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Frontispiece - Photograph taken on the eastern flank of Bowie
Seamount at a depth of 3,000 ft.



A-STRACT

Bowie Seamount, a submerged volcano situated off
the west coast of Canada at 53° 18° N, l35o 39t W,
has a relief of 10,000 ft. and comes to within 100 ft.
of the ocean surface. It is made up of a series of
intersecting ridges which together give the mountain an
overall‘northeast - southwest elongation. It appears
to be a combination central and fissure type volcano
which has been built up over a system of intersecting
fractures in the oceanic crust., Two terraces form
the flattened summit of the volcano at approximate
depths of 45 and 130 fathoms. These are thought to be
the remains of platforms produced by combined wave
erosion and shallow-water vulcanism during late
Qudernary time when sea level was lower fhan it is
today. The last phase of volcanic activity on the
summit occurred after the formatioﬁ of the upper
terrace no more than 18,000 years ago. Samples
dredged from the upper half of the volcano include:
pillow fragments, fragments of non-pillowed flows,
pillow breccias, bombs, tuffs, ash, and unsorted tephra.
The rocks are mainly alkali olivine basalts,
accompanied by rare andesites which, presumably, were
derived by differentiation of the basaltic magma.

Feldspathic and gabbroic inclusions, many of which



appear to be cumulates, are common in the basalt. Tce~-
rafted rocks aré rare on the summit of Bowie Seamount
but are common on its nearest néighbour - Hodgkins
Seamduhf; A ferro-manganese deposit, apparéntly‘dvér

1 nmillion years old, that exists on the summit &Ff
Hodgkins Seamount; suggests that this peak is
relatively much older than the summit area of Bowie
Seamount. Palagonite appears to form as the initial
phase of weathering of glassy basalts in the area of
study but the products of more advanced weathering are
montmorillonite and zeolites. Rock fragments that have

been rounded by chemical weathering are common.
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ITHTRCDUCTION

A. Purpose and Scope_ of the Study

The area of study encompasses Bowle Seamount, a
submarine ﬁolcano in the northeast Pacific Ocean 100
miles west of the Queen Charlotte Islands, British
Columbia. The purpose of the present investigaﬁion was
to determine the form of the seamount, the geologic
processes that have contributed to its development, and
the age of its formation. Its proximity to the coast
and the nearness of its summit to the surface (15 fathoms)

make it well suited for geologic investigation.

5, Geologic Setting

The seamount, (53018'N, 135°39 1) (Scrimger 1969)
is situated on the continental rise on the southern part
of the Pratt-Welker chain (Figure I) in the Gulf of
Alaska Seamount Province (iMenard, 1964). The Pratt-
Welker group is a line of seamounts and guyots which
strikes southeast from Kodiak Seamount in the Aleutian
Trench towards the Queen Charlotte Islands off the west
coast of Canada. Dast of Bowle Seamount, along the
continentél margin, lies the QueenvCharlotte Fault
(St. "Amand, 1957 and Sutherland Brown, 1968) which may
be a major structural element of the East Pacific ?ise.
The relationships of the Pratt-Weliker chain and Bowie

Seamount to the East Pacific Rise, to the continental
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margin and to the recently delineated magnetic anomaly

bands in the region are still not clear.

C. ZPrevious Vork on the Seamount

Only one previous geologic expedition has been
made to Bowie Seamcunt, the results of which were
publishea in abstract form (Hurley and Nayudu, 1961).
These authors found an extensive terrace near the
summlt between 120 and 140 fathoms, above which, small
pinnacles rise an additional 100 fathoms. They
recovered palagonitic material from the terrace and
fresh basalt from the peaks and concluded that the
peaks were formed by post-glacial vulcanism., In 1962,
Nayudu proposed thaf the terrace was not erosional but
a product of primary vulcanism. Engel and Engel (1963)
included an alkali basalt from Bowie Seamount in their
analyses of northeast Pacific basalts. Other work on
the seamount has been limited to infrequent crossings
during general bathymetric surveys carried out by the
U.S. Navy and the U.S. Coast and Geodetic survey around

the time of the Second World VWar.

D. Scope of the Field Work

The field work was carried out over a total of
about two weeks during two short visits to Bowie
Seamount in the summers of 1967 and 1968. The vessel

used for both crulses was the Canadian WVaval Auxillary



Vessel ENDEAVOUR, furnished by Deferice Research
Establishment Pacific in Esquimalt, BEritish Columbia.
Just over 600 miles of echo sounding lines were run in
a pattern over the seamount and bottom samples were
obtained ffom seventeen localities and underwater

photographs from four.

iIl. FIELD WORK

£. 1967 Cruise

The first phase of the field work on Bowie
Seamount was completed during three days of a two-week
cruise in 1967 devoted primarily to a continuous seismic
profiling survey of the continental shelf off Canada's
west coast. At that time, a preliminary survey was
made by echo sounder followed by dredge and grab
sampling stations in the shallow waters of the summit.

Since sufficiently accurate fixing of positions by
LORAN or by celestial navigation was impossible,
navigation was to have been effected by frequent rédar
fives on an aluminum reflector mounted on a tall spar
buoy which was moored on the summit of the seamount.
Unfortunately, loss of the reflector in rough weather
shortly after the buoy was set out, necessitated
resorting to naviéation by dead reckoning with

occasional LCRAN fizes and sightings of the crippled buoy.



The proposed ship's track was in the form of an
elongate Maltese crosg with two superimposed concentric
circlez. This pattern was retained during the sonar
survey using the ship's log to estimate the distance
covered and the headings on the Gyroc compass to
approximate the actual course. Visual contacts with the
the buoy were recorded. . A further close pattern of
four mutually adjacent one-mile squares was run in the
vicinity of the buoy in order to obtain detailed
topographic control in the area to be sampléd.

The compilation of tﬁe continuous sounding lines,
obtained after corrections were made for closure on the
basis of five visual fixes on the buoy, revealed that
the ship had been set so far to the southeast by wind
and ocean currents during the survey that only half of
the seamount was actually mappéd.

Six dredge hauls and seven grab samples were

taken on the central peaks and the terraces (Figure 2).

B. 1968 Cruise

Dﬁring the 1968 cruise, the entire secamount was
resurveyed. More accurate and detailed topographic
coverage was obtained and samnple control was extended

out onto the flanks (Figure 2). A magnetic survey was

run in conjunction with the sounding survey by the
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Department of Geophysics at this University (lMichkofsky,.
1969). The magnetic survey required very close spacing
of lines and consequently a total of 475 miles of
simultaneous magnetic and sounding lines were obtained.

Employing the same basic navigation technique as
that of the previous summer, that is, radar fixes on a
single stationary target, the ship's track was planned
in the form of an expanding rectangle superimposed on a
series of sixteen radiating lihes, the whole resembling
a rectangular spider web (Figure 3). The radar tafget,
anchored on the summit of the seamcunt, naturally
formed the centre of the pattern.

Since the success of the entire venture depended
on accurate and reliable navigation a more elaborate
navigation system than that employed in 1967 was used.
A radar transponder (Appendix A) was mounted on top of a
20 ft. long steel spar buoy, & ft of which projected
above the water. The unit, triggered by the beam from
the interrogating radar aboard the ship, replied
automatically with a strong signal which produced a
distinctive double blip on the ship's radar screen.

This navigation system, which proved to be highly

reliable, furnished a range and bearing to the buoy at any

time which were accurate to within 9.2 miles and 0.5

degrees respectively at distances up to 14 miles.
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Intermittent weak signals were picked up when fhe ship
was once lémiles from the buoy. During the survey,
fixes were taken every half mile or at even closer
intervals, the position was plotted and correctidns
vere made in the ship's heading to counteract the vary-
ing set. By this method, the ship was able to follow
closely the planned ship's track, with the result that
the entire survey area was uniformly covered with
accurate continuous sounding profiles (Figure 3).

A detailed survey of the summit above the 200
fathom level was made at the end of the 1968 cruise
(Figure 4), and in March of 1969, the summit was
resurveyed by Defence KResearch Establishment Pacific
using CS5 PARIZEAU (Figure 5). The maps resulting from
these two independent surveysbagree to within 0.2
nautical miles (Scrimger, 1969), a figure which does
not exceed the intrinsic error of the radar navigation
system used on the survey. The U.B.C. survey employed
a series of parallel tracks spaced a quarter of a mile
apart with navigation fixes taken every quarter mile.
To this was added data from the sounding lines which
crossed the summit during the large scale survey of the
seamount (Iigure 6). The D.R.E.P. survey used similar
parallel lines spaced onequarter of a mile apart with

navigational fixes taken at the beginning and end of each
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LOCATIONS OF PROFILES APPEARING IN PLATE 1.

—— Lines run in 1968.

-—-- Line run in I1967. (location approximate)




line.

Dredging at four stations and underwater photo-
graphy at four other stations were successfully under-
taken during the 1968 cruise but attempts at sampling
in deep water with grab, snapper, dredge and corer met

vith little success.

ITI. GECHMORPHOLOGY

A. Topography

Compilation of the sounding records revealed a‘close
agfeement.in depths at sounding line intersections;
usually to within 10 fathoms. Only at 7 out of a total
of 67 intersections did depths disagree by 50 fathoms
.or more. The occasional discreﬁancy of this magnitude

is to be expected in view of the potential sources of

error, The maximum slope measured on the seamount is
20° but most slopes renge between 10° and 20°.. The
water depths range’from 15 to 1,800 fatﬂoms. It is
estimated that the steep slopes, the great depths, the
ﬁavigation error of 0.2 miles, and the 30° spread of the
sonar bean could‘easily combine to produce an error of
100 fathoms or more. All the major discrepancies did,
inAfact, occur in deep wafer or where steep slopes and
rapidly changing bottom topography prevailed.

