of corrected magnetic units based upon

the Tm of the lithologic unit with which they correspond sug-

gests that unit A is only slightly thicker than unit B (Table

10 and Figure 34).

Hole 334 ‘ 4 |

Introduction

Hole 334 penetrated 117 m of oceanic basement rocks with
20 percent recovery. Basement was encountered at 259.5 m
subbottom. The rocks recovered were divided into 3 litholo-

gic units. Unit 1 consists of 12 m of sparsely plagioclase-, J
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augite-and olivine-phyric basalt. Unit 2 consists of 45 m of
aphyric basalt with interbeds of glassy rinds and sedimentary
layers. Fourteen cooling units were recognized in units 1

and 2 but the type of flow unit was not defined. Unit 3 con-
sists of 65.5 m of interlayered gabbro and serpentinized peri-
dotite and breccia. The breccias contain plutonic clasts in

a chalk matrix. These breccias were tentatively interpreted

as indicating cold extrusion or uplift of the plutonic com-
plex prior to eruption of the overlying extrusive rocks (Aumen-
to and Melson and‘others, 1977c) . The two extrusive lithologic
units correspond to two separate hagma groups (Flower and
others, 1977).

The basement rocks were divided into two magnetic super-
units on the basis of in-place stable magnetic inclinations.
The upper unit corresponds to the extrusive rock sequence and
is normally magnetized with a dipolar inclination as might be
predicted on the basis of the surface magnetic anomaly. The
lower unit corresponds to the plutonic rock complex. These
rocks have scattered inclinations but primarily are reversely

magnetized (Hall and Ryall, 1977).

Segregation Vesicle Studies
Segregation vesicles could be used to orient three of the
five samples examined from Hole 334. These three samples re-

present the cored interval from about 265 to 295 m subbottom.
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This interval consists of lithologic unit 2, magma group 2,
and the normally magnetized magnetic super unit (Figure 35

and Table 12).

Dip Units
Studies of segregation vesicle inclinations of these
three samples indicate that the rock units have uniformly shal-
low and upright dips. Only 1 dip unit is identified (Figure

35 and Table 12).

Corrected Magnetic Units

Reorientation of the rocks to their original horizontal
position with simultaneous rotation of the measured magnetic
direction indicates that the corrected magnetic polarity
brofile is similar to the in-place profile. A single, nor-
mally magnetized magnetic unit is recognized. In all cases
reorientation of the rocks moves the measured magnetic direc-
tion closer to the expected dipole value. The average cor-
rected inclination of the rocks contained in this unit is
equivalent to the dipole value (Figure 35 and Tables 12 and

13).

Restored Profiles
Segregation vesicle studies suggest that the rock units

penetrated by Hole 334 are only gently dipping, and hence the




334 CORE LOG
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Figure 35. DSDP hole 334 core log. Explanation is the same as Figure 30 except
in A) slanted lines indicate average dip only and do not represent rock type and
data are from Aumento and others (1977c); in C) in-place magnetic polarity data for
individual samples are from Table 12; in D) data are from Table 12; and in E) data
are from Tables 12 and 13.
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Table 12. Structural and paleomagnetic data resulting from segregation vesicle
studies of basalts from DSDP hole 334. Abbreviations are from the text. ENC1 values
are from Aumento and others (1977c¢c).

Subbottom ENC1 ENC2
S l o o o [o] o
ample number depth (m P2  Sp(®) °) ) Sg(")  AzZI(T) S, (%)
16.5 (19-21) 268.69 +32 19 +38.4 +61 20 240 65
19.1 (6-9) 291.06 +29 20 +60.0 +59 13 298 31
19.3 (93-95) 294,93 +15 18 +48.2 +49 15 265 59

LLT



i i 34. Sample numbers and dips
Table 13, Corrected magnetic unit of DSDP hole 3 4.
Table 12. Lithologic unit is from Figure 35, Abbreviations are from the text,

Corrected
magnetic Samples
g X included
unit
A 1605, 19.1
19.3

Lithologié
subunits

included

Average
ENC2

)

56

Average
Sg

°)

16

(m)

35.00

are from

Tm

(m)

31.72

8LT
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true thickness of rock units (32 m) may be similar to the
vertical thickness (35 m). The vertical thickness of the
) magnetic unit also may be representative of the true thickness

of this unit (Figure 36, and Tables 13 and 14).

Geological and Geophysical Setting of Legs 45 and 46

The segregation vesicle technique was applied to some
rocks recovered from Holes 395, 395A, and 396B which were
drilled during Legs 45 and 46 of the Deep Sea Drilling Project.
Holes 395 and 395A were drilled at the same site, about 50 km
to the west of the Mid—Atlantic Ridge south of the Kane Frac-
ture Zone at 225° N latitude. Hole 396B was drilled at about
the same latitude, but 150 km to the east of the Mid-Atlantic
Ridge (Melson, Rabinowitz and others, 1978b; and Dmitriev,
Heirtzler and others, 1978b) (Figure 2).

Magnetic anomaly patterns indicated that Holes 395 and
395A were drilled into crust magnetized during positive ano-
maly 4' and Hole 396B penetrated crust magnetized during ano-
maly 5. The rocks recovered were, therefore, expected to be
normally magnetized with inclinations consistent with the
dipole of value (~40°) . Assuming a variable spreading rate,
the crustal ages at Sites 395 and 396 were calculated to be
6.5 and 8.8 m.y., respectively (Purdy and others, 1978).

The oldest sediment penetrated at Site 396B is 13.6 z

1.6 m.y. old based on coccolith assemblages (Burky, 1978).
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334, RESTORED

LITHOLCGIC CORRECTED MAGNETIC UNIT
Unit Normal
True thickness 0 +30 +90
(m) T
- 10
2 a
- 20
AAAAA - 30 ANAA

Figure 36. Restored profiles showing the true thickness
of the lithologic unit and corrected magnetic unit shown on
Figure 35. Data are from Tables 13 and 14, Box A is cen=-
tered over the average corrected inclination of the rocks
contained in that unit. The average 95 percent confidence
interval of the inclination of these samples is indicated
by the width of the box.




Table 14. The vertical thickness and true thickness of the lithologic unit of DSDP
hole 334, Sample numbers and dips are from Table 12, The lithologic unit is from
Figure 35. Abbreviations are from the text.

Lithologic Vertical D(°) Dmin Dmax Tm Tmin Tmax Source of D
unit t (m) (°) %) (m) (m) (m) sample number (s)
Part of 2 35 25 6 44 31.72 25.18 34.81 16.5, 19.1, 19.3

18T
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This age is clearly older than the maximum age of anomaly 5
(Blakely, 1974) which the hole penetrated and also older than
the calculated age of the crust based on sea floor spreading

rates (Purdy and others, 1978).

Holes 395 and 395A

Introduction %

Hole 395 and 395A penetrated a total of 571 m into igneous
basement crust with 58 and 18 percent recovery, respectively.
The rocks reco&ered were divided into lithologic units on the
basis of phenocryst composition and abundance, extent of
brecciation or fracturing, and abundance of secondary minerals.
Hole 395 was divided into 4 lithologic units and Hole 395A was

divided into 23 units. The top 4 units are the same in each

hole.

The baéemént section recovered consists primarily of
aphyric (58 percent) and phyric (31 percent) pillow basalts
with interlayers of breccia (7 percent) and plutonic sequences
(4 percent). The aphyric and phyric basalts are chemically
distinct and each was divided into 4 chemical groups designated
as A=A, and Pi=Pyy respectively. The breccias generally con-
sist of carbonate-cemented basalt fragments. The uppermost
breccia layer and plutonic complex (interpreted as talus) con-

tain fragments or layers of gabbro and serpentinized peridotite.

Thick sequences of breccia occur near the bottom of the section
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(Figure 37) (Melson, Rabinowitz and others, 1978b).

The in-place magnetic inclination of the rocks included
in each chemical group genefally is uniform (Figure 37). 1In-
clinations generally are close to the dipole value for the
site's latitude. Three polarity intervals were recognized
with reversals occurring at about 255 and 570 m subbottom

(Johnson, 1978).

Segregation Vesicle Studies

Eight of the 31 samples collected from these holes could
be oriented by the segregation vesicle technique. These 8
samples represent the cored interval from about 96 to 581l m
subbottom. The lithologic, chemical, and in-place magnetic
units included in this section of core as well as sample loca-
tions and the measured magnetic inclination of each sample are

shown on Figure 37 and listed on Table 15.

"Dip Units
Studies of segregation vesicles of these samples indicate
that the rocks sampled generally are gently dipping and up-
right. Exceptions to this are samples 33.2 and 58.1 which
were recovered adjacent to breccia zones and are steeply dip-

ping (Figure 37).
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395 and 395A CORE LOG
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Figure 37. DSDP Holes 395 and 395A core log. A) A strat-
igraphic column modified after Melson and others (1978b).
An explanation of symbols used is on Figure 31l. The dip
is schematically represented. Dots indicate sample locations
from Table 15. B) The in-place magnetic inclination of the
samples studied and the sample numbers. C) The dip. :
D) The corrected magnetic inclination of the samples. Bars
indicate the 95 percent confidence interval of each deter-
mination. Data for B, C, and D are from Table 15. The
dashed vertical lines indicate the dipole inclination.



Table 15. Structural and paleomagnetic data resulting from segregation vesicle studies
of basalts from DSDP holes 395 and 395A. Abbreviations are from the text.

DSDP HOLE 395

Subbottom o ° ENC1 ENC2 ° o o
Sample number depth (m) D(7) Sp(7) ©) ) Sg(7) AZI(") sp(")
11.2 (114-116) 96.2 -4%* 21 -26.0 +22 25 19 342
12.2 (140-142) 105.7 +5 18 +37.3 +40 13 240 175
14.1 (95-97) 122.7 -19* 10 -24.5 +35 10 240 38
17.1 (19-21) 150.3 +7 13 +4,.8 +3 28 74 239
DSDP HOLE 395A
15.2 (78-81) 198.3 +40 20 +33.6 +12 19 51 15
33.2 (77-79) 356.3 -61 12 -4.5 -41 23 223 34
53.2 (6-8) 543.1 +6 14 -36.4 -32 14 316 138
58.1 (134-136) 580.8 +83 18 +46.3 +50 19 356 27
*Sampling error , correct values are D = AZI = 195° for 11,2 (114-116)
D = +19° AZI = 60° for 14.1 (95-97)

98T
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Corrected Magnetic Units
Restoration of the rocks back to their horizontal posi-
tion with simultaneous rotation of the measured magnetic di-
rection does not remove the occurrence of polarity reversals
in the vertical section. But because dips are gentle the
corrected polarity profile is similar to the in-place record

(Figure 37 and Table 15).