The map (Figure 7) was contoured by hand. Where the
discrepancy in depths at a profile intersection was

Ps



Suggested fracture pattern in the crust beneath
Bowie Seamount.
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large encugh to produce a significant shift in the
contour lines, the line with the least reliable
bathymetric record was discarded. During parts of the
survey, malfunctions in the sonar equipment resulted in
discontinuous records, hence the less reliable bathymetry
referred to above. If a major discrepancy occurred
where reliable lines crossed each other, the conflicting
soundings were discarded and the contours were drawn to
satisfy surrounding points which were in agreement.

Although the survey area did not extend far enough
eastward to include all of Bowile Seamount, the resulting
nap shows that the seamount generally has the form of a
northeast-striking mountain 13 miles wide on the average
and at least 3C miles long (Figure 7) which rises
abruptly from the gently sloping ocean floor (Figure 8).
The regional survey by the U.S. ¥avy (Figure 1, inset)
indicates that the northeast trend of Bowie Seamount
meets the northwest trend of Hodgkins, Davidson and
Denson Seamounts approximetely at right angles on its
northwest side, and that several other seamounts on this
part of the Pratt-lVielker chain aresimilarly elongate in
these two directions.

Thg highest peak, which stands 10,000 ft. above thc
ocean floor, dominates the southwestern half of the

Seamount and is elongated in a northeast-southwest
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direction. To the northeast, a lower ridge continues
along the same trend but at a slight northerly offset,
and comprises most of the remaining half of the
mountain., Together, these two features control the
overall northeast-southwest elongation of Bowie
Seamount. A similar ridge strikes eastward from the
main mass or summit ridge, forming a major spur which,
like the northeast ridge, extends beyond the eastern
limit of the map area. To the south of this ridge, a
small lobe projects beyond the foot of the mountain
into the surrounding plain of the ocean floor. The
eastern flank of the seamount is further complicated by
a series of small peaks and valleys,

The flattened summit is seen in Figures 4 and 5 to
be, in effect, a discontinubus térrace-at a depth of 130
fathoms which is surmounted by a series of peaks, most
Qf which are aligned along the northeast trend
characteristic of the seamount itself. Figures 4 and 8,
and Plate 1 reveal that these summit hills are, in turn,

cut by a terrace between 35 and 55 fathons.

B, Theoretical Development of Flat-Topped Seamounts

Traditionally, flat-topped scamounts have been
thought of either as the truncated and subsided foundatins

of ancient volcanic islands, or as atolls that have



PLATE 1 - Sonar profiles of the summit of Dowie Seamount.
Clearly visible are: the lower terrace between
120 andé 140 fathoms (profiles E-F, G~H and
J~K), the summit hills which rise above it
(profiles E~F and J-K), the upper terrace
between 35 anda 55 fathoms which forms the
‘ flattened tops of the sumiit hills (profiles
» A~B, C~D, E-¥ ond J-X), and the small, rugged
ninnacles which project, in turn, above the
latter terrace (profiles A-3, C~D and J~X).
The location ol the profiles is shown in
Figure § (overlay). ‘
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submerged due to a too rapid relative rise of sea level.
Nayudu (1962) propcsed that the larger seamounts
become more or less flat-topped due to the growth of
a large dome of magma within the volcano beneath a
pyroclastic mantle (Figure 9). His argument is based on
the following evidence: 1. Guyots have generally steep
lepés, in the order of 18° to 25° which would indicate
that they were composed 6f fragmental material rather
than lava flows. He cites the occurrence of palagonite
tuffs on the terraces of Bowie and Cobb Seamounts as
supporting evidence. 2. Seismic refraction work on
Bikini Atoll (Raitt, 1954) has shown the existence of a

hHigh velocity, probably basaltic cbre, capped by

®

lower velocity, possibly vpyroclastic layer, upon which
the reef limestone is built.

Jones (1966) and Kjartansson (1966) proposed that
flat~topped seamounts are submarine analogues of the

Pleistocerie intraglacial volcantes of Iceland and

o

British Columbia (Figure 10). These flat-topped
volcanoes are thought to have grown within lakes melted
through an ice cap by volcanic neat (Kjartansson, 1943
and Mathews, 1947). The base of such a volcano is
usually composed of pillow layas, pillow breccias and

hyaloclastites which formed by gquiet effusion of
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basaltic lava in decp water where perhaps the confining
nressure was great enough to prevent phreatic and
volcanic explosions (McBirney, 1963; Kjartansson, 1966;
and Jones, 1967 in-Moore and Fiske, 1967). The upper
reaches of the volcano are dominated by clastic volcanic
debris which commonly occurs in steep, outward-dipning
beds, and above this, the flat mountain top is formed

by a shield of subaerial basalt flows. The clastic
material is apparently the product partly of phreatic
explosions, which characteristically accompany basaltic
eruptions in shallowvater, and partly of brecciation of
subaerial flows where they entered the waters of the
lake (Fuller; 1931). If the lava shield is absent, it
is presumed either that it was remcved by prolonged wave
erosion, exposing the clastic platform, or that it never
existed and that the volcano succeeded only in building
a broad, wave-washed platform of tephra. Xjartansson's
(1966) work on Surtsey suggests that this young volcano
may be a recent marine analogue of the Icelandic table-
mountains. Moore and Fiske (1969) observed that the
substructure of Kilauea Volcano, Hawalii, may similarly
fit this model. Raitt's seismic data on Bikini Atoll

apparently supports this model as well as it does Hayudu's.
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C.  Geomorphic Development of Bowie Seamount

Because rocks dredged from the seamount are almost

G

exclusivelz basalt vitrophyres vwith a wide variety of
volcanic textures and structures, the séamount is
presumed to be of volcanic origin, In the author's
opinion, submarine erosion on a scale large enough to
affect the gross volcanic‘morphology of the seamount
has not occurred.

Little is known of the volcanic substructure of
Bowie Seamount but the prowminent ridges that make up
the volcano suggest that it grew from eruptions along
a system of fissures (Figure 7, overlay). Lxtrusions
along a main northeast-striking set of fissures probably
formed the long summit eand northeast ridges. Subordinate
feeders probably underlie the spurs on the volcanc's
southeastern flank., A second major fracturs is assumed
to underlie Hedgkins and Davidson Scamounts, which extend
northwestwarde in a line from Bowie Seamcunt (Figures 1
and 7). The intersection of the northeast-trending
fracture beneath Bowie with the northwest-trending
fracture of the Hodgkins - Davidson system :-ay have
afforded the magma relatively easy access to the surface
and thus have accounted for the huge volcanic pile of

the summit ridge. Bowle Seamount, thereforc, appears



to be a combination central and fissure type volcano.
The network of internal condults in & volcano of this
size and shape must be far from simple and wmany of the
smaller peaks on the sesmount's flanks may be parasite
cones,

The natural 10° to 20° slopes of the summit ridge
are truncated around 140 fathoms, from which depth a

broad terrace slopes gently up to a depth of 120 fathows
r > x

(Figure 8 and Plate 1). Above this platform rise hills
300 to 700 ft. high which barely alter the flat-topped

silhouette of the 10,000 ft. high volcano. The four

O
L

highest these summit hills are, in turn, terraced
between 35 and 55 fathoms (Figure 4 and Plate 1). Small,
rugged peaks project an additional 100 to 200 ft. above
this upper terrace level, the tallest coming to within
100 ft. of the ocean surface (Scrimger, 1969).

The surface material on the terraces and summit
hills is nade up mainly of tephra and broxen Tlow-rock.
The freshness of the volcanic ejecta and the ncarness of
the terraces to sea level suggest that the terraces were
produced by combined wave crosion and shallow water
vulcanism during late Quatérnary seca level lows, and
that the summit hills mark the centrecs of eruptiocn.

Additional cvidence supwoorting wave cerosion is seen in



the distinctly abraded énd winnowed nature of some of
the lapilli deposits. Two such deposits were discovered:
one on or just below the 45 fathom terrace (sample 67 -2
Appendix B) and the bther just off the'IBO fathom terrace
(sample 67 - 7, Appendix B). These are bhoth comvosed of
well rounded lapilli and contain abraded phenocrysts

and shell fragments; such shell fragments being very
onspicuous in sample 67 - 2 (Plate 2). Although the
sorting of the gréins cannot be said to be good in

either deposit, it is much better in sample 67 - 7 than
in any other lapilli deposit found on the scamount.

The present depth of the terraces suggests that they
must have been formed at some time in the past when
either the secamount stcod higher above the geoid or sea
level stood iower. An estimated nmaximum sea level
lowering of 540 ft. is given by Shepard (1963). A low
Pleistocene stana, therefore, could conceivably have
accounted for the upper terrace, whosce depth varies
from 210 to 330 ft. but apparéntly'not for the lower
terrace, which has a depth of 720 to 840 ft. It is
reasonable to suppose, however, that the seamount itself
may have subsided since the formation of the lower terrace.
Subsidence of oceanic volcanoes is commonplace and guyots

are common on the Pratt - Vielker chailn.



PLATE 2 - Reworked Lapilli Deposits

" (a) Weakly cemented volcanic conglomcrate
found in the vicinity of the 45 fathom
terrace. The rock is composed of well-
rounded lapilli, frostcd phenocrysts,
and abraded shcll fragments (whitec in
the photograph) (Station 67 - 2).