Restored Profile
The rocks recovered are nearly flat lying, except for
the local steep dips associated with brecciated zones. The
true thickness of rock and magnetic units recovered, therefore,
probably is similar to the vertical thickness of units pene-

trated.

Hole 396B

Introduction

Two hundred fifty five m of basaltic basement crust were
penetrated during drilling of Hole 396B with about 30 percent
recovery. The rocks recovered were divided into 8 lithologic
units. The section consists primarily of sparsely to moder-
ately plagioclase-and olivine-phyric pillow basalts (Units
l, 2, 4, and 7) with a shallow sill or flow of similar composi-
tion (Unit 3), and interlayers of carbonate cemented basaltic

breccia, and sand and gravel (Units 5, 6, and 8). These litho-
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logic units were divided into 3 major chemical units (A,
B and C) and 6 subunits (Dmitriev, Heirtzler and others,
1978b) (Figure 38).

The possible origins of the basaltic sand and gravel
layers have been discussed by several authors (Dmitriev,
Heirtzler and others, 1978b; Dick and others, 1978; and Sch-
mincke and others, 1978). They interpreted the sand and
gravel to be hyaloclastite formed by selective splintering
of glassy margins due to thermal shock which were later con-
centrated as talus at the base of a volcanic edifice or fault
scarp, or by bottom current activity. The freshness of the
glass shards indicates isolation from alteration activity
possibly due to burial by subsequent flows or slumping of
pillow mounds.

Four magnetic units were defined on the basis of the
measured in-place stable magnetic inclination. The magnetic
inclination generally is quite uniform within each unit.
None of the units, however, have inclinations consistent with
the expected dipole value (i40.30). I and IV are normally
magnetized with shallow inclinations, whereas II and III are
reversely magnetized with steep and shallow inclinations,

respectively (Peterson, 1978) (Figure 38).

Segregation Vesicle Studies

Nine of the 22 samples collected from Hole 396B have
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Figure 38. DSDP hole 396B core log. A) A stratigraphic
column modified after Dmitriev and others (1978b). Dots
indicate sample locations from Table 16. The dip of each
unit is schematically represented. An explanation of sym-
bols is on Figure 31, B) The in-place magnetic inclination
of samples studied and the sample numbers., C) The dip.

D) The magnetic inclination of the samples. Bars indi-
cate the 95 percent confidence interval. Data for B, C,
and D are from Table l1¢. The dashed vertical lines indi-
cate the dipole inclination.
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segregation vesicles of sufficient quality and abundance to
orient the rocks. These 9 samples represent the cored inter-
val from about 165 to 325 m subbottom. The lithologic and
in-place magnetic units included in this section of core as
well as sample locations and the measured magnetic inclina-

tion of each sample are shown on Figure 38 and Table 16.

Dip Units

Studies of segregation vesicle inclinations of these 9
samples indicate that the rock units sampled generally are
gently dipping and upright. Segregation vesicles from two
samples of lithologic unit 1 indicate, however, that these
rocks are steeply dipping (Table 16 and Figure 38). This
isolated occurrence of steeply dipping rocks may be the re-
sult of penetration of a local rubble zone or disruption of
the rock units during drilling. These samples are from the
basalt overlying the sedimentary layer which separates litho-
logic unit 1 from 2. These rocks may have been rotated into

the softer sediments below during drilling.

Corrected Magnetic Units
Reorientation of the rocks back to their original hori-
zontal position with simultaneous rotation of the measured
magnetic direction indicates that the corrected magnetic
polarity profile is different from the in-place record. The

rocks have corrected magnetic inclinations similar to the




Table 16. Structural and paleomagnetic data resulting from segregation vesicle
studies of basalts from DSDP hole 396B. Abreviations are from the text.

Sample number i‘;g’;gt‘ig‘;‘ D(®)  Sp(®) E(‘lc)l E,f‘l?f sg(°)  AZI(°) (%)
7.2 (96-99) 176.46 +23 20 +18.0 +40 20 202 69
8.2 (69-71) 185.69 -63 19 +9.9 -47 12 105 20
9,1 (70-72) 193,70 +68 17 +21.0 -45 13 200 25
10.2 (21-23) 204,21 +20 22

13.1 (62-64) 216.62 +24 35 +8.5 +7 41 84 91
14.2 (68-70) 227.68 +16 21 -75.5 -82 32 295 129
16.4 (37-39) 249,37 +41 31 -7.0 -36 32 233 70
20.3 (8-11) 289,58 +25 8 -16.6 -34 9 130 23
22.2 (94-96) 307.94 +35 8 -2.7 ~-29 9 134 20

c6T
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dipole value and are divided into two corrected magnetic
units (Table 16 and Figure 38). The upper unit (A) is de-
fined by sample 7.2 (96-99), which is normally magnetized.
The unit is interpreted as extending from the bottom of the
upper breccia of lithologic unit 1 to the base of chemical
unit Ay (165-178 m subbottom). Magnetic unit B (178-325 m
subbottom) includes the remaining reversely magnetized sam-
ples.

Sample 13.1 has an anomalously shallow inclination and
a large error associated with this inclination. Because of
the large error and the fact that this sample is from a highly
altered portion of the core, it is difficult to attach any

significance to the inclination.

Restored Profiles
The 9 samples studied represent a vertical thickness of
160 m of basement. Assuming that the bulk of the rock layers
are gently dipping, with an average dip of 26° (calculated
from Table 16, excluding samples 8.2 and 9.1), the true thick-
ness of rock units penetrated is 144 m. Assuming this same
average dip, the true thickness of magnetic units A and B is

12 and 132 m, respectively.
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RESULTS OF DIP DIRECTION CALCULATIONS

The problems of estimating the direction of dip of drill
core basalt samples oriented by the segregation vesicle techni-
que have been discussed in the introductory section of this
chapter. The dip direction (AZI), calculated according to the
method described in the chapter on statistical techniques, and
the 95 percent confidence interval of this direction (SA) are
listed for each sample in Tables 6, 9, 12, 15,and 16 and il-
lustrated in Figure 39. The results of AZI calculations dis-
cussed here assume single stage rotaéion about a horizontal:
axis. As previously discussed, in order to interpret these
results rigourously,additional sampling is required.

With two exceptions the rock samples studied from Hole
332A apparently dip to the east. Most, but not all of the
samples from the top of the hole dip to the NE, whereas rocks
toward the bottom of the hole dip toward the SE or SW (Figure
39). This discrepancy in the preferred orientation of AZI
values raises the possibility that the lower units were ro-
tated prior to emplacement of the upper units.

Most of the samples from Hole 332B apparently dip toward
the west. The average dip direction of one of the samples is
to the east, but the error associated with this AZI is large
(Figure 39).

The samples studied from Hole 334 have the most uniform dip

directions. All AZI values suggest that the rocks dip toward
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4.2

4.1

Figure 39. Lambert equal area projection plots of the
dips and dip directions of rock samples studied. Dips
range from 0° at the perimeter of the circle to 90° at the
center of the circle. Upright dips are indicated by solid
circles and overturned dips are indicated by open circles.
Radial bars indicate the error in the dip and arcuate bars
indicate the error in the dip direction. Data are from
Tables 6, 9, 12, 15, and 1l6. In most cases only AZI values
with errors less than 175° are plotted.
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M Figure 39. Continued.
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the west, dipping away from the rift valley axis.

Few data from Holes 395 and 395A are available for dip di-
rection interpretations. Most samples from these holes have
AZI values with extreme errors (greater than 175°) because of
the sub-horizontal dip of the rocks. Additionally, samples
33.2 and 58.1 are from the vicinity of breccia zones so the
structural data from these samples may not be generally rele-
vant. Sample 53.2 has an AZI value suggesting a dip direction
to the NW, however, the error for this value is 138°, Samples
14,1 and 15.2 have AZI values suggesting dips to the NE with
reasonably small errors (38° and 15°, respectively).

With two exceptions, most of the samples studied from
Hole 396B apparently are dipping to the SW and SE. However,
the errors associated with most of these AZI values are large
due to the sub-horizontal dip of the rocks. Exceptions to
this are the steeply dipping rocks which have dips toward the
SE and SW, and the two samples near the bottom of the hole

which apparently dip toward the SE.

SUMMARY OF SEGREGATION VESICLE STUDIES

Segregation vesicles occur in 26 to 60 percent of the
rock samples collected from the five DSDP holes studied. They
can be used to determine the structural dip of the rocks and
the corrected magnetic inclinations,although there are errors

associated with these determinations. Based on these data,
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restored profiles can be constructed. The differences between
the dips of the rocks and corrected magnetic polarity profiles
of the different DSDP holes studied suggest that the upper
Atlantic oceanic crust is structurally and magnetically hetero-
geneous.

The cores studied exhibit varying degrees of structural
complexity (Figure.40). Hole 332A is the most complex. Al-
though dips in the upper 50 m of core primarily are sub-hori-
zontal or gently dipping and upright, a small section is al-
most combletely overturned. Below 150 m subbottom most of the
rocks are moderately to steeply dipping and several of the
units are overturned. Steeply dipping and overturned rocks
also characterize most of the section of DSDP Hole 332B stu-
died. 1In contrast, the rocks recovered from Holes 334, 395,
3957, and 396B generally are gently dipping and upright with
the exception of rocks recovered near breccia'zones or sedi-
ment layers.

Although dip directions are poorly constrained, some pre-
liminary observations can be made (Figure 39). Dip directions
from the Leg 37 samples studied suggest that the rocks located
along one side of a rift valley are nét uniformly dipping in
the same direction. Rocks from the most structurally complex
hole, 3327, primarily dip toward the NE at the top of the hole,
changing to a SE direction toward the bottom of the hole. 1In

contrast, the rocks studied from Hole 332B, drilled only 100
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Figure 40. Possible distribution of dip units of the
cores studied. Arrows indicate sample locations and the
dip of each sample. Arrows pointing up indicate upright
dips, whereas arrows pointing down indicate overturned
dips. Dip units, previously defined, are divided by hori-
zontal lines.




m from 332A, primarily dip toward the west, as do the rocks
studied from Hole 334. Results of AZI calculations for Hole
396B may suggest that these rocks, which were located on the
west side of a rift valley, dip toward the SE. Two samples
from Holes 395 and 395A suggest that these samples, which are
from the east side of a rift valley, dip toward the NE.

The corrected magnetic inclinations of the rock samples
studied are always somewhat different than the in~place inclin-
ation. In most cases reorientation of the rocks brings the
measured magnetic inclination closer to the dipole value (Fi-
gures 30, 33, 35, 37,aﬂd 38). 1If rocks are moderately to
steeply dipping as in Holes 332A and 332B,reorientation may
result in a corrected magnetic polarity profile which is very
different from the in-place profile.