(b) Loosc deposit of well-rounded lapilli
‘and frosted phenocrysts, found ncar
the codge of the 130 fathom terrace.
The sorting of this deposit is better
than that of any other on the scamount.
The thumb-tack in the lower right hand
“corncer provides the scale (Station 67 - 7)
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Ignoring subsidence, onecan estimate a maximum age
for the upper terrace from published Quaternary sea level
curves (Figure 11) (Kenney, 1964, Curray, 1965, and
Hopkins, 1967). The upper terrace is composéd of
unstable, loose or weakly cemented material and it secums
certain that the ferrace, which has a depth of 210 to
530 ft., would not survive if sea level were to drop for
long tc the level of its late Visconsin low of 40O ft.
This terrace then could not have becn in existence prior
to the low stand of 18,000 to 22,000 years 5.P. and must,
therefore, have formed during tho Holocene transgression.
According to the sea leﬁel curves, nolocene sea level was
at the present upper terraée level between 13,000 and
18,000 years ago. If the volcano has, in fact, subsided
since that time, the terrace must be even younger. The
proposed maximum age of the upper terrace is, therefore,
18,000 years.

No satisfactory age could be establishced for the
lower terrace but there is a high probability that it
too was formed during the Pleistocene. Ice-rafted
material is virtually absent on both terréccs, but
occurs in abundance on the ﬁorth flank z2nd on the sumnit

of nearby Hodgkins Seamount (Appendix B). The suminit of

Bowie Seamount may, therefore, have stood high enough
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during low Pleistocene stands to preveant the passage of
debris-laden icebergs which, during such periods, must
have calved in great numbers from glaciers reaching the

elstocene feature,

l_J

sea., If the lower terrace wecre a pre-P
it would nevertheless have had anple ovpportunity to
accunulate a considerable quantity of ice-rafted debris.
fufthermore the tephra deposits and tuffs of both
terraces contain only rccent and Pleistocene micro-
faunas (Cameron, 1969 personal communication). Post-
terrace vinlcanism might have obscured a pre-Pleistocene
fauna, if esuch existed .on the lower terrace, and might
also have buried any accumulated glacial material.
However, it would also tend to obscure tho'terrace itself.
Vulcanism has, in fact, continued until so récently on
the summit that the survival of a pre-Fleistocene

terrace would scem highly unlikely. 1In vicw of the
excellent preservation of the 130 fathom terrace, if is
probable that this featurc was also formed during late
Pleistocene time.

Vave erosion during periods of low Pleistocene sea
levels was evidently iﬂstrumental in the formation of
these terraces. However, evidence of post~glacial
volcanic activity indicates that the sunmmit morphology

is not due to wave cerosion alone.
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The summit peaks are striking in their aligament
pafallel to the long axis of the seamount (Figure 5),
an alignment which was probably controlled by the
structure of the volcano. If these arc erosional
remnénts of a once greater'peak that has been decply
dissected, they would have to be made of relatively more
resistant rock to preserve their structural alignment,
in which‘case, they might be a line of volcanic plugs or
dykes. Viork on part of the central L—shaped system of
peaks (Figure 2) has indicated that the bulk of the
surface cover is composed of loose or weakly cemented
tephra and lesser amounts of fragmental flow rock. The
shallowest pinnacle was found by dredging and diving to
be composed of strongly cemcented ferruginous tuffs.

Some peaks, then, are not simply volcanic plugs.

The incoherence of the material making up the central
sumnit peaks precludes the possibility of their survival
for long as an island during the low sea level stand
which formed the lower terrace. Richards (1965) reported
that a tephra sea cliff with an éverage height of 200 ft.,
formed by the 1952 eruption of Barcena on Isla San
Benedicto, west of lMexico, was cut back by wave erosion
at an average rate of 5.5 ft. per day. An associated

aa lava flow was similarly eroded at an average daily
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rate of 0.k ft, poer day.. At such rates, the sumult
peaks, 17 they were islands, would have been destroyed
within a yecar! It is probable, therefore, that the
sumirit hills were formed by volcanic eruptions after

the formation and gubmergence‘of a sumnit plateau,

which now exists in relic form as the 130 fathom terrace.
By the same token, the 45 fathom terrace level may be a
later planation surface capped by late tuff cones.

The tephra on thc summit of the mamount are, for the
most part, extremely fresh (Chapter V), as would be
expected from such recent vulcanism. ‘The evidence on
the summit implies, therefore, that cruptive aétivity
continued after the formation and submergence Bf the
upver terrace less than 18,000 years ago. This confirms
the conclusion recached by Hurlcy and Nayudu (1961) that
post-glacial vulcanism formed the summit peaks on the
130 fathom terrace.

This apparent close association in time between the
latest episodes of vulcaniem and the formation of the
suminit terraces at sca level suggests that Bowie
Seamount is not simply the truncated foundation of an
0ld volcanic island that was finally washed away after a
long period of wave erosion. Instead, it appears more

likely that the volcano reached sca level during the last
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stages of its activity and struggled for a while to
build itself up above the sca surface. Any volcanic
islands which may have thus been formed were probably
repeatedly planed off by wvave action cver the course of
months or perhaps years, giving rise, in the end, to
flat platforms composed of pyroclastic and erosional
debris, which now remain as terraces. If ephemeral
islands did, in fact, exist thc brecciation of subaerial
lava flows éntering the sca (Fuller, 1931) may also have
contributed substantially to the growth of these platforms
by building out forset beds of flow-foot breccias. The
behaviour of Bowile Seamount during late Pleistocenc and
Holocene time may, therefore, have been similar to that
of modern submarine volcanoes such as Capelinhos
(Zbyszewski, 1960) and Surtsey (Thorarinsson, 1964 and
1965) which havc been observed'e?upting at sea level.
The post-Pleistocene risc in sea level, the subsidence
of the volcano and the tapering off of volcanic activity
apparently bfought an end to its brief subacerial history
and 1t has probably remained inactive cver since.

The origin of the terraces appears to fit the model
suggested by Jones (1966) and Kjartanssoﬁ (1966) rather
than that proposed by Wayudu (1962). The.torraces are
known to be prescntly covered largely by clastic debris

and the summit peaks are apparently composed of tuffs



but wvhether o lava shield cver cxisted on the sumait of
the seamount ig not known. Pillow lavas and »illow
breccias arce apparently wmorc common on the slopes of
the seamount than on the sumuit (Chapter TV). A
nodificd version of Jones's diagren depicting the
suggested present structure of the sumuit of Bowie
Scamount anpcars in Figure 12,

Late flank cruptions appecar to have occurred,
possibly at the time of the final summit eruptions, for
deposits of broken pillows of very fresh, black, glassy
bagalt, virtually free of organic growth or alteration,
are found 800 fathoms down the west flank ncar a small
conc on the sawmc lincar trend as the summit pcaks
(station 63 ~ 7) (Plates 3 and 4, and Tigure 2).

f boulder of vesicular basalt, fished from the upper
terrace at station 68 - § was dated by the wholc-rock
potassium - argon mcthod and found to be 75,000 z
100,000 ycars old. TJhe usc of the votassium ~ argon
mcthod for dating young, glassy, subnarine lavas has
come under fire rccently. Potassium makes up less than
2% of most basalts and 0, the radioactive isotope,
constitutes about 1/8400 of the total potassium. The

A0

half life of is 1,310 million ycars and thercforc

the amount of radiogenic argon in a basalt less than



'Fl_GURE 12 - 'Suggested structure of Bowie Seamount according to the Jones
_hypothesis. The diagram represents a hypothetical northwest- southeast cross — section
through the main body of the seamount.

\\\ Tuff, ash, and possible flow-foot bréctia.

Pillow lava, pillow breccia and hyoloclqstites.

.ﬁg



PLATE 3 - Pillow fragments on the west flank of Bowic
Seamount at Station 68 - 7. The diamcter
of thc compass is % inches and the length
of the vane is 10 inches.
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PLATE 4 - Loosc deposit of small pillow crust fragments
and larger pillow fragments on the west flank
(Station 68 - 7). 1In the lowcr photograph,
the thin cover of fine volcanic and pcelagic
scdiment has becn disturbed by the camera
frame and the compass. The diameter of the
compass 1s 3 inches and the length of the
vanc 1s 10 inches.
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L million years old is exceedingly small. TFurthermorc

volcanic glass will losc argon with the passage of tinme,
resulting in a younger than actual date (Fills and

aadsgaard, 1967). Fluid inclusions, common in

on]

phenocrysts, may contaln argen, which will give an
anonmalously old age (as much as +380 1..Y.) (FPunkhauscr
et al, 1966). Glass produced by rapid quenching of
submarine lavas may contain trapped argon - LO which did
not have a chance to escape by vesiculation, or, if the
hydrestatic pressure is grecat enough, argon will be
similarly rctained due to lack of vesiculation, both
situations yielding older than actual ages (Dalrymple
and Moore, 1963). To avoid as much error as possible,
a vesicular rock, free of chilled surface phenomena and
fluid inclusions, which was found in shallow water

(60 fathoms) was selected for the agé dating.