Reorientation of the rocks does not remove the occurrence
of polarity reversals in the vertical section (Figure 41).
The most complex sequence of these reversals occurs in Hole
332A. The corrected magnetic profile for this hole reveals
eight polarity changes in the vertical section. This is the
only hole where the corrected magnetic profile is more com-
plex than the in-place record. In Holes 395 and 395A two
polarity changes occur in the corrected profile, as in the
in-place record (Figure 37). Only 1 reversal probably occurs
in both the in-place and corrected magnetic profiles of 396B.
This reversal in the corrected profile, however, occurs near

the top of the section at the base of chemical unit Aq rather
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than at the base of chemical unit A,, as it does in the
in-place profile. Holes 332B and 334 exhibit no polarity
reversals in the section of core studied, however, the rock
samples studied from Hole 332B have corrected magnetic in-
clinations which are not uniformly dipolar.

With the possible exception of Holes 395 and 395A, the
true thickness of rock units is less than the vertical thick-
ness of rock units penetrated. In Holes 332A and 332B the
true thickness of rock units may only be 49 and 51 percent,
respectively, of the vertical thiékness penetrated. In con-
trast, at Sites 334 and 396B the true thickness of rock units
may be about 90 percent of the vertical thickness penetrated.

Because of tilting, the relative abundance of different
rock or magnetic units in the stratigraphic section may be
incorrectly determined if such estimates are based upon the
vertical thickness of rock units. For example, segregation
vesicle studies of rocks from Hole 332A suggest that the thick-
ness of aphyric rocks exceeds that of phyric rocks in both the
vertical in-place as well as the restored profiles. However,
such studies of rocks from Hole 332B suggest that lithologic
subunits consisting of or containing probable intrusive rocks
have a true thickness which is less than 5 percent of their
vertical thickness. Additionally, although the in-place mag-
netic units from Hole 332A indicate that the bulk cf the rocks

are reversely magnetized, segregation vesicle studies suggest
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that the normally magnetized units actually have a true
thickness greater than twice that of reversely magnetized
units.

Due to the limited number of samples the segregation
vesicle studies presented cannot be used to give a precise
indication of the geologic structures, or predeformational
profiles of the holes studied. The results presented, how-
ever, do indicate that segregation vesicles commonly occur
in seafloor rocks and that, given enough samples, they probably
can be used to determine the geologic structure of oceanic
basaltic basement rocks recovered in drill cores. The studies
presented élso indicate that segregation vesicle studies may
help determine the original volcanic and magnetic stratigraphy

of such rocks.

POSSIBLE CAUSES OF OBSERVED DIPS

A detailed analysis of ocean floor structure and tectonics
is beyond the scope of this thesis and is not possible based
upon the data presented here. It must be re-emphasized that
drill cores represent only a narrow window into oceanic crust
and that the lateral and exact vertical extent of any dip or
magnetic unit cannot be determined.

Nevertheless, drill cores provide one of the best methods
of directly observing a vertical section of oceanic crust, and
the segregation vesicle technique presently is the only way

of directly determining the dip of rocks recovered. Based on
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the segregation vesicle studies presented, some preliminary
interpretations about oceanic crustal structure of the
North Atlantic can be made.

The most interesting results of these segregation vesi-
cle studies are the apparent differences in structural style
between the cores studied. Rocks studied from Hole 332A have
a random assortment of dips which include steeply dipping
and overturned rocks. Whereas, Holes 334, 395 and 395A, and ;
396B are characterized by predominantly gently dipping rocks
Figure 40). The complex sequence of polarity reversals in
the corrected magnetic polarity profile of Hole 332A along
with the interfingering chemical units (Figure 30) also sug-

gests the repetition of rock units.

Steeply dipping rock units, overturned rock units, and
the repetition of these units in the vertical section may
be caused by a variety of structural features including thrust
faults and overturned folds (for example, see Billings, 1972).
However, first motion seismic studies (Sykes, 1967), and field - g

observations (Needham and Francheteau, 1974; Ballard and others,

1975; and Ballard and van Andel, 1977) indicate that spreading
ocean basins are dominated by an extensional stress regime.
Structures observed in these cores must, therefore, be explained
by processes which may result from the response of brittle
oceanic crust to a tectonic regime in which the maximum com- g

pressive stress is vertical and the minimum compressive stress
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is horizontal (Anderson, 1951). This simple stress regime

may be modified by the isostatic response of the crust to
thinning in the axial region resulting from extension, loading
in the axial region due to accumulation of the volcanic pile
and, as the crust ages, cooling, contraction, and loading

of the crust with sediment (Sleep, 1969; Lachenbruch, 1973;
Osmaston, 1971; Sleep and Rosendahl, 1979; and Tapponnier and
Francheteau, 1978).

Within this sort of tensional regime there are several
possible processes which could cause the structures observed
in the cores. These are discussed below. The terminology
used to refer to different morphologic regions of the rift

valley is from Ballard and Moore (1977).

Formation of the Volcanic Stratigraphy and Syn-depositional
Deformation

The original volcanic stratigraphy is likely to be com-
plex. Within the central volcanic province volcanic edifices
are built and, in the depressions between these edifices,
accumulation of lavas from neighboring central volcanoes and
off-axis volcanism are superimposed on, and interfinger with,
older volcanics. These flows also fill in the depressions be-
tween older flow ridges and previously formed fissures. This
sequence may then be overlain by much younger tumuli lava cones
or haystacks (Ballard and van Andel, 1977; and Atwater and

others, 1978). Furthermore, due to random shifts in the axis
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of volcanism, significantly older rocks (possibly as much

as 0.7 m.y. older) may be exposed at the surface, juxtaposed
against very young rocks, or occur at shallow depths (MacDonald,
1977; Johnson and Atwater, 1977; and Atwater and MacDonald,
1978). As a result of this extrusion and spreading sequence,

a complex volcanic pile may accumulate which consists of an
interfingering and locally unconformable arrangement of flows
which originated from several different sources during episodes
of volcanism that occurred over a long period of time (Needham
and 6thers, 1976) .

Flow top breccia and flow front talus may be interlayered
with these flows and may partially mantle the tops and toes of
steep flow fronts (covering 9 to 20 percent of the surface)
(Luyendyk and MacDonald, 1977; Ballard and van Andel, 1977;

and Ballard and Moore, 1978). This rubble may form shortly

after extrusion as a result of pillow flow collapse or instan-
taneously at the base of an advancing flow. Fragments appear
to be small (less than 30 cm) and are at least smaller than |
the size of the pillows from which they originated (Luyendyk
and MacDonald, 1977). Although such rubble layers are likely
to be thin because they will either be buried by subsequent
flows, or by the flow from which they form (Atwater, 1979),
such consolidated talus apparently is exposed in fault scarps
at the base of the rift valley north of the Oceanographer

Fracture Zone, forming layers tens of meters thick (P.J.

Fox, per. com., 1981).
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Because layers of such breccia or talus may be thin
and consist of small randomly oriented fragments, they can-
not explain the ap?arently thick sequence of steeply dipping
and overturned rocks observed in Holes 332A and 332B. The
rubble will also originate from a common parent and cannot
explain the sequence of corrected magnetic units observed
in Hole 332A. It may explain, however, the local occurrence

of steeply dipping rocks in Holes 395, 395A, and 396B.

Deformation Associated With Subsidence of the Volcanic Edifice
Within the Central Valley

Volcanic edifices are reduced in height by approximately
100 m shortly after their formation (Ballard and van Andel,
1977). Ballard and van Andel (1977) suggested that the re-
duction in height is caused by vertical collapse. The effect
of this collapse on the structure of the rocks is unknown and
may not be observable in outcrop due to burial by subsequent
flows. The rare observation of some tilted pillowed units in
surface exposures of the central volcanic province (Ballard
and van Andel, 1977) suggests that collapse may be accompanied
by tilting.

Hall (1979) and Hall and Robinson (1979) suggested that
as a volcanic edifice is transported away from the volcanic
zone it begins to subside resulting in tilting of the entire

edifice toward the axial zone. If such subsidence occurs it

probably results in uniformly tilted blocks or tilted blocks
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which increase in dip with depth (Figure 42) ahd, although

it cannot explain the variety of dips observed in Holes 332A
and 332B, it may explain the more uniform dips and dip direc-
tions of the other holes studied.

Although the effect of subsidence-related tilting of
large blocks within the central valley or marginal tectonic
province is speculative, surface observations do indicate
that the volcanic carapace is sigﬁificantly disrupted before
it leaves the valley floor. Flows are broken and offset by
numerous closely spaced faults and fissures (Ballard and van
Andel, 1977; Crane and Ballard, 198l; and Ballard and Moore,
1977) , most delicate extrusive features of flows are destroyed
(Ballard and others, 1975) and in some areas it is impossible
to trace individual flow units laterally (Atwater and others,

1978) .

Deformation Associated With the Formation of the Valley Walls

After formation of the extrusive layer, deformation oc-
curs as a consequence of uplift of incremental parcels of the
crust to form the valley walls and the incorporation of new
crust onto the passive plate margin. Four processes may OcC-
cur at this area and during this time that could cause rota-
tion of rock units. These are: rotation of rock units along
curved or tilted normal faults, the formation of fault breccia,

rotation of the extrusive sequence due to diapiric rise or
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Figure 42. Schematic cross sections of uniformly dipping
rocks (A) and rocks which increase in dip with depth (B).
Section A may be expected if subsidence~related tilting
occurs after formation of the volcanic carapace, whereas, B
may develop if such tilting occurs during formation of the
volcanic carapace. Triangles indicate possible layers of
flow. top breccia.
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tectonic emplacement of gabbros and serpentinized perido-
tites, and mass wasting due to local gravitational instabil-
ity of rock masses.

Observations during submersible dives (Ballard and van
Andel, 1977; Atwater and others, 1978; and Stroup and Fox,
1981) indicate that the topography of the valley walls is
formed by a stair-step arrangement of normal faults dividing
blocks with widths of 10 to a couple hundred meters. Such |
faults may be conjugate but the fault surfaces most commonly
exposed dip toward the rift a%is at angles ranging from 45°
to 75° (MacDonald and Luyendyk, 1977; Atwater, 1979; and
Laughton and Searle, 1979). Although such faults are expected
to dip at 600, as a consequence of the orientation of the
principal stress axes (Anderson, 1951), the faults may be-
come listric with depth due to increased confining pressure
(Anderson, 1971; and Hafner, 1951). Because of the occurrence
of talus at the base of these fault scarps the amount of ver-
tical displacement is poorly known but may range from 100 m
to 400 m (Ballard and van Andel, 1977; and Ramberg and van
Andel, 1977), to possibly as much as 650 m (Stroup and Fox,
1981) along faults located at the boundary between the valley
floor and the rift valley walls. These faults are discontin-
uous along strike, being disrupted (at intervals of 50 to a
few hundred meters on the Caymen rift valley walls) by faults

trending perpendicular to ridge axis, by removal of part of
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the scarp by mass wasting, or by rotational movement of a
fault block (Macbhonald and Luyendyk, 1977; and Stroup and

Fox, 1981). Movement along these faults of the valley walls
as well as along associated antithetic or drag faults, (Hamblin,
1965; and Crane and Ballard, 1978) may result in substantial
tilting of crustal blocks.

These closely spaced faults may be superimposed upon
listric faults of a regional scale. As reviewed by Verosub
and Moores (1981), listric faults have been repeatedly des-
cribed in the Basin and Range province of the SW United States
(Moores and others, 1969; Anderson, 1971; and Proffett, 1977)
but only recently have been recognized as possibly being im-
portant structural features of oceanic crust (Verosub and
Moores, 1981; and Laughton and Searle, 1979). According to
the model presented by Verosub and Moores, (1981) major listric
faults are likely to be separated by about 1 km horizontally
and extend to depths of about 2 km. As a consequence of
movement along such faults, rock units, which intersect the
fault plane at a high angle (60° to 90°) (Anderson, 1951),
may be nearly vertically dipping and overturned at depth where
the fault plane flattens (Anderson, 1971; Moores and others,
1969; and Proffett, 1977).

These faulting mechanisms of both the local and regional
scale, may explain the occurrence of the gently dipping rock
units of Holes 334, 395, and 396, and may even lead to the

formation of steeply dipping rocks as in Holes 332A and 332B.




If a fault plane is intersected, then changes in the dip of
the rocks may be expected to occur across the fault plane
(Figure 43). Such faulting, however, cannot explain the
variability of dips and the complex assemblage of polarity
reversals observed in Hole 332A. Furthermore, vertically
dipping rocks are only likely to occur at depth where the
fault planes flatten and may not be expected at the depths
penetrated during drilling.

Fault breccia may occur along these fault planes or with-
in fault zones. Fault zones may be 50 to 100 m wide and con-
sist of a series of fault slivers separated by zones of ce-
mented breccia, 20 to 50 cm thick,in tabular sheets which paral-
lel fault planes (Ballard and van Andel, 1977). The rocks
observed in such breccia zones consist of angular clasts (Bal-
lard and wvan Andel, 1977; and Atwater, 1979) and it seems
reasonable to expect clasts to be a chaotic assemblage of
rocks of mixed age and lithology which have been randomly
rotated. Such breccias may explain some of the complexities
observed in the holes studied, especially the anomalously
dipping rocks of Holes 395, 395A, and 396B, but‘generally
lack the dimensions apparently necessary to account for most
of the observed dips (Figure 44).

Diapiric rise or tectonic emplacement of gabbros or
serpentinized peridotites may disrupt surrounding extrusive

rocks. There is some evidence to suggest that there is cold
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Figure 43. Schematic cross section showing possible
distribution of dips in a vertical section through a series
of tilted and listric faults. Dashed lines indicate fault
planes. Dip may change abruptly across fault planes as well
as increase with depth. Breccia may occur along fault plane.
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Figure 44. Schematic cross section showing possible
distribution of coherently dipping and brecciated (tri-
angles) layers in a vertical section through a fault
zone.




emplacement of such rocks at shallow depths within the upper
oceanic crustal layers (Helmstaedt, 1977; Arai and Fujaii,
1978; and Perfit, 1977). Studies of diapirism on land indi-
cate that deformation resulting from diapirism can range from
simple tilting of the surrounding rock layers away from the
rising plug (Billings, 1972) to more complex faulting and
tilting of faulted‘blocks (Atwater and Forman, 1959). 1In

the Diablo Range, California, steeply dipping and overturned
strata were observed in brecciated fault contact with "bierce-
ment" plugs of serpentine of the Franciscan complex (Oakeshott,
1968) , although it is not clear how much of this deformation
occurred prior to piercement. In the Paradox Basin in the
central part of Upheaval dome, the complex of intensely de-
formed folded, faulted, steeply dipping and overturned strata
may have formed as a result of diapiric flowage of salt at
depth (Mattox, 1969). Country rock may even be incorporated
into diapirically rising masses and emplaced at a shallower
level (Bailey, 1926 in Freeman, 1968).

As of yet, however, there is no evidence to indicate
that diapirism substantially disrupts the extrusive sequence
on the sea floor. The basalts associated with serpentized
rocks examined during this study are not significantly de-
formed (Holes 334, 395 and 3953).

Submarine mass wasting can also cause tilting of rocks.

215
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In the mid-ocean environment mass wasting may result in the
formation of talus ramps or slump blocks consisting of
megabreccias, which may significantly modify the morphology
of the rift valley and rift valley walls (Stroup and Fox,
1981).

Talus ramps were observed forming wedges, with hori-
zontal and vertical dimensions of 100 m in the Famous area
at the base of fault scarps along the valley walls. The
talus consists of clasts 1 to 2 m in size and is expected
to contain a chaotic assortment of rock fragments. Slump
scars of undescribed dimensions were also observed along
some of the fault faces (Ballard and van Andel, 1977).

Talus ramps are ubiquitous features of the rift wvalley
walls of the Mid-Caymen Rise and may almost completely f£ill
in the area between inward facing step-like fault scarps,
forming gently sloping terraces. Talus fragments are gra-
vel sized to greater than a meter invdiameter (Stroup and
Fox, 1981).

Large masses of megabreccia which can result from mass
wasting have not been obsefved in the rift valley. However,
because of the restricted field of view of a submersible
diver, large slump blocks which have the same surficial
characteristics as in-place rocks, may also appear to be
in-place (P.J. Fox, per. com., 1981).

Mass wasting can occur any time the gravitational forces
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acting to move material downslope exceed the cohesive and
frictional forces acting to keep material from sliding. 1In
the rifting environment, rocks exposed due to uplift along the
valley walls are likely to lack cohesive strength because, as
previously discussed, the volcanic carapace is significantly
disrupted by faults and fissures produced on the valley floor.
Drilling indicates the occurrence of poorly cemented brecciated
layers or soft sediment layers between flows. Furthermore,
the rocks exposed along fault scarps are observed in places

to be jointed, fractured, and even foliated (Stroup and Fox,
1981). All of these features may act as planes of weakness
along which downslope movement may occur. Additionally,
earthquakes, which are a common phenomenon of accreting plate
margins, may initiate mass wasting (Ericksen, 1974).

Subaerial examples of mass wasting by gravity sliding in-
dicate that large masses of rock can be transported several km
during sliding and are broken during transport resulting in
the deposition of a megabreccia (Burchfiel, .1966). The mega-
breccia of the Black Mountain slide at the Nevada, Arizona
border is at least 10 km long and a few hundred meters thick.
It consists of a poorly sorted chaotic mixture of Black Moun-
tain rocks with clasts as long as 100 m (Lowell, 1951).

This sort of mass wasting (Figure 45) could explain
the apparently chaotic distribution of dip units, the vari-

able size of these units, and the apparent repetition of
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Figure 45. Schematic cross section showing possible
random distribution of dips resulting from mass wasting
of a fault scarp. The large slump block is disrupted
at the base and overlain by blocks of talus.
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corrected magnetic units in Hole 332A. Mass wasting may
also be responsible for the steeply, but non-uniformly
dipping rocks observed in the portion of the Hole 332B
studied. Such a style of deformation also allows for

the possibility that some areas of the sea floor rocks

may resemble megabreccias, as Holes 332A and 332B, whereas,
other areas may be only moderately deformed as Holes 334,
395 and 395A, and 396B, thus explaining the heterogeneity

of dip unit complexity observed between the drill cores
studied. Although it may seem unlikely for tilts resulting
from mass wasting to have a uniform dip direction, blocks
depbsited by debris slides (Barnes, 1958, in Ericksen,

1974) and slump slides (Savage, 1968) may have consistent
dip directions. The apparent change in dip direction with
depth in Hole 332B (Figure 39) may suggest two episodes of
sliding. If the boundary between slides is placed between
samples 17.1 and 21.1, then the ﬁpper slide may be about 126
m thick and the observed thickness of the lower slide may be

156 m.

Conclusion

Results of the segregation vesicle studies presented
suggest that the upper 500 m of oceanic crust in the North
Atlantic is structurally heterogeneous. Although samples
studied from Holes 334, 3¢5 and 395A, and 396B, seem to be

only gently dipping with the rare occurrence of steeply
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dipping or overturned rocks, Holes 332A and 332B seem to
be highly deformed, consisting of a random distribution

of dips in the vertical section. Any explanation of the
observed structures must account for this heterogeneity
and also be consistent with the results of previous struc-
tural studies of mid~ocean-ridges, where ocean crust pro-
bably acquires most of its structural complexities.

The deformational process suggested here is one in
which coherent fault blocks located along the valley walls
are separated by ramps of talus or megabreccia which re-
sulted from mass wasting of uplifted fault blocks (Figure
46) . Rocks within coherent fault blocks may be gently
dipping due to preservation of tilts associated with suﬁ-
sidence of rocks in the median valley or due to rotation
of fault blocks along the valley walls. Although the rocks
within these blocks probably have uniformly shallow dips
and uniform dip directions, there may be rare occurrences
of steeply dipping rocks due to flow top brecciation, minor
deformation associated with formation of the volcanic cara-
pace, or small scale fault brecciation (Figures 42, 44 and
44) . Holes 334, 395 and 395A, and 396B may have been recov-
ered from crust which once formed éuch coherent fault blocks.

Uplifted fault blocks may be modified by mass wasting
which results in the formation of piles of megabreccia con-

sisting of a chaotic assortment of large blocks of randomly




Distribution of talus and configuration of faults is after

Schematic diagram showing possible structure of rift valley walls and

Figure 46.
indicating the type of deformation which may have caused the structures observed in

the DSDP holes studied.
Stroup and Fox (1981).
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dipping rocks (Figure 45). Holes 332A and 332B may have pene-
trated rocks deposited by such mass wasting. Mass wasting
seems to be the simplest explanation for the apparently
complex assemblage of dip units observed in these holes and
the complex sequence of polarity reversals observed in Hole
332A.

As ocean crust ages it is subjected to much deformation
beginning with some sort of collapse of the volcanic edifice
followed by, fracturing, faulting, and fissuring of the crust
in the central valley region, uplift and faulting onto the
valley walls, and finally readjustment of the crust due to
cooling, contraction, and load of sediments. Because of this
history of structural evolution, the heterogeneity and com-
plexity of dipsobservedin these cores should be expected to
be typical of upper oceanic crustal layers in the North At-

lantic.