Since Bovile Seamount was apparently étill active
towards the end of the Pleistocene it is of groeat
interest to know when it first appeared on the sca
floor. On the basis of magnetic data, Michkofsky
(1969) believes that the main body of the seamocunt was
formed during a period of geomagnetic reversal,
putting its age bhack at least 0.69 million years (Cox,

1969). 1Its age beyond this can only be guessed at.
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TV. PETROLOGY -

—
¢

A.  Lava Flows

1. Types and distribution of flow rogck

Rocks which appear to have originated by quiet flow
vere recovered from ninc stations scattered over the
seamount (Appendix B). On the basis of their physical
appearance, these rocks fall into three categories:
pillow fragments, tops of non-pillowed lava flows, and
highly jointed non-vesicular rock. lost of thesé rocks
occurred as surface rubble in the arcas sampled. In only
one case (station 67 - 4) were samples talken from what
appeared to be a coherent lava flow. |

(i) Pillow Fragments

About half of the samples of flow rock arc
fragments of pillows. Most of these have the character-
istic pyramidal shape (Plate 5a) and a guenched outcer
surface marked by a transition from a microliio—rich,
tachylyte vitrophyre in the interior to a clecar sidero-
melane vitrophyre at the'surface (Plate 6). Palagonite
rims are uncommorn, butl may be locally wéll developed
(Plate 32).

Sideromelance is thought to form at the surface of a
subaqueous flow where basaltic lave is chilled so quickly
that iron is retained in soclution, imparting an amber

colour to the translucent glass, whercas tachylyte forms



PLATE 5 - Types of flow-rock found on Bowie Scamount

(a) Pillow fragments. The locations of the
samplcs arc, from lcft to right: Station
66 ~ 7, Station 68 - 1, and Station
67 ~ 2. Intact pillows werce found at
Station 68 ~ 1.

(b) Fragment from the surfacc of a flat,
non~pillowed lava flow. (Station 68 - 1)

(¢) Block lava or talus material croded from
an ouvtcropping dykce or dissccted flow.
(Station 67 - 7)



39



PLATE 6 - The textural change from tachylyte to
sideromelanc in the chilled surface of a
vesicular basaltic lava. The surface of
the rock is out of vicw, just beyond the
top of the photograph. (Planc light)
(Thin scction 68 - 7 - B). (x27)






just below the surface where the lava cools less
rapidly, allowing the precipitation ¢f fine magnetite
wﬁich renders the glass black and opaque (Peacock, 1928)
It is difficult tc tell whether these pillow
fragments represent the products of pillows which
havevbroken up imwediately after formation, or of
pillows which have disintegrated during post-volcanic
erosion. Pillow fragments formed 100% of the loose
cover at 3tation 63 - 7 on the steeply sloping west

B

flank of the seamount (Plates % and L4) and were also
found in abundance at Station 6

8 -~ 1 on the east flank
(Plates 25 and 26).
- (ii) Tops of non-pillowed flows

Fragments of lava flows without pillow
structure were retrieved at several locations (Appendix
B). The tons of these flows exhibit the tachylyte~to-
sideromelane chill texture described above and may have
a thin skin df palagonite. Bread crust fracturing is
common on the upper surface (Plate 5b).

(iii) Angular, non-vesicular rock

Whether this type of rock represents a flow
of "Zlock Lava'l', as described by Washington (1926) and
Finch (193%3%), or talus material from an exposed dyke or

plug cannot be ascerteined., The only two specimens are



highly but irregularly jointed, angular, non-vesicular
blocks (Plate 5c¢), the only massive volcanic rock

obtainecd from the scamount.

2. Petrography of thc Lavas

Basalt

The rocks of Bowic Scamount are mainly basaltic,
although andesitic Varieties do occur rarely. The
basalts arc of the alkali olivine type (Yoder and Tilley,
1962) (Tables 1 and 2) and are apparcntly similar in
composition to other oceanic basalts from similar
environments (cf. Engel and Engel, 1963, 1964, 1966 and
Engel et al., 1965)7 Their occurrence on a high
volcanic structure is compatible with the hyvpothesis of
Engel and BEngel (1964), which limits such rocks to the
larger oceanic volcanoes. Their results, and the resultls
of previous workers, suggest that alkali olivine basaits
represent latc phases of vulcanism which crown volcanoes
formed primarily Qf tholciitic basalt. The basalts
listed in the tables were dredged from the summit ridge
of Bowie Seamount in depths shallower than 500 fathoms. .
It is possible that the rocks on the lower rcaches of
the seamount are tholeiitic.

The alkali olivince basalt, which is the most wide-

spread rock type, is a dark grey, vesicular, porphyritic
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7 -7 67 -6 - 12 68 - 1.-.8 68.-.9 PV 50
N55;5 L5, L L850 k5.2 b5.35
1.07 2.60 2.03 3.10 3.53
12.8 13.5 18.5 16.4 15.50.
1.7 1.0 1.5 0.0 1.81
6.7 9.7 7.5 10.3 10.64
0.25 0.19 0.15 C.18 0.23
1.k 5.9 5.0 6.5 6.77
3.6 8.5 6.5 0.1 8.50
5.1 3.6 4,0 3.8 4,30
Z.1 1.9 1.6 2.4 2.36
1.1 0.3 0.6 0.6 0.21
Q.43 0.70 ¢.07 0.71 C.753
<0,1 <C.1 <0.1 <0.1
Chemicsl coupositions of rock samples from Bowic Scamount
The first two ports of 2 szmplc number indicete the station at which

he sample was found (Figure 2).

Sample 67 - 7 is an andcsite. The
rz arc alkeli oliving basalts.

r 67 - 6 - 12 is a xcnocryst-rich
zlt, from which the enocrysts werc rewmoved prior to analysis.
0 v basalt frowm Bowie Heomount, analyzed by Xngoel and Fngel

PV 5 o
{1963). The other analyscs were wade by the Leboratorics of the
T l o

gica2l Survey of Canada, Ottawa,
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rock with conspicucus phenocrysts of olivine and
plagioclase. Black clin pyroxoh“ phenocrysts are also
present but arc not conspicuous becausce of their dark
colour. The phcnocrysts arc generally no larger than
5mm. in diameter. \

In thin section, thesc bésalts exhibit some
mineralogical variations and a great range of textural
types, probably reflecting many different cnvironments.
A11 have a matrix of either »nure glass or microlitgo
with interstitial glass. he mincrals are olivine,
labradorite (An 62 - 70), clinopyroxene, and maganctite.
These may occur individually as phenocrysts, together
as glomerophenocrysts? or swarming in the matrix as
microlites and cryétallitos.‘ In goneral, the micro-
phenocrysts were in apparent equilibrium with the magma
and are well formed and unzoned but the larger phenocrysts
(visible in hand spccimen) show stages in their history
when there was a growth hiatus or partial resorption
by the magma‘(Plato 7).

A unique allali olivine basalt of apparoently
restricted arecal extent dominates the castern half of the
survey area on the summit. This rock is distinguished
by an abundanco of large xenocrysts of pla gloclace

(An 54 - 64) and hornblende, 1 to 2 cm. across, and



PLATE 7 - Somc microscopic textures of the alkali

olivine basalts.

(2) Zoncd, altcred phenocrysts and cuhedral,

(¢)

unaltered microphenocrysts in a matrix of
isotropic glass. (Crossed nicols).
(Thin scction 67 - 5 - C). (x27)

Xcnocryst of basaltic hornblende with
a reaction rim of magnetite and

corthopyroxene. (Planc light). (Thin

scction 67 -~ 4). (x27)

Rounded xcnocryst of plagioclase, rimmed
by a frcsh outcer zone of more calcic
composition., (Crosscd nicols). (Thin
section 67 - L). (x27)
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coarse~-grainecd, wnolly or partly crystalline inclusions,
2 to 5 cm, in diametecr. Phenocrysts of olivine,
clinopyroxene, and plagioclase (An 62 - 66), under Smm.
in diameter, are morc common in the rock but arc not
conspicuous, The host rock, in which‘the xenocrysts
and inclusions are found, is an alkali olivine basalt
similar to the others on the seamount (Table 1, 67 - 6 -
i2). In it, the great hornblende xenocrysts, many of
which are fragmented, have rcacted strongly, producing
thick rims of magnetite and orthopyroxene, and the
large plagioclase xenocrysts bear evidence of similar
“instability in the magma (Plate 7b and c). The
inclusions, most of which are feldspathic or gebbroic
with a large amount of hornblende, werc similarly in
discquilibrium with the magma at the time of cruption.
The occurrence of abundant inclusions in an alkali
olivine basalt is normal, but the great predowminance of
feldspathic and gabbroic types over ultramafic types is
unusual. These inclusions will be discussed in a later
scction.
Andesites

Andesitic récks were found at only two locations on
Bowie Scamount: Stations 67 - 7 and 68 - 5.

Sample 67 - 7 is distinguished in hand specimen by
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ts total lack of vesicles and high degree of jointing.

S8

On a fresh, broken sufface, finc ncedles of plagloclasc
arc consplcuous in a grey groundmass. In thin scection,
it ds seen to be made up dominantly of more or less
flow—oriented'plagiéclase laths (4n 45 - 50) wvwith
relatively few crystals of olivine, pyroxeno; magnetite,
and apatite (Plate 8a). Nonc of the mincrals shows
any indication of instability in the magma. The ground-
mass is glassy but contains such an abundance of
microlites that it is almost masked. The composition
of this rock is scen in Tablcs 1 and 2 to lie hetween
mugearite (cf. Huir and Tilley, 1961) and trachyte.
The normative plagioclase was calculated to be BAn 22.6.
The rock has apparently been chilled as quickly as

any of the surface lavas for a gzone of sideromelanc

»
N

¢

exists in the ground mass along one morgin of a block
whilce tachylyte forms most of the interior. It is
possible, thncereforc, that this rock wmay have originated
in a block lava flow (Washington, 1926 and Finch, 1933).
‘Its highly difforontiated composition would certainly
favour the formation of such a highly viscous flow
(Macdonald, 1967). Without further evidence, however,
the possibility still rcemains that these angular rock
samplcs may have formed part of a talus ncar an ceroded

dykef
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PLATE ¢ - Photomicrographs of the andesites

(a) Non-vesicular andesitic rock from

(b)

Station 67 - 7. Phenocrysts of
plagioclasc, magnetitc and clinopyroxene
are visible in thce matrix of plagioclase
microlitcs and glass. (Planc light)
(Thin scction 67 - 7 - A) (x27)

Hornblende - bearing andesite from
Station 68 - 5. Small diamond-shaped
crystals of olivine and a dark crystal
of hornblende are surrounded by flow-
oricnted plagioclasec and interstitial
glass. The light arcas arc vesicles
(Planc light) (Thin section 68 - 5)

(%27)
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The single dredge haul on the northeast ridge
turned up the only other andesitic rock found on the
seamount., It is uhimposing in hand sw»ecimen, being a
pale grey, aphanitic, finely vesicular rock. Under the
microscope (Plate 8b), it is scen to be almost wholly
composcd of flow-oricented plagioclase laths (An 31 - 47)
with interstitial glass and rare, cuhedral or skcletal
crystals of olivine and pyroxene. Brown, basaltic
hornblende is present as scattered euhedral phenocrysts,
some of which are surrounded by a very thin rcaction
rim of magnetite and orthopyroxene. The rcaction
products, apparently formed by the dcechydraticn of
hornblende, may have formed as a result of a drop in
~water pressure when the magnma was extruded.

Andesites occur in small proporitions on many lerge
oceanlc volcanoes and arce thought to be highly
differentiated derivatives of the alkali colivince basalt

which makes up such volcanocs.

B. Inclusions

The dinclusions are crystalline, shapelcess masses
2 to 5 cm. across. Some of thosc examined petrograph-
ically have textures typical of cumulates (Wager et al.
_1960), ignéous rocks which apparently have formed by the

accunulation of crystals on the floor of a magma chamber.
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Others are of less distinctive texture and could be
cither xenoliths of wall-rock or indistinct cumulatos.
Only ong ultramafic inclusion (a pyroxcnite) was found.
The rest arc feldspathic or gabbroilc and many arc rich
in hornblende. The climopyroxcene in these inclusions is
pale grecen in thin section, unlike the buff-coloured
clinopyroxcnes common to the lavas.

(1) Pyroxene cunmulate

This inclusion (Plate 9) is an aggregate of

zoned. clinopyroxencs and somc olivine with interstitial
poikilitic plaglioclasc and microporphyritic sideromclanc.
The mafic mincrals which, for the most part, arc cuhedral,
arc randomly oricnted and lcoscly packed in interstitial
vesilcular glass. There is no sign of fracturing or
resorption on the cxposcd grain boundarics to indicate
the removal of preo-cxisting minerals from these voids,
Apﬁarontly then, this ultramafic inclusion was always
an aggregate of cuhedral crystals with interstitial
magma and is not the rcomnant of a completely crystalline
igneous rock. It is probablc that it formed as a
cumulatc on thce floor of a magma chamber or verhaps as
a ncdule of aggregatéd crystals, suspended fireely in
the magma. The clinopyroxenc and olivihe, being the

wost cuhcdral phascs, werc presumably the first to



PLATE 9 - Pyroxecnc cumulatce (Thin scction 67 - 3 - ()

(a)

(b)

Partially intergrown cumulus of
clinopyroxene crystals. The speckled
material is microlite-rich, vesicular,
interstitial glass. The light arcas are
mainly holes and cracks in the slide but
sonie are plagioclase and olivine crystals,
(Plane light)(x2)

Cumulus pyroxenes and a few interstitial
plagioclase crystals. TIsotropic glass
forms the black background. (Crossc
nicols) (x27)
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crystallize and gravitate to the region of accumulation.
Both apparently accunulatcd as crystals at the sanmc

timé since neither cxerts a dominant crystallographic
influence on the other., Growth of the pyroxenes and the
few olivines continucd after deposition, rosulting in
the partial coalescence of adjacent crystals. Although

s

some ecarly plagioclase appears to have scttled out with
the ferromagnesian cumulus mincrals, the greater part
of 1t is poikilitic and interstitial, cnclosing or
partly cnclosing pyroxenc euhedra. Crystallization had
not yet gone to completion when the cumulate was reomoved
from its site of formation, incorporatcd into the moving
magma, and ejected onto the surface of the volcano as a
cored bomb (Brady and Webb, 1943), thinly mantled and
perimeated by quenched sideromelane
(ii) Andesine - olivine cumulate

The minerals making up this inclusion arc
andesine (An 30 - 34), ferro-hortonolitce (Fa 80),
apatite, and opaque iron oxide (Plate 10). The composition
of the olivine was detcermined by X-ray diffraction using
the method of Yoder and Sahama (1957). Such an assemblage
of sodic plagioclasc and iron-rich olivine probably
represcnts a differentiate of a dry magma somewhere in

the system of magma reservoirs below the surface. The



PLATE 10 - Andecsine - Olivinc cunulate. (Thin scction

67 - 6 - B)

(a) Olivine Fa-80 (upper right), apatite
(centre), and opaque oxide (lower left),
surrounded by plagioclasc feldspar
An-30-34, Melting of the plagioclasc
around the olivine and oxide grains is
readily apparcent. (Plane light) (x227)

(b) Interlocking grains of the plagioclase
cumulus. (Crossed nicols) (x27)

(c) Clivine (centre) on the margin of the
inclusion, exhibiting a strong rcaction
with the magma (lLower left). The lighter
colourcd glass, produccd by melting of
the minerals within the inclusion, is
vigible in the spacc bhetween the olivine
and the large plagioclasc (uppcr right)
(Plane light) (x27)
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crystals are large and well formed but have inter-
locking érain boundaries (Plate 10b), a texturc which
the author belicves to be the result of continued growth
and coalcescence of aggregated phenocrysts which had
settled out of the magma onto a surface of accumulation.
A change in the environment, ¢.g. a pressure decrcase
during movement of the overlying magma,.caused incipient
melting of the minorals in the cumulate, especially of
the sodic plagioclase around olivine and iron oxide
grains, which do not appear themselves to have been so
susceptible to remelting (Plate 10a). Pieces of the
cumulate, transported to the surface as inclusions
during an eruption, reacted with the magma at their
margins (Plate 10c) but retained within them the inter-
stitial liquid formed by the melting of the andesine and
oliviﬁe. Quenching of both the lava and the interstitial
liquid on reaching the surface, produced two distinctly
different glasses: a dark sideromelanc, which surrounds
the inclusion and a much lighter glass within the

inclusion (Plate 10c¢).

(iii) Plagioclase - hornblende cumulate
In this cumulate, raﬁdomly oriented calcic
plagioclase grains are enclosed in large (1 - 2 cm),
poikilitic basaltic hornblende crystals (Plate lla).

Very small amounts of olivine, apatite and skoletal,



PLATE 11 - Plagioclasc - hornblende cumulate (Thin

(a)

(b)

Section 67 - 6 - G)

Plagioclasc crystals of cumulus
surroundcd by poikilitic hornblende
(Planc light) (x2)

and (c¢) Microfracturcd and rounded
skeletal plagioclase showing displaccment
of adjacent scgments of the samc crystel.
Poikilitic hornblende surrounds the
feldspar., (Crosscd nicols) ( (b) %27,
(c) % 80)
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magnetite-rich clinopyroxene are alsc included by the
poikilitic hornblende. The plagioclaéé is rounded and
occurs both as small discrete grains and as. large
skelet al crystals., The latter show evidence of having
once been Ifragmented and then healed. 1In blaces, there
is a slight difference in oricntation of adjacent units
of a single plagioclasc crystal in a poikilitic
hornblende (Plate 1lb and c¢). HMisalignment of twin
lamellae and a correéponding disparity in extinction
position bhetween different arcas within a visibly
continuous portion of a plagioclase.grain is also apparcnt
These phenomena can best be explained by microfracturing
and healing within the crystal. Each plagioclase unit

in the poikilitic hornblende is individually zoned, cven
if scveral adiacent units appear tobdong to the same
large crystal. The nornblende, on the other hand,.shows
no microfracturing or zoning. The plagioclase is
therefore older than the hornblcande and appears to be an
accunulation of skeletal crystals which, at one point,
were broken and then roundced by resorption in an
unfavourable magmatic environment. The open spaces and
microfractures in the feldspar cumulus were later filled
by relativély few, large, poikilitic crystals of basaltic
hornblende. The result is similar toAthe heteradcumulate

of Wager et al. (1960). Growth of such large, uniform
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crystals would necessarily involve the free diffusion of
thé component ions af hornblende from the magma to
relatively rare nucieii in the intercumulus liquid. The
apparent age difference between the plagioclase and the
hornblende precludes the possibility that this texture
represents a cutectic crystallization of the two phases.
The possibility remains that hornblende has partly
replaced the plagioclase.