CONSEQUENCES FOR THE MAGNETIC SOURCE LAYER PROBLEM

Although sea floor magnetic lineations are used to de-
termine plate motions and spreading rates, the source of
this anomaly pattern is unclear. One of the most contro-
versial issues is whether or not the "source layer" is re-
stricted to the upper 500 to 700 m of oceanic basement or
extends to depths of several kms (Harrison, 1976; Johnson,
1979; and Blakely and Cande, 1979).

Results of the segregation vesicle studies presented




here suggest that rock units in the North Atlantic may
commonly be tilted and that thick megabreccias of upper
crustal rocks may form on the sea floor. This study, then,
suggests that at least some of the time the magnetic source
- layer cannot be in the upper 500 m of oceanic crust because
the rocks are structurally disturbed.

If deformation occurs by mass wasting and results in
the formation of megabreccias, then it is possible that less
deformed, more uniformly magnetized rocks occur at depth.
However, if listric faults are common features of the mid-
ocean ridge environment, then rocks are likely to be more
steeply dipping and highly deformed at depth than at the
surface.

If the source layer is within the upper 500 m of oceanic
crust, then these segregation vesicle studies suggest that
at least some of the time the surface magnetic anomaly may
not be indicative of the earth's magnetic field at the time
that portion of crust formed, but may record the results of
a complex interaction between original magnetization and
structural deformation. This possibility seems unlikely,
however, because, with the exception of Hole 396B, the age
of the rocks interpreted from the surface magnetic anomaly
agrees with the paleontological age of the oldest sediment
overlying basement rocks in the holes studied, suggesting

that the anomaly reflects the original magnetization of the
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crust.

Hole 396B presumably penetrated anomaly 5 age rocks.

The age of the oldest sediment, however, is clearly older
than the maximum age of this anomaly and corrected magnetic
inclinations indicate that the bulk of the rocks recovered
are reversely magnetized. Although the explanation of the
anomalously old paleontological age is uncertain, the sedi-
ments show considerable re-working (Burky, 1978) possibly
suggesting they were tectonically transported to their posi-
tion above the older baéement rocks (Johnson, 1978). The
reversely magnetized basement rocks may have been extruded
during one of the reversed events of anomaly 5.

Because the rocks studied in Holes 334, and 395 and 395A,
are gently dipping, the in-place and corrected magnetic in-
clinations of the rocks studied are similar. In Hole 334
these inclinations agree with the surface magnetic anomaly.
The corrected inclinations, however, are closer to the dipole
value. Holes 395 and 395A, however, penetrated positive an-
omaly 4, and yet there are two polarity reversals in the
vertical section. 1In fact, the in-place record indicates
that only one third of the column is normally magnetized.
These holes, however, may have penetrated one of the many re-
versed events of anomaly 4 (Melson, Rabinowitz and others,
1978b) .

Although the interpretation of the magnetic anomaly
observed above the crust in the vicinity of Holes 332A and

332B is controversial, all investigators agree that the crust
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was formed during a polarity transition occurring betweeﬁ
about 3.2 and 3.8 m.y. ago. This age is consistent with

the paleontological age of the oldest sediments recovered.
However, the rock units recovered in these holes may have
been shuffled by mass‘wasting resulting in a repetition of
rock and magnetic units. Prior to mass wasting the corrected
magnetic units of Hole 332A may have had a depositional mag-
netic stratigraphy which might characterize a polarity transi-
tion. ©Normal and reversely magnetized units with dipolar in-
clinations may have been separated by a transition zone of
rocks with non-dipolar inclinations.

| Alternatively, the upper 500 m can be the magnetic source
layer if the dips described in the cores studied do not occur
on a regional scale, so that the magnetic signal of coherent
blocks of rocks is much more important to the formation of the
surface anomaly pattern than that produced by locally deformed
rocks. The non-dipolar in-place inclinations and conflicting
polarity/relative to the surface anomaly, of many of the other
rocks recovered from the North Atlantic by deep sea drilling
(Yeats, Hart and others, 1976; Luyendyk, Cann and others,
1978a, b and c¢; and Donnelly, Francheteau and others, 1979b

and c), however, suggests that tilted rocks are to be expected.
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SUMMARY OF MAIN CONCLUSIONS

The main conclusions of this thesis are:

1)

2)

4)

5)

Segregation vesicles can be used to orient sea-floor basalts
collected by dredge or submersible for paleomagnetic polarity
studies, and can Be used to determine the dip and corrected
magnetic inclination of rocks recovered in drill cores which
preserve the in-situ orientation of the rock.

The segregation vesicle technique of sea-floor basalt orien-
tation is reliable, but because there is scatter to the in-
dividual segregation vesicle orientations in a rock sample,
the error associated with dip determinations will usually

be 36° or less, whereas the error associated with corrected
magnetic inclination determinations will usually be 44.5°
or less.

Routine application of the technique will greatly increase
the number of sea-floor basalt samples available for paleo-
magnetic polarity studies.

As a tool for determining the structural dip and corrected
magnetic polarity of rocks recovered in drill cores, the
segregation vesicle technique is unsurpassed. Routine ap-
plication of this technique to basalts recovered in DSDP
cores will provide more structural information than has

ever been available from these holes.

Application. of this technique to rocks recovered in DSDP

Holes 3323, 332B, 334, 395 and 395A, and 396B, which pene-




6)

7)
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trated North Atlantic oceanic crust, suggest that this

crust is structurally heterogeneous. Rock samples studied
in Holes 334, 395 and 395A, and 396B, suggest that the
crustal layers penetrated are gently dipping and upright,
whereas, rock samples studied in Holes 332A and 332B sug-
gest that the crustal section penetrated is highly deférmed
and consists of steeply dipping and overturned rock units.
The deformational process suggested to explain the observed
heterogeneity is one in which fault blocks, located along
the valley walls, which are internally undeformed, or only
moderately tilted, are separated by ramps of talus or mega-
breccia which resulted from mass wasting of the uplifted
fault blocks.

Because of tilting, the true thickness (measured perpendicular
to the dip) of rock units penetrated is going to be less than
the vertical thickness. Where rocks are steeply dipping, as
in Holes 332A and 332B, the true thickness may be 50 percent
less than the vertical thickness. This indicates that the
dip of rock units must be considered when trying to charac-
terize the abundance of different lithologic units in a
stratigraphic section of oceanic crust.

Tilting also causes reorientation of the magnetic direction
acquired by the rock upon cooling, so that the in-place mag-
netic inclinations of rocks recovered in a drill core may

be different from their original inclinations. This indicates




228

that segregation vesicles'must be used to orient rocks
recovered in drill cores before interpretations can be
made about the depositional magnetic stratigraphy of the
section of crust recovered. This tilting implies that if
the source layer of marine magnetic lineations is in the
upper 500 m of océan basement crust then, at least some
of the time, these lineations may not record the earth's
magnetic field at the time that portion of crust formed,
but instead may record the results of a complex interaction
between initial magnetization and structural deformation.
Alternatively this may be evidence for a deeper magnetic

source layer.
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APPENDIX T
CALCULATION OF THE PERCENT VOLUME DIFFERENCE BETWEEN THE
PRINCIPAL AND SUBSIDIARY SURFACE OF A SEGREGATION VESICLE
In thin section the diameter, D, of the segregation vesi-
cle to. the principal surface is measured and the percent f£ill
of aphanitic residue in the vesicle, F, is estimated.
The area, A, of a circular vesicle to the principal surface

is given by,

The area, a, of the vesicle to the subsidiary surface is

given by,

a=A4a[1- (FxlO-Z)].

The diameter, d, of this inner sphere, then is,

d = vald) /7 .

The volumes of the spherical vesicle, Vl and V2, to the princi-
pal and subsidiary surface, respectively, are,
Vl = ﬂD3/6,
v

3
2 md~ /6.
The percent volume difference, AV, between the two spheres

is given by,

AV = (1 - vz/vl)loo.
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APPENDIX II

COMPUTER PROGRAM, CIRST: THE CIRCULAR STATISTICAL PACKAGE
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RALEIGH TEST OF UNIFORMITY.

®

= i

< |

w i

= 3

w i

T

T

| Ll ol

! | W e |

! | Qmor

-~

-

[Ty - | - <O

- [ ™ i (a2 >ollia

o (=] d ) [ =D

o +* (=] Q Wiew il

~4 o e -~ = b= «<f bt

LN o~ W o W T

Lonl oLl - w - Lo L

[} O - e~ AN d =t

by * a B a Nem U e~

- WX maam X O OOOLXE

= Nea »NO a O Z 3 -l
o] Tu o) w 0ZZ WU b= by -
and DO O0Z O Ow oamZ -t
Q. Ve o a wi WD b
T~ FA KN QA 8 LN
-—t\} S omdpk ¢ wemPFN ZO -0y W
-~ o~ Nt atdl =N aw AQCWO & =
OO X F#TOXw TOXNEYD ¢sTOT =
UL Ot WHQ =i O ardXO it D
avwr O QO X OO W § O~ L ]
b e QL N T T e U e W N N (N el A
wI<#$¢O | D WEAO WADXOAQ T >
QAXAXRZT sNd=IZD odi=Z % FXdaAdOX T

L (- B Nel ]l deo P _]: 374 NUIITE §- 3-4 ]
woxauwl idaoCoan<oeOa § ~xXxwO e
AL OOQA O LA OUELODIY LU -D

x »n
o -4 N O = O
o o o = T O
(7 I
o W
7o) o [Ty o
> o o -
~ - -4

o ~~ O

. L N O

. — - o
[72] - |78} LY
u QO O -~ 0
[S9] N a o

[~ 4 ~ o~ no N
(&) - oY -
w = O O >
(=] ® = *#O e
O e ud % |

(ol lele.q Z O 2B OO Yo (D
<Nlaldan - e O HEHRET e
o e o — o - -~ —— g o~ o~
< H NN B ZO  —OMG L -
Q "™ aaae [ O A A A S
I = < ON wwwa <
TOo~aaao O «Omiaaam<
DD e 0 cONQS =+ DD O

X QODOOON sXxXw WOOODUOw
A Ot A8 ROW N ULONroaroror § W
DO WLIND O H4< =D LI (DD (DN ==t
own