(iv) Anorthosite xenolith with harrisitic overgrowth

The core of this type of inclusion consists of

coarsely crystalline plagioclase (4n 60 - 65), some
opague 1ron oxide and a relatively small amount of
interstitial glass. A change in the magmatic environment
at some time causcd considerable resorption around the
oxposed margins of the inclusion and, to a smaller degreg
along grain boundaries within it (Plate 12). Such a
change could bec most simply explained by a simplc pressure
drop of temperature increase in the system. After being
partly resorbed and rounded, the plagioclasc was finally
isolated by a fresh outer zone of morc calcic composition.
Crystal growth during this sccond stage was not restricted
to plagioclasc alone. Skeletal crystals of olivine and
of clinopyroxene, shot through with magnctite, apparcntly
nucleated on the surface of the inclusion and grew away

from the surface. Adjacent skeletal crystals arec



PLATE 12 - Harrisitic overgrowths on anorthosite
xenolith, The plagioclase of the inclusion
occupies the left corner of the photo. The
minerals forming the harrisite are
clinopyroxene, which appears grey with a
rough surface, and olivine, which appears
white in the ohotograph. Later-fromed
poikilitic plagioclase is visible among
the skeletal olivine and clinopyroxene
crystals, and as a lighter rim on the
plagioclase of the inclusion. The black
areas within the crystals are cowmposed of
glass and magnetite crystals, The blacl
background isisotropic vesicular glass.
ECroised nicols) (Thin section 67 -~ 1 - C)

x277
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thoroughly intermcshced and in places arce rooted to the
plagioclase inclusion by poikilitic growth of thc outer
zone of plagioclase. Small, probably late plagioclasc
crystals also exhibit a poilkilitic texture around parts
of the skelcetal ferromagnesians. This intricate sccond
stage texture appéars to he a variation of the harristic
or crescumulate textufe of VWager et al. (1960) and Wager
(1968)
(v) Plagicclase - magnetite xenolith
This inclusion (Plate 13) consists of
intergrown plagioclase (An 70), magnetite and apatite
crystals with a good deal of dinterstitial sideromelane.
The plagioclase is highly fractured and sideromelane
fills many of the cracks. Resorption of the plagioclase
has taken place along exposed grain boundarics, possibly
during transport in the magma prior to eruption. The
sideromelanc in and around the ihclusion indicates that
rapid quenching tock place after its ejection, Locél
melting of the magnetite may account for a darker stain
in the sideromclanc adjacent to it.
(vi) Hornblende gabbrc xenoliths
Coarsely crystalline, gabbroic xenoliths
composed of plagioclase (An 66 - 76), basaltic hornblende,

clinopyroxene, magnetite and minor apatite, arc . common



PLATE 13 - Plagioclase - magnectite xcenolith (Thin
section 67 - 6 - H)

(a) Plagioclase (white) surrounding a pocket
of magnetite (black), apatite (whitc grains
with high relicf and Yground glass"
‘surface), and interstitial sidcromelanc
(dark grey). The plagioclase is strongly
resorbed on its margins and sideromelanc
is visible in fractures within it (upper
left). (Plane light). (x27)

(b) A different part of the same scction
vicwed through crossed nicols. Plagioclase
appcars grey and white. HMagnetite and
glass appear black. The resorbed wmiargins
of the plagioclasc appecar as dendritic
patterns. (x27)
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in the inclusion-bearing basalts. The plagioclasc has
apparently been rcsorbed by the magma along cxposcd

grain boundarics and the reaction margin is mantled by

a thin growth of fresh vnlagioclasc (Plate 14). The
hornblende, howcver, appcars to have undergonc profound
changes wherce it was cexposed to the magma. Thoso grains
which lie on the border of the inclusion arc permeated
with graphic blebs of magnetite and appecar To pass at
theilr outer margin into graphic (or skeletal)
clinopyroxenc, which retains the orientation and magnetito
trains of the hornblende. Acicular, radiating crystals
of orthopyroxcne occur with this apparcnt alteraticn in

a few places. In many grains, mox conventional rcaction
rims of finc, unoriented orthopyroxene and magnetitc

are present instead of this unusual graphic rcaction
texture but the one type scems to grade intc the othor,
The graphic alteration zones of the hornblende arc
gencrally further complicated with what appcars to be a
harrisitic growth of olivine and auvgite, similar to that
described previously, which probably formed independently

on any of the exposed crystal surfaces of the inclusion.

Origin and significancc of the inclusions
The great varicty of basalts and inclusions suggésts

that a complex system of magma reservoirs existcd



PLATE 14 - Photomicrograph of the graphic hornblcende
alteration with intermcshed harrisitic
olivine. In the photographs, hornblcende
appcars brown, pyroxcnc appears grey with a
rough surface texture, olivinc appears
yellow, plagioclase appecars grey with a
smooth surface toexturce, and magnetite appears
as small, black, graphic grains in the other
minerals. The extensive dark matrix is
isotropic glass. The shape and oricentation
of the magnetite is cvidently controlled by
crystallographic directions within the
hornblende. The pyroxene, which is similarly
oricnted, is also thought to have becen derived
from the hornblende, and swmall amounts of it
cen.be seen as grey arcas within the latter
mineral. The skcletal olivine, has
apparcently grown at right angles to the
plegioclase of the inclusion. (Crossed
nicols) (Thin scction 67 - 6 - F)
(Magnification of upper photo x27; lower

photo % 80)
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benecath Bowic Scamount both in the crust, and in the
mantle, where the magma must originally have been derived.
Macdonald (1949) illustrated how lavas of various
coupositions may originate at different levels within a
singlc magma chamber (Figure 13%) and many of thec rocks
of the scamount are probably related in this way.
Several cxtremes of differentiation however arc
reprcsented by the inclusions. Xénocrysts of hornblcnde,
xenoliths of hornblende gabbro, and cumulates containing
poikilitic hornblcnde attest to relatively high water
pressures that must have prevailed in some parts of the
magma chamber system. On the other hand, the ultramafic
pyroxenite cumulate and the andesinc - olivine éumulato
respectively represent early and latce stage
differentiation of dry basaltic magma. It is thereforc
probable that several magma chambers existced at a high
level in the crust and that differentiation pfoco@ded
morc or less independently in each.

From the varicety of cumulatc types, it is apparent
that the magma had sufficient time to differentiatc to
a high degree, and possibly to build up a considerable
thickness of accumulated crystals on the magma chamber
floors. Dﬁring cruption there is a decrease in confining

pressurce in the magma, accompanicd by the formation and



\

FIGURE 13 - Diogram illustrating a possible manner of “eruption” "
of lovas of differing composition from the some magma =
chomber. A, 'ondesite-; B, basalt; C, olivine basalt; D, picrite-basalt;
. E, ftmchyt-e.' (After Macdonald, 1949.) - : o
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expansion of vesicles. Vesiculation also takes place in
the interstitial liquid within the looscly bound crystal
mush, and, if the processwre violent cnough, it could
hzve broken up the cumulatc beds and transported fragments
of them upwards into the crupting magma as inclusions,
Corroded wall-rocks, perhaps comprising old cumulate
beds or convontionélly crystallized rock rcintruded by
a new column of magma, could be broken up and incorporated
into the magma in the samc way. The drop in pressure in
the wall-rock might also bc compounded by a Venturi-
effcet crcated by rapid upward movement of thce magnma.
The corrodcd anorthositc and hornblende gabbro inciusions,
which are hosts po the unusual harrisitic texture, might
be the remains of fractured, magma-pcrmeated wall-rocks
or chambcr-~floor rocks which, for a time, may have
supported harrisitic crystal growths before erupntion of

the magma and thelr conscquent fragmentation and dispersel

C. Icphra

Pyroclastic material is more casily rccoverced by
dredge and grab samplcr than is flow-rock and this is
rcflected in its occurrcence in all but two samplc hauls
from the scamount (Appendix B). The author estimates
that the ratio of tephra to flow-rock on the szamount is

probably actually around 1:1,



67

(1) Volcanic bombs

A collection of wvolcanic bombs was obtaincd
along a five mile strip of the summit ridgc at sitcs
67 -1, 67 ~ 6, 67 - 5 and 68 -~ 1 (Figure 2).. Among
the more familiar typces are the fusiform bowmb (Plate 15a),
whicn is fully formed beforc landing, anc the cow-dung
bomb (Platc 15b) which is still partly liquid at the cnd
of its flight and flattens on impact., A fow small
cow-dung bombs appcar to have becen flattencd and then
folded before finally solidifying comnletely (Platc 15c¢).
The appcarance of the great majority of bombs,
represented by the suite from station 67 - 5, lics
somewhers between the two types. The bombs of this suitce
range from small flattencd forms rescimbling cow-dung
bombs to largc, globosc, highly deformed individuals
with complex involute surfaces but no definablc shepe
(Plate 16). Although thce deformation of thesc bhonbs
was apparcntly due to impact with a resistant surface,
there arc no imprints or adhering rock frazgments to
confirm that the impact was with a solid volcanic
substratc, neithcer is it clecar which side of the bomb
rceccelved the impact. Their mode of origin rcemains
uncertain,

All the bombs have a qucnched sltin of sideromclanc

which may show somc bread crust fracturing. Normally,



15 = Varicties of
(a) Fusifornm
(b) Cow-dung

found av
left one

bombs found on Bowie Scamount
bomb (Station 68 - 1)
bombs., The upper bomb was

Station 67 - 1, the lower
at Station 67 - 6, and the

lower righl hand one at Station 67 - S.

(¢) T'olded cow-dung bomb (Station 67 - 6).
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PLATE 16 - Varicties of bombs found on Bowic Scamount

(a) and (b)

(continued)

Gradation from largc bombs with
deformed surfaces to the small,
flat, cow-dung variety. All

the speccimens arc from Station

67 - 5.
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vesicles arce deformed ncar the surfacc, becoming less so
towards the middle. The vesicles of the interior are
commonly slightly larger than thosc of the chilled
margin, and, in extrecme cases, the interior is virtually
- hollow (Platce 17a). Thosc bombs which arc not flattened,
arce concentrically and radially fractured (Plate 17b),
and individuals have been found that have completcely or
-partly lost their guenched skin duc to spalling along
these fractures.