X IO (=) oo Qo
[P [ - [ 13 L o

Lo o [ala) ~
QO

115
120
125
130
135

250




251

e [N = N
L) - wy 7] o [}
+* i 4 (] ] e [N Ty
(7] [ (7] wy O #» w
[PV L] w iy w u. % L)
-d -~ T x « Z »*
D e Q. | g o #* O
Z9 o) } o o L. A4
< Uy Q ‘ Q. a - =
* X o - . bt b » »
[NTH (4} & . X X Uy «
> ® o - : O > N
[ F - w ! = = ~- ) o
[ =) Moo "~ ! o o < O [Ta)
-~ o (=% ) [an § o = W
-~ [TY TR = - (TR w O O a
-« - a Qo m [ el - o ¥
M o o« . ® =z z v «
-0y o0 (L] 73} D 2 [=] v
-« e Qa am w | -4
W [=" 43N} -~ - — | d ~ < *
0 = (4.3 } m e * Q. (&) + = LY
Z0 - Y L] w w [7s ] (aV}
» Z omll [FH{T & (&) - »* .
«l N« -~ (&2 w o) 0
"o ax Qe > < 24 N u.
<O wo =20 i e % 'S
, all - o O e ¥* O - +#
. o ao =3V - * * o~ J
. -4t = e D e - - s e =4
z < Os | Ay n i N~ % O w
o~ j o ~—~u n . o 8w —
o «dv i D e N oa [T g 0 Z e w
= »*» O ! ax | &> - . [VETUREE - SE x
Bz e~ o) o - ab= Ul M <
- W bt ~ o " *! AZT<CE W ~x
< wD ! ae a.0 w B - CRITE O a<
D oo | wo D e | wil #* WO  Z Da
(= zud -~ e Qv hue -4 Do = < X
W S | as L a0 e = az
Zu ! o T (GIEN * < < aa X OO
| On ax [N > D¥ZN o~
Q w [« 2 4 o~ ™M AL - e > XY=
z - = @0 = I [ S Ty —td O o <
- ar (=} - e NS « Z qICEL X OX
v ZEX -~ a O WO - Woea Q W (e & < o b
- o ol - =0 OO w O O afNArd F O ird adt J =TZ
<o Q- - o Ord AP o O HO> = X >F=Z W 0D Ow
—~ N o C(FOMD DUM AT alOIm O I-NWOWNL IO
o X an bl F b ) & e b= OVAQ o Y ZO ax XX
o X AN < & aO XD Caaa AZLVAQ ZOWACZ>S~ oD
S O nxI«g A OO0 ONO AXOUW > W D hLaedno 0w
Nomal o) ~SONPING ~NIO ~NO~% T~ QL em UL o~
NN OO O aMemens Cam O a0 aF™MHP X NHPXENFrdta ™ a
—~eeilly O N =m0 M O F = ZO0 6 W O add ard oS
o Z N Mo MNT Zrdr NI =t MITZOTOOx LOLX f~xi~IT NI
) U e a¥ o=y B 6 28 8 @rd @0 ard s ard ¢ ardi WO i) ard ard  ami
e =~ o DO Owa O XTI VD VOO O MOttt Qe O O
o O ZUWsrha w0l o (LILLIELS St (1] b (e o v, L st e et St St e
N ON el WD el o 0 erilifel orlli<t o< o] Ol S W< Ul ol
* S b =N EQ T W ¢ P EUNUS =T il b E et T O b S b b O\ ¥
BO O Z b D A QO LIt FiO o st s || b ) et nf b OF bk OF v by, 2 Pt O O Pd Y. O0d O,
RN Y I O0OU XD rtyOX oy 8 8 XOLULIOW R xOUXOUWLXD O CoxOxOwvae D
X OCD BOC )t T L L T U 00 Ut Uil oed T bt bd bl LS TRELL, Dol b TRELL et T30 Lt T L OXRU IBULBULLWIIW
N~ o © r~
[Ty O © Oon OO (=] Q O0CC O O M OO aim TN OO0~ O
o O O wied NO — N SO M O ¢ O OO QO OO NN
[yVR N N NN N o M FOM MO N M OO OO WO NSNS N~

140
145
150
155
160
165
170
175
180




Ts* AT 90% CONFIDENCE¥)
185 REWIND & ‘
ESL%DCE CPLY (GROUP(1,3) », SAMPO 5 N » FMEAN 5 SIGMA » R » UNIHYP)
800 STQOP
END
SUBROUTINE DR 737172 0PT=0 TRACE — 7 — 7 = " FTN 4.8¢528 81/09
1 SUBROUTINE DR(X)
PI=4,*ATAN(1,)
X=X¥PI1/180,
RE TURN
5 END o -
SUBROUTINE RD 73/172 0OPT=0 TRACE ’ FTN 4.84528 81/09
1 SUBROUTINE RD({Xx)
XzX¥45,/ATAN(1.)
RE TURN
END

AT4



81/G9

" FTN 4.8%528

OPT=0 TRACE "~~~ °

73/172

SUBROUTINE CIRCPLT

253

[ g -
L ] -—
(=] Yo i =4
[Ty} [-4 +* ! - o
[} w - [« B [V
NO Lt (=3
- z - - o
[- % ~ [ ] I ¥ a o
bl - W -~ o [ oad
po o4 i e frmm 4! o w
= . = <O 4 1 =] <
z - E >= Ll .
- a [-'4>% < v L] L}
o Q oL <! H e
(-4 z o -l - o -
[N w L s s e L3
< a. - LY [e] (&)
x o Qi o (7}
< - -8 =] ~N LY -
bt = 4 [asn] w x
(7 ] ~ oo A +* - 1) x -
a O o "4 0 2 N o (%]
Z e~ -~ e ~ ® e
<O a. b ~os | L] o [ =z
URey & = > (=] Tra . w -
EMOY 0 Z <o ad LY x - -~ (7] o
U L) ® ' S i =z b Q.
a®Og | a o i = - E=¢ O (=}
Zoo ! -ty (=] -4 ONd z ]
amns & i @ o~ ! -4 lal @ ° Q. <
o ! o ; Lo ~i -0 (=3 >
Qs ok ZoL - o~ Y = R4
rFoanN Z Fa , ity | H - = b~
TN~ L Qo [ als e J Yt -
NS> O (] < - O ©' 0O e
s (W O LU (%] N () O -
N Z¥ [(B17, ) X < Qo o. Q >
[ - ST 4 >0 [ - | ald | - <.J <t
br4 - O - — ~ | e > H —Q =
g o U —d (=] Ou. -~ -— g g «q <
OO0 & aeax Ll 0 O ¥ax = J ow
a o o a. A ~ZwZ "2 | - °
oo QA e -4 (=4 X ~ggg [] FO | g
et vt Do D) (VST L D T [ 2N o [ 4
= () = Z * T v o O > X et e <
) e LD o W= — -~ =] — =
AdOMm AN - w b4 al e L Y-4 > - e
(8] 0 O L ] -t U o wl b =4 <l e X
[s 3 N 4. Wy Vo ¥ - =z =t QO =22 o< ETL ~ w
—HEOE 4| —a. [ ¥ T 2T » > _ N
(17, [7, Jelig "t 2N oz Xl HOonNaS<ITE — L =0k
>>0.0n 0 - Al NN O ITO Z=Z <«
(TEL - 8- 4 -t O o - -0 < (e Nej —Z ek T
Zdd ZZ 00N ONNZ 4+ —l =88 OWT — - ONDO @
AN OOD s e i N _ VWO oo o= akaw
[ Prodpd OF b Q). [N XS} xXO Xp=x Z w=IOM U< Z<< X"
DZZnnue T MmO X - [T S ) e ™ ol (] G | z
ooozZzzo - LD O«4X o w0 wo Ol
XETunWgeae § RON - O e ) 3 I bt )
OEE X e pe —d * = - * L4 2<1
SOOI Zdda OO0 »* Q 00 ao * 0 Qo
NLLVOAQrCOD >xQOZX * [=] LY oW *» L LN
* L 3 +*
* o O Qo * (=] o
* ~— N * ™ it
QLLO LOLOLO
(S8 818 ) LLOLL
- n (=] un o 9} Q Ty} (=]
~ - ~N o ™ ™ N g




THEN DRAW IN THE

RMAX » T1 » T2 » DT » PLOT)

45
50

254

-
) = }
! -
(=]
[ ]
(=]
@
(=)
— - L
[= - o - o
; [« : [« &
o ! a [
! LY LY
o Q 0
e | o ° Q r~
o [ o ° °
o o o
LY [y
: @ ' & a
o (=] ; -
[ o ® o =t
- o [ N - ] 'y ~ e
= | [} . o — e
- - 0 aom) - - { wo AQC
- — =i “ o — ap~ -
o o a fale} = ne | oy <A aw
-} - 4 =i TaYan} e P ] no (&
a. a. [N [T- 9] ] [T. 9% = e e Zh-
o 7. = -] oL o= =0
- - Z - o - O =~ #*a O
= LY - - - |- ] =2 QO
a. a O < LY g 0w o -Z Z|
o} o R o 0 [« un ® [« -_ LD
=z =z Z r~ a T2 oI Y o uy ¥Xa a
(V8] W W i ~4 0 e r~l @ o -~ -
[~-% a o Ot ® om + . [\¥] — - -
NaNa NaNa Ma 3] [T ™ * Q> >0
® ® () o [ a [ [N [ a e 5 —d °
CLUOL O> Q Q> (=) W e a
D = i o= w > b <+
+ +* + aad + -d + a_) + -_— OV XU D
[ LY (&) ad [(3.] ad ¥ OU wO e
> > XQOZ > P4 RxQZ > Z qCZ O 4

g A OAXd OAMNXA wxXUNTOTIT
EwEw Iww QXOww OXwew MNEOww wdq - =
x &« O« [= X~ 9} [l [\ ] XE | +a$+aun
Tt T JT TerOQOOCT TwOI T=OTT e o ow
b b = N Prad O bead ™M P e QO L AX
ja+a +0nn 4+ |\ lne L 1A =X X

0 O% W L # u<< W< X - ded
QLSOOI O (818 ) g ] O ot VO _J [ U R
X 3 D= L 2 D= W >= LI D o < <

LLLLLL LLLLLL LLNR)XYCXCC
Bkl DN e DO dd O dd ON NS d X
< A« 9919 Z 4q F A< T qagL <0
MO WA»OO AX>OU0U A>00 A0 IO

55
60
65
70
75
80

5




ALL NMBRQ (FLOAT(K) » =1 » 1 » Q@ » PLOT)
INUE

C
50 CONT

CIRCLE PLOT.
THE

E CI
0 THE

Tt

G5

Bk O b= A3 D) I
] -

¥); pLOT)

PLOT)
GO TO 60
s T2 » D
PLO

ENDOWN » PLOT)
PENDOUWN »

YC » PENUP
K
)
)
3
SR » T1

»
)
*
*
X
X

[} QO xx O
QX LT xXT
e | = e e
N et Za++0. A
T ard =i [aYefm]
S OO O NG
an o x> O w
—OX B K~ N - D
Q- LK L g}
ON il o <

ani=] <<
—-0a (S

60 CON

100
105

110

0¢15,0.,0050.00,Q)

00»,YC#2

6
Af(N):-l)

+Q
oIC<Od

(S
(S8 ]

115

59£0.15,0415,0.00+0.0050)
ot}

an09:1S8250849 12 ’ ' !

6Bt
Q>

Y
»

MEAN =

3.00

ElL>s %
2291

OH
C+
éB

+
ME

—t > <UL

120

’0-15’0000'0.00’0)

00155041550,0050.005Q)

L T
OO

125

130

255




06155041550.00,0.00,0Q)
0 06 )0 -

0.1590.155,0,00,0.,00,0Q)

’15)0015’00 00’ OOOO’Q)

LoVUA O U
> A De e 4D @
«O a a aO am
O OTri O~O o
80 O aZO a0a
St 0D o) o=
M WO «aT My oxY
T +EQPNO S0+
QLECL ALV Z
€ 2 Il XD
- vt et v ]
[Belelalc BilNel« el
P sl P QO ™ e ] = O
- NNV e+ N ND
e AU X~ L <D UL
8 W ) 2CF, o 2 d W
- w
Wed el ed o d O ed
0 e e d ] L S e e )
L& & -8 -C gD L &L
—SOOLVO OLOO

135
140

PLOT) $ CALL WEREQ (XD » YO)

(=R {4

—d d ]
-

ol <=t
QLOLOL

145

TURN
0

- 4¥8]

256




Some measures of dispersion are computed by CIRST which
are not critical to the segregation vesicle problem. These

are described below.

Circular Range
Circular range is a measure of the smallest arc that in-
cludes all the measured angles. To calculate the range, the

data are first sorted so that in the data set

{ad ...adn}

1

ad, is the minimum value, and adn is the maximum value. The

1

arc length between each angle is measured by

Ti = adi+l - adi, i=1,n-~1

T

2m - ad_ - ad
n n

1
T values are then sorted so that Tl is the minimum value and
Tn is the maximum arc length without any points in between.

The circular range is then given by,
CR =21 - T
n

(Mardia, 1972).

Circular Variance

Circular variance, CV, is a measure of the average differ-

ence between the mean direction and the smallest angle it makes

with all the measured directions. It is given by

| =

n
CV =1~ 212 cos(ad, - AD)

i=1

3
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By manipulation of equations 3, 4, 5, 6, 7 and 8, it can be

shown that
1 n
C =R cos AD = = L cos(ad,) and,
n . i
i=1
n
S =R sin AD = 1 z sin(adi)
n .
i=1

and therefore,

CV=1-R.
Circular variance, therefore, ranges from 0 to 1. For well

clustered data R approaches 1, so CV approaches 0 (Mardia,

1972, p. 22).

Circular Standard Deviation
Assuming a wrapped normal distribution, circular variance
(CV) can be related to standard deviation (SD) by:
2

1-cv=e"l/2 SD

The transformation of circular variance to standard de-
viation is, therefore, given by

SD = {-2 log (1 - CV)}l/z, in radians

(Mardia, 1972, p. 74). Because the transformation is by the
wrapped distribution, SD can range from 0 to infinity.
Confidence Intervals For the Concentration Parameter, K

The 95 percent confidence interval for K is computed using

a method described by Batschelet (1965). The upper and lower




values of X2 (the test statistic of chi-square test) for P =
95 percent are read from a chi-square table for n - 1 degrees
of freedom. The upper and lower values for the eonfidence
interval of § (ﬁu and ﬁl, respectively) are given by

Kl = x1° , Ku = Xy’ .

2 (n-R) 2 (n=-R)

Graphs have been developed for determining confidence

A

. < 0 o< .
intervals of K for 0 — — 5. These are based on studies of

the theoretical distribution of R for a variety of circular
normal distributions by Stephens (1969, in Batschelet, 1972,
p. 78-80). Batschelet's (1965) method is included in CIRST
because it is more generally applicable. When 0 = ﬁ h 5, re-
sults can be compared to Stephen's graphs. The theoretical

acceptability of either method is not critical to the inter-

pretation of segregation vesicle data.
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APPENDIX IIT

CRITICAL VALUES OF THE TEST STATISTIC R AT P=0.10
FOR THE RAYLEIGH TEST OF UNIFORMITY

Number of Measurements R

5 .677

6 .618

7 .572

8 .535

9 .504
10 .478
11 .456
12 .437
13 .420
14 .405
15 .391
16 .379
17 .367
18 .357
19 ' .348
20 .339
21 .331
22 .323
24 .309
25 .303
30 . 277
35 .256
40 » .240
45 .226
50 .214
100 .150

Data are from Mardia (1972, Appendix 2.5)




- APPENDIX IV

CRITICAL VALUES OF THE TEST STATISTIC u OF THE V-TEST

” P=0.10 0.05 0.01 0.005 0.001 0.0001
5 |u=1,3051 1.6524 2.2505 2.4459 2.7938 3.0825
6 1.3009 1.6509 2.2640 2.4695 2.8502 3.2114
7 1.2980 1.6499 2.2734 2.4858 2.8886 3.2970
8 1.2958 1.6492 2.2303 2.4978 2.9164 3.3578
9 1.2942 1.6486 2.2856 2.5070 2.9375 3.4034
10 1.2929 1.6482 2.2899 2.5143 2.9549 3.4387
1 1.2918 1.6479 2.2933 2.5201 2.9672 3.4669
12 1.2909 1.6476 2.2961 2.5250 2.9782 3.4899
13 1.2902 1.6474 2.2685 2.5290 2.9873 3.5091
14 1.2895 1.6472 2.3006 2.5325 2.9950 3.5253
15 | 1.2890 1.6470 2.3023 2.5355 3.0017 3.5392
16 1.2885 1.6469 2.3039 2.5381 3.0075 3.5512
17 1.2881 1.6467 2.3052 2.5404 3.0126 3.5617
18 1.2877 1.6466 2.3064 2.5424 3.0171 3.5710
19 1.2874 1.6465 2.3075 2,5442 3.0211 3.5792
20 1.2871 1.6464 2.3085 2.5458 3.0247 3.5866
21 1.2868 1.6464 2.3093 2.5473 3.0279 3.5932
22 1.2866 1.6463 2.3101 2.5486 3.0308 3.5992
25 1.2864 1.6462 2.3108 2.5498 3.0335 3.6047
24 1.2862 1.6462 2.3115 2.5509 3.0359 3.6096
25 1.2860 1.6461 2.3121 2.5519 3.0382 3.6142
26 1.2858 1.6461 2.3127 2.5529 3.0402 3.6184
27 1.2856 1.6460 2.3132 2.5538 3.0421 3.6223
28 1.2855 1.6460 2.3136 2.5546 3.0439 3.6258
29 1.2853 1.6459 2.3141 2.5553 3.0455 3.6292
30 . 1,2852 1.6459 2.3145 2.5560 3.0471 3.6323
40 1.2843 1.6456 2.3175 2.5610 3.0580 3.6545
S0 1.2837 1.6455 2.3193 2.5540 3.0646 3.6677
60 1.2834 1.6454 2.3205 2.5660 3.0689 3.6764
70 1.2831 1.6453 2.3213 2.5674 3.0720 3.6826
100 1.2826 1.6452 2.3228 2.5699 3.0775 3.6936
500 1.2818 1.6449 2.3256 2.5747 . 3.0877 3.7140
1000 1.2817 1.6449 2.3260 2.5752 3.0890 3.7165

From Batschelet (1972)
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APPENDIX V

DERIVATION OF THE FORMULAS FOR COMPUTING THE DIP AND TREND

The following derivation is after R. Boutilier, (per.
com., 1980). This formalism is used because it is inde-
pendent of arctangents. A mathematical model involving
arctangents is not compatable with the error calculation 1
because the derivation is undefined outside the field

< <
-1/2 - atan(x) - +n/2.
According to the coordinate system (Figure 16) the X,

Y,and Z components of ADl and AD2 are,

ADL (cosADl, 0, sinADl) (L)
AD2 = (0, cosAD2, sinAD2) (2)

ﬁ, the normal to the (AD1l, AD2) plane is given by the

cross product of AD1 and AD2.

. . X Y z
N = AD1 x AD2 - |cosADL 0 sinAD1 (3)
0] cosAD2 sinAD2

where X, Y,and Z are unit vectors.
The cross product of the two vectors is equivalent to
the determinant of the vector matrix. The determinant of

a matrix is given by,

= af(ei-hf) - b(di-gf) + c(dh-ge). (4)

(=N BN ex
FHh Q

a
d
g

Therefore,
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N = AD1 X AD2 = (-cosAD2sinADl, -cosADlsinAD2, (5)
cosADlcosAD2) .

The magnitude of N is then given by,

IN| = V(cos?AD2sin?AD1) + (cos?AD1sin?AD2) + (cos?ADI1cos?AD2). (6)
The unit vector, then, is,

N = §/|%) (7)
The dip is calculated as the angle4ﬁ makes with the
Z axis (Figure 1l6). By the dot product rule, the dot pro-
duct of two vectors is equal to the product of the two
vectors times the angle between them. So that, given X
and B.

>
X-3B AB, + AB, + A B,

= |Z||B|cose, (8)

where © is the angle between the two vectors. Since Z =

(o, 0, 1),

= |||z cosD, (9)

N >

ﬁ .
where D is the dip angle given by the angle between N and

Z. Therefore, since [Z| = 1,

{ (cosAD2sinADl), (cosADlsinAD2), (cosADlcosaAD2)} * (0,0,1) (1l0)
= |¥|cosD
The X and Y components drop out because they are multiplied

by zero. Therefore,

cosD = 1 (cosADlcosAD2). (11)
El
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The trend, T, will be the angle between the X axis
and the projection of -N onto the (X, ¥) plane. If B
is the projection of N onto the (X, YY) plane, and 6,is

the projection of N onto the Z axis, then,

+ , and (12)

v v
2y oY
]

Oy =¥

Because the projection of one vector onto another is given
by the dot product of the two vectors times the vector on-

to which the other is being projected,

- A

3= & - 2)32. (14)

By substitution of 14 into 13,

A A

B=N- (- 2)2. (15)
-P is taken because, if the dip is upright, the trend of
the dip direction will be in the opposite gquadrant of the
trend of the vector defining the pole to the plane. If
the dip is overturned, both ? and the dip direction will
be in the same quadrant. 1In tﬁis case, 180° must be
added to the resulting value for T.