The compositions of the bombs vary from place to
place and are similar to that of the rocks in the
immediate vicinity. Cored bombs containing inclusions
are rare.

The prescence of bombs on the summit implics that
lava fountaining and cxplosive cruptions took place there
during tho‘lato stages of activity on the summit. In
viecw of the summit's prescont nearncss to sca level and
its probable emergence in the past, many, if not all,
of the bowbs of the summit would have becen cjected from
cither above or just below sca leovel. HMany, therefore,
probably travelled through the air along at least part .
of their trajectorics, eventually falling into the sca or
onto the surface of young volcanic iélands which may have

¢xisted therc at times during the past.



PLATE 17 - Varictics of bombs found on Bowie Scamount
(continued)

(a) Hollow cow-dung bomb (Station 67 - &)

(b) Concentric and radial fracturcs in a
fusiform bomb. Th¢ quenched sidceromelanc
skin appcars lightcr than the dark corc.
The specimen is from Station 68 - 1.
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Since thess dslands arce presumcd to have boen
croded away, the orescnt distribution of the bombs on
the scamount may be duc not only to priwary volcanic
dispcrsal but 2lso to sccondary dispersal by wave
crosion. It is the author'’s opinion, however, that few of
the subacrially formed bombs could have survived intact
the wave action which destroyced the cphemeral islands on
which they lay. The majority of thce bombs now found on
thic terracces probably constitute the remainder which
eithoer landed in the sca or originetcd cntircly under
watcr,  Their present location, if this is thc cas.,
should bc the result of primery volcanic dispersal. The
gcecogranhic rostriction of large numburs of obviously
rclated bombs, such as the suite from station 67 - 5
(Plate 16), can bo cxplainced in this way.

Apparcntly thcn, bombs, which orc traditionally
thought of as being subacrially formed structurcs, may be
capable of forming in shallow water., Perhaps the unusuald
suite of bombs from station (67 ~ 5 (Platc 16) is tyvical
only of shallow water cruptions wherc cjccta may travel
through bhoth air and watcr before finally coming to rcst
on the surface of the volcano.

(ii) Tutfs and their unconsolidated counterparts

Lapilli and ash, and wcakly ccmented tuffs
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derived from them, were found in all but onc locality on

the sumlt and at throc of the five stations on the flanks
(Apnendix B).  3ome of the tuffaccous material may be
hyaloclastic rather than pyroclestic, that is, formcd by
shattering glass during the aqucous chilling of lave
(Rittman, 1962), rathcr than by cxplosive vulconisn,

However, it was difficult in somo cascs to distinguish
between the two of them and the term "pyroclastic!', as

uscd in this paper, may thercefore cover both truc pyroclastic
and hyaloclastic products,

Lapilli and Lapilli tuifs

tlost of the tephra form massively bodded, unsortcd
accumulations of lapilli, some of which may be ccemented,
The particles arce gencerally composcd of vesicular
hyalocrystallinc sidcronclanc, though tachylytc and
holocrystalline fraogments may be proscent in small amounts.
Cemented devosits, i.c. tufflfs, which arce in the process of
formation on the surface of thoe scanmount were found only
on the summit during the present survey (Pl-te 13), and
there, thelr occurrence is sporadic.

The cementing agents arc mangancsce oxides (Plote 19),
iron oxides (Platc 20), or carbonate of organic origi
(Plate 21a). The carbonatc cement is restricted to the
shallow sumait pealis, which arc well within the photic

zonce and arce thiclly cnecrusted with scscilc marine 1lifc,



PLATE 186 -~ Bottom photogranhs of a cemented tuff
deposit on the 130 fathom terrace (Station
o]
3 - 2)

(a)

(b)

The cemented surface crust of the tuff,
undercut at its margin, stands 6 inches
above the deposit of locse tephra in

the channel to the right. Sponges grow
in abundance on the solid substrate, but
not on the loose material in the channel.
The diameter of the compass is 3 inches
and the length of thes vane isg 10 inches.

Light cover of sediment, disturbed by
the compass as it travels over the
botton., The surface texture of ths tuff
is revezaled quite clearly in this
vhotograph. The dizneter o: the compass
ig 3 inches and the length of the vane

igs 10 inches.
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PLATE 19 ~ The
(2)

(b)

ature of cementation of the tuffs

Hand specimen showing black colour
imparted by cementing ferro-manganese
oxides (Sample from Station 67 - 5).

Thin section showing the black ferro-

manganess cement among the lapilli of

vesicular, microporphyrytic sideromelane,
%Pl%ne light) (Phin section 67 - 5 - 4)
%2
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PLATE 20 =~

'he nature of the cementation of the tuffs

(continuad)

(a) Hand specinen showing red colouration

(

0

)

inparted by ferruginous cement. A4 growth
of coraline algae covers the other gide
of the rock and appears as a white rin

in this photograph, (Sample from Station

67 - 3).

Thin section snowing lapilli, interstitial
ferruginous cement (black) and srowth of
coraline algae (black strip at top of
slide. (Plane light) (Thin section

67 - 3 - B) (x2) -
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PLATE 21

(1)

(c)

nature of cementation of the tuffs
(continued)

Binding watrix of organic carbonate and
silica comprising foraminifer tests and
sponge swicules. (Crossed nicols)
(Thin section 67 «~ 1 - A). (x27)

Uniformly cemented lapilli tuff
(Station 67 - 3)

A strongly indurated surface crust capping
an otherwise weakly cemented lapilli
tuff (Station 67 -« 2)
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notably the red coralinc alga Lithothamnion, barnacles,
and various siliccous sponges. The ferruginous and
manganiferous cenents do not appcar to have any such
depth limication.

Some samples appcear to be uniformly cementcd throughout
(Plate 21b) but others arc strongly cemented only in the
top few centimetres of the deposit (Plate 21c) and simply
form a crust overlying unconsolidated matcrial (Plate 18a).

Loosc deposits of lapilli and shell fragments

@]

(Plate 22) arc very widesprecad on and just below the upper
tcrrace.,  The origin of the shell debris is uncertailn, but
much of it is similar to the fauna prescently living on
boulders found on the terrace. Much of the shell material
may thereforc have becn recently derived from boulders and
rocky outcrops in the vicinity of the uppcr tcrracc and
its central pinnacles. Currcents, have, in places, rceworked
the loosc deposit enouvgh to producce ripple marks in the
light shell matcrial (Plate 23).

Scdiments, both loosc and ccmented, of well roundccd
lapilli arc assoclatcd with both the 45 fathom and 130
fathom tcrraces (Plate 2)., These arce thought to reproesont
foseil wave-washed deposits, (Chapter TIII-B).

Thin-becdded Tuff

Thin-bcdded tuffs composed of volcanic ash arc not



PLATE 22 -

The loose lepilli deposit of the 45 fathom
terrace with its conspicuous shell debris.
A thumb-tack at thce bottom of the lower
photograph provides the scale., (Camera
Station 68 - 3 and samplc Station 67 - 12)
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PLATE 23 - Ripplec marks visible in the light shell
matcrial of the deposits on the 45 fathon
terrace. The compass 1s 3 inches in
diamcter and the vanc is 10 inchcs long
(Station 68 - 3).
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as common as lipilli tuffs. The only deposit founcd is on
the 130 fathom terrace in the arca coverod by dredge site
67 - 6 and touchcd by 67 - 2 and 67 - L. This tuff

(Platc 24) is generally dark brown but, in placcs, may be
rcddish brown or ochre colourced, depending on the relative
amount of ferruginous cement., The saiplcs arc friable and
slabby andmne cxcceds 4 cn. in thickness., It
characteristically posscsscs graded bedding wvith particle
sizcs ranging mainly from coarse to medium sand but lapilli
up to 1 cm, in diamctcr arc freoquently cmbedded in the basc
of the unit. Whether this grading continucs downward

below the laycer represcnted by the samplc slabs is not
known, Thec visibly graded portion is usually capped by

a thinner laminatcd unit of medium to fine sand. In thin
scetion, the rock is scen to be a vitric-crystal tuff
(Pcttijonn, 1957), wholly composcd of vitrophyric
sideromelance shards and crystal fragments.

The glass of the grains is cxclusively sideromclanc
with a narrov rangc of refractive indices. he refractive
index was determined using immcersion oils and the Hecke
linc method, the index of cach oil being checked
imuwecdiatcely prior to usc with an Abbe rofractometer. The
shards werce clcancd ultrasonically in distilled water, a

simple time-saving tcchnique which, for unaltcrcd shards,



PLATE 24 - ‘Thin-bed?ed vitric~crystal tuff (bedded ash)
Station 67 - 6)

(a) ection through the tuff shoving graded
bedding

(b) Photom’crogrash of the sane tuff, The
black uaterial bnetween tihe shards is the
ferruginous cewment., (Plane light)

(Thin sa2ctinon 67 - 6 - D) (x80)
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wvas found to work as wcil as the chomical mothod of
Kittrick and Hopc (196%). DBased on obscrvation of 225
grains, thce glass has an indcx between 1.57 and 1.59, with
a strong modc between 1,550 and 1.586. The spread of this
mode 1is within the limits onc would cxpocct for a singlco
ash fall (Vilcox, 1965). This depcsit must, thercforc,
have originatced during a singlc volcanic cvent,

The sedinentary structures and poetrographic propertics
of this particular tuff furnish somc insight into its
origin. The scquence of graded and laminatced units
resemble the A and B intcervals of tho turbiditcs described
by Bouma (1962), but this docs not nccessarily mcan that
the tuff was depositced by turbidity flow. The fincr
volcanic cjecta from a single cxplosive cvent during a
period of cexplosive cruption may rain vertically from the
cruptive ash cloud, or may be carricd laterally in the
basc surge (iioorc, 1967) down the flanks of tlc ¢one. In
the casc of a submarinc cxplosicn which biroaches the
surfacc, a basc surgc will sprcad out across the surface
of the water. It is casy to imagince an ash deposit with
graded bedding originating from any of thcse processcs.
Straightforward vertical differcential scttling of the ash
column through air or watcr will produce a gradced scquunce,

as will the similar foundcring of a basce surgce on thoe sca
»l



surface when its cncrgy is spent. A submarine besc surge,
spreading dowﬁ the flanks of the aétive conc should behave
much like a turbidity currcnt and would give risc to a
tuff with turbiditc fecatures. Such a glassy tuff might
also bo a hyaloclastitc derived from tho shattering
surface skin of a submarinc flow of pillow lava.