ﬁ is known from (5). (ﬁ - Z) is known from (9) and

(11) .and Z is known from (9). By substitution into (15),

P = (-cosAD2sinADl, - cos ADlsinAD2, + cosADlcosAD2) - (16)
(0, 0, cosADlcosAD2).
Simplifying,
B = (-cosAD2sinADl, -cosADlsinAD2, 0). (17)




|P| = /cos?AD2sin”’AD1l + cos’ADlsin?AD2 (18)
T can now be determined as the angle -P makes with the X

axis. By the dot product rule,

-

P - X = |-B| |x| cosT. (19)

P and |P| are known from (17) and (18). X = (1,0,0).

Therefore, by substitution into (19),

cosT = (+cosAD2sinADl + cosADlsinaAD2, 0) -+ (1,0,0) (20)
>
|-P|

Simplifying,

cosT = cosAD2 sinADl (21)
El
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APPENDIX VI
DERIVATION OF THE FORMULAS FOR COMPUTING THE ERROR IN THE
DIP AND TREND
The following derivations of the law of propagation
of the variance-covariance matrix (Vaniéék, 1973) is after
R. Boutilier (per. com., 1980).
The following quantities are given:
AD1l and AD2,
ESADl and ESAD2, the 95 percent confidence interval of
AD1 and AD2, respectively, and
T and D.
The desired quantities are the error in T = S and the

T

error in D = S By the covariance law,

D'
T

EX = BELB . (1)

EX is the error matrix for the unknown variables. In this

case,
E, = |S.° S (2)
X T TD| '
2
Spr Sp
where SDT = STD' EL is the error matrix of the known quanti-
ties. In this case,
E, = |Esapl®  EsAD12 (3)
ESAD21 ESAD22

Since there is no correlation between samples 1 and 2, ESAD12

ESAD21 = 0.




B is the matrix describing the relationship between

the known and unknown variables. In this case,

B = |93T T (4)
9AD1 9AD2 :
oD oD

0AD1 3ADZ2|.
BT is the transposed B matrix which flips B about its

diagonal, so that,

T

B™ = |aT oD (5)
9AD1 dADL
T 3D

oAD2 3AD2|.

Therefore,

s% sTD oT oT ESAD12 0 T oD (6)
= |3ADI 9AD2 oAD1 JAD1
2
Spr Sp 3D 3D 0 Esap2?| |soT @D
9AD1 J3AD2 dAD2 9AD2|.

By multiplication of the above matrices,

sé = (3T )ZESADlZ + (9T )ZESAD22, (7)
0AD1 9AD2
sg = (3D )2ESAD12 + (3D )ZESADZZ, and (8)
oAD1 dAD2
2 2
Sop = Spr = (3T . 9D )ESAD1” + (aT . 3D )ESAD2T (9)
0AD1 0AD2 oAD2 0AD2

To solve equations (7), (8), and (9), the derivations of

3T/9%AD1l, 93T/3AD2, 3D/3AD1l and 3D/3AD2 are needed.




9T/ sAD1 is ériven by:

tanT = tanAD2/tanADl (10)
T . 5 (tanT = tanAD2) | (11)
s2AD1 ° 3ADl tanAD1l
S5 sec?T « g = tanAD2(tanADl - 0 - 1 +« sec?ADl) (12)
3AD1 tan<AD1l
, oT = -tanAD2cos?2T = —-tanAD2cos?T (13)
** aADl tan?ADl1lcosZ?AD1 sin?AD1L

Similarly, 9dT/ 8D2 is given by,

sec?T 4T = 1 sec?AD2 (14)
AD2 tanADl
, T = cos?T (15)

** D2 tanADlcos4AD1

D/ ADLl is given by,

tanD = tanADl/cosT (16)
D : 9 (tanD = tanADl) (17)
ADL AD1 cosT
. sec?D D = cosTsec?ADl + tanADl12sinT (3T ) (18)
AD1l (cosT) ¢ AD1
From egquation (13), )
-tanAD2cos T)
3D = cos?D {cosT + tanADlsinT ‘sin?AD1 } (19)
AD1 cos<ADl cos<T
Therefore,
3D = cos2D cosT - tanADlsinTtanAD2cos?T (20)

DL cos<T {cosTAD

i sinZAD1 }
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Similarly,
sec?D O = tanADl(sinT -+ T/ 5AD2) (21)
AD2 cos“T

From equation (15)

D = tanADlsinTcos?D . cos?T (22)
AD2 cos<T tanADlcos4AD2

Simplifying,

3D _ sinTcos?2D (23)
AD2 cos<AD2

It is possible, then, to solve equations (7), (8) and
(9), by substitution of equations (13), (15), (20), and

(23) as required.
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APPENDIX VII
DERIVATION OF THE FORMULAS FOR COMPUTING THE CORRECTED
MAGNETIC INCLINATION AND AZIMUTH OF THE TREND

The following derivation is after R. Boutilier,
(per. com., 1980). This computation is used here be-
cause it is independent of arctangents. Arctangents are
not compatable because they are undefined outside the
field -n/2 < atan{x) z +1/2.

The following quantities are given:

ﬁl = measured magnetic unit vector

DEC1 declination of Ml

ENCl = inclination of Ml

T

trend
D = dip
According to the coordinate system (Figure 17), the compo-

nents of Ml are,

M1, = sinENCl (1)
MlX = cosENClcosDEC1
MlY = cosENClsinDEC1

After rotation of the XY plane about the Z axis until X'

points in the direction of D,

Mlx' = MlXcosT + MleinT (2)
. .

MlY = M1Y51nT + MchosT

M1,' = M1

Z Z




The X'Z' plane is then rotated about the Y' axis by
the angle D, so that X" is in the direction of D. Now

the components of Ml are,

M1 " = Ml 'cosD + M1, 'sinD (3)
MlY" = MlY'
MlZ" = —Mlx'sinD + MlZ'cosD
The magnetic vector, then, has been rotated from,
ﬁl = (MlX,MlY,MlZ) (4)
to ﬁl' = (M1,.',M1.", M1, ")
to ﬁl" = (MlX“,MlY",MlZ") = ﬁz.

The corresponding ENC2 of ﬁz is,
sinENC2 = Mlz". |
Therefore,
ENC2 = sin—l(MlZ") (5)
The corresponding DEC2 of ﬁz is,
COsDEC2 = MlX"/cosENCZ.
Therefore,
DEC2 = cos-l(MlX"/cosENCZ). (6)
DEC2 is the clockwise angle between T=0 degrees
and DEC2. The azimuth of the trend, AZI, then is,

AZI = 360 - DEC2. (7)

271




272

APPENDEX VIII
DERIVATION OF THE FORMULAS FOR COMPUTING THE ERROR IN
THE CORRECTED MAGNETIC INCLINATION AND THE AZIMUTH OF
THE TREND

The following quantities are given:

ENC2 and AZI,

T and D,
ST’ SD and STD'
The desired quantity is the error in ENC2 = SE and
the error in AZI = SA. By the covariance law,
_ T
E, =B E B (1)

EX is the error matrix for the unknown variables. In

this case,

By = Si SaE (2)
Sea
EL is the error matrix of the known quantities. In this
case,
By = Si Spr (3)
Stp S

B is the matrix which describes the relationship between

the known and unknown variables. In this case,

B = |3AZI JAZI (4)
9T 9D

JdENC2 QJENC2
oT oD
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given by,

(5)

3), (4) and (5) according

2.2
TD)) + (9AZI) e (6)

oD

2. (7

BT is the transposed B matrix,
T
B™ = |[|BAZI ENC2
9T aT
OAZTI ENC2
oD oD
By multiplication of matrices (
to the covariance law,
Si = (BAZI)zsé + 2(d0AZI JAZI (S
T oT aD
and
2 2.2
SE = (JENC2) ST + 2(3ENC2 JENC2
aT oT oD
Derivations of 9AZI/oD, 09AZI/J3T
are required. Since,
sinENC2 = Mlz",
cosENC2 (3ENC2) = 3Mlg".
oT oT
Therefore,
dENC2 = 1 M1y "
aT cosENC2 aT
Similarly,
9ENC2 = 1 oMls" .
oD cosENC2 oD
Since,
cosAZI = "cosDEC2 = Mlx"

2
(Spp)) + (BENC2)“s

5D D

9ENC2/3D and JENC2/23T

14

(9)

(10)

cosENC2




-sinAZI AZI = cosENC23M1x"/ T + Ml "sinENC2 3ENC2/ 3T
oT (cos (ENC2) ¢
Therefore,
AZI = -1 { cosENC2 3M1x" + Mlx" .
T sinAZIcos“ENC2 oT

sinENC2 3ENC2}

T
Similarly,
oAZTI = -1 { cosENC25M1lx" + MlX"SinENCZ .
oD sinAZIcos4ENC2 oD
dENC2
oD

Derivations of aMlz"/ 3T, aMlZ“/ D, aMlX"/ar and aMlX“/eT

are needed. Since,

M1," = -Ml,'sinD + M1, 'cosD,
Mlz" = =Mly'sinD + &Ml 'cosD.
oT ar aT
However,
Mly" = Mly'cosD - Mlz'sinD
aD
Since,
" — ] 1 :
MlX = MlX cosD + MlZ sinD
Mly" = Mly'cosD + Mlz'sinD.
oT ar aTr
However,
Mlx" = -Mly'sinD + Mly'cosD.

oD
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(11)

(12)

(13)

(14)

(15)

(16)

(17)

(19)




Derivations of aMlX'/BT and aMlZ'/aT are needed.

Since,
v .
MlX = MlXcosT + Mle1nT
v - 3
BMlX M1X51nT + MchosT.
oT
Since,
' =
MlZ MlZ
mnlz' = 0.
T

By substitution of (21) and (23) into (18),

\ n o _ - :
aMlX = cosD(MchosT M1X51nT).
oT

By substitution of (21) and (23) into (15),

"o s _ .
mmlz = SLnD(MchosT MlX51nT).
oT

Therefore,Afrom (9) and (25)

ENC2 = sinD(MlyxsinT - MlycosT)
oT cosENC2

By substitution of (16) into (10),

ENC2 =-(Mly'sinD + Mly'cosD)
D cosENC2

By substituting (24) into (12),

dAZTI = =1 { cosENC2cosD -
9T sinAZIcos“ENC2

(M1 ,cosT - Ml_,sinT) + M1l_"sinENC2(3ENC2) }
Y X X T

275

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)
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BENCZ/‘T is given by (26).

By substituting (19) into (13),

AZI = -1 {—cosENCZ(MlX'sinD - MlZ‘cosD) (29)
2D sinAZIcos<ENC?2

+ Mlx"sinENCZ(aENCZ/aD)}
ENC2/ D is given by (27).

Si can now be solved by substitution of (28) and (29) into

(6). S; can be solved by substitution of (26) and (27) into
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APPENDIX IX

COMPUTER PROGRAM ROTSTAT
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