Pillow breccia

A grain-supported volcanic brecccia, composcd of
large, pyramidal pillow fragments and small, angular
pillow-crust fragmcnts, sct in an unstratified matrix of
vitric tuff (Plate 25), was dredged from the castern flank
of the summit ridge (Station 68 - 1, Appendix B). The
tlack basalt fragnoents coﬁtrast sharply with the grey-
green and creamy yollow variegatoed matrix. The outer
surface of the rock ié covered with a thin layer (O - 2mm.)
of black and brown ferro-mangancse. Rccoverced with it
were various indepcndent villow fragments and a more or
less intact pillow. Bottom photographs in the arca
(Platc 26) revealced a rubbly substrate with visible pillow
fragments and what may be intact pillows.

The matrix of the breccia was examincd petrographically
and by mecans of X~ray diffraction. Samples werc prepared
for X-ray diffraction using thc chemical clcaning

proccdure of Kittrick and Hope (1963).



PLATE 25 - Pillow breccia (Station 68 - 1)

()

(b)

Pillow fragnent extrscted from the pillow
breccia. The lighter colioured material
on the upver surface is palagonite, A&
colour photogravh of the upper surface of
this swaecinen appears in Plate 32.

Gection through the pillow breccia
showing »illow crust fragments in a
tuffaceous matrix.
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PLATE 26 - Bottom photosgranhs in the area of outcrop of
the nillow breccia (Station 68 - 1). The
diavieter of the cowpass is 3 inches and the
length of the vane is 10 inches.

I}

(2) A basalt pillow (?). A wedge shaped
pillow. frazment is also visible to the
left of the compass.

(b) Unidentified beuliers in the nesighbourhood
of the pillow breccia occurence,
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PLATE 27 - Typc of rubbly subsrate which appears to bc
. yp N Pr )
most common on the flanks of thce summit
ridge of Bowie Secamount. Thecse photographs
were taken at station 68 - 1. The compass
is % inches in diamcter and the vanc is
10 inchcs long.
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2.
(0o

The grey-grcen part of the breccia matrix was found
to be composed of unwcathcerced, grecn glass shards with very
few microlitces, sponge spiculces, and a few radiolarian
tests, The refractive indices of the shards were found to
lie between 1.585 and 1.589, a narrow range, which would
indicate thaﬁ the shards were derived during a single
period of volcanic eruptions.

Tho croamy'yellow portion of the matrix ié secn,
under the microscope, to consist of white, fine-graincd
material, palagonite, and a smaller proportion of sponge
spicules and rhombic zeolite crystals. X-ray
diffractograms rcvecaled that this portion of the matrix is
largely made up of X-amorphous matcrial (di.c. amorphous to
X-rays), with lesscr amounts of quartz, plagioclase and
montmorillonite, and traces of chloritc, illite mica and
amphibole.

Glass, palggonitce and the opalinc silica of thce sponge
spiculcs probably makc up the X-amorphous componenﬁ. The
zzolites and the montmorillonite are most likely the
alteration products of the‘palagonitc (Bonatti and Nayudu,
1965). The plagioclasc occurs as microlites in the glass
shards. The quartz may be detrital or it may perhaps
have crystallized from gels and sclutions within the matrix.

Recrystallization of sponge spicules might also contributce



some crystalline quartz to the systom.

¥ihether the tuffaccous mntrix of the pillow breccia
is a syngenctic hyaloclastite, derived at the time of
cruption from the decrcpitating skins of thce pillows and
pitlow fragments, with which it is now associated, or an
¢xXplosion tuff derived independently, was not ascertained.
However, the similarity, in thin scction, of thc prowncrtics
of the pillow crust fragmoents and the shards of the matrix
would suggest that the matrix is actually a syngcnctic
hyaloclastite (cf. Rittman, 1962, Carlisle, 1963,

fionnorew, 1963, Solomon, 1969).

D. Vesicle Linings and Amygdulces

1. Chemically precipitatcd linings
Vesicle linings and amygdules arc gencrally

restricted to microvesicles in the sideromelanc of
lapilli and chillced flow or bomb surfaccs which can be
scen in thin-scction, Only in rclatively old rocks, such
as the deeply weatherced basalt on Hodgkins Scamount, arc the
large intcerior vesicles lincd or filled.

lany of the amygdules and linings arc composcd of
rod~brown, isotropic, iron oxides (Platce 28a), black,
opague mangancse oxides, or sparry and fibrous calcite
(Plate 28b). Most commonly, howcver, they consist cither

of ycllow to palc grcenish, anisotropic, low bircfringent,



PLATE 28 -~ Photomicrographs of vesicle linings and
amygdules.

(a2) Concentrically banded growth of iron
oxide beginning to fill a vesicle
(Plane lizht) (Thin section 68 ~ 5) (%200)

(b) Amygdules of sparry calcite. The round,
dark grey areas areg emplty vesicles and
the blacit background i isotronic glass.
(Partially crossed nicols) (Thin section
67 - 3 - A). (x80)
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fibrous mincrals which arc too finc-graincd to identify
(Platc 29), or of isotropic, golden yellovw material (Platc
30a) with all the properti:s of palagonitc, which is
sometimes visible in the glass of the vesicle wall,

These substances verce included by Pecacock (1923) under tho
tera f'palagonite't. The former, which may actually be a
finc fibrous =zcolitce growth, he called Yfibro-palagonitch
znc the latter Ygel-palagonitce!., Palagonitce is thought to
bc a form of hydratcd bhasaltic glass formed in a subagucous
cnvironment but its mode of origin is in dispute. Tt is
thought to form cithcer by the rcaction of hot lava with
watcr (Pcacock and Tuller, 1928), or by the gradual
hydration and altcrotion of sideromclanc (Moore, 1966).
Found in thesce ways, nalagonitc is most commonly scen in
among tho undisturbed microlites and vesicles of the glass
it replaces (Plate 73a).

Several of the variations in the cowmposition of the
anygdules and vesicle linings parallcl geogravhically the
variactions in the tuff cements described above. Calcite
anygdules arce found only in thoe rocks capping the shallew
surelt peaks, and linings of mangancsc oxides occur only
where such material is visible in quantity on the surfacoe
(¢.g. station 66 - 3, Avnpondix D). The distribution of

the other cavity-filling substances is apparzntly randew,



PLATE 29 - Photomicrographs of vesicle linings and
anygdules (continued)

(a) Vesicle linings of fine, fibrous, low-
birefringent minerals (fibro-palagonite)
(Plane light) (Thin sesction 67 - 5 - A)(x80)

(b) The same, through crossed nicols.
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PLAIM 30 = Photouwicrozravhs of vesicle linings and
anygdules (continued)

(a)

(o)

Gel-palagonite lining and filling
vesicles., The same material lines the
gsurface of the rock fraguent itself and
hes partly renlaced the sideronclane
within the rock., 2 brcccia matrix of
~lass shards forws the upper right half
of the picture (Plane 1li~ht) Thin cection
S0 - 1 = C) (227)

Serrergation vesicles in the basalt of
Folsiwins Seavount. The seconcary linings
are of black tachylyte, dravn from the
matrix of the surrouvunding rocli, A thin
corting of {Tibeoue “ineralz lines t:c
cavities rewaining in the tachylyt .
(Plene light (Muin soction €0 -~ 8 - 4)

(x27)
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2. Segregation vesicles

N

Some of the basalts on tlo .summit of Hodgkins
Seamount contain scgrecgation vesicles (Plate 30b) such as
those described by Smith (1967). Thesc arc sccondary
linings of glass, which arc thought to bc duc to an
increase in confining pressure on the lava after extrusion.
The suvbsidiary surfaces of the svgregation vesicles do,
howecver, support chemically precipitated linings of
mangancsce oxides and fibrous microcrystalline zeolitces.

;. Post=-volcanic Dcposits

Surficial matcerial of non-volcanic origin is rare or
only locally abundant in the area.

Ice-rafted rocks are rarc on Bowic Scamount and have
so0 far becn found in abundance only among the rclétivoly
old, spheroidally weathcrcd basalts of the northeast
ridge. The summit terracces appear to be almosf devoid of
this forcign material, for only onc ice-rafted pebble was
idontified.dos_ito the extensive sampling in that area.

In contrast, ice-raftcd matcrial on the summit of
Hodgkins Scamount secms to be very abundant. Glacial
dobris constituted fully 50% of the single dredge haul
taken from therc and ranged from sand-size detritus to
boulders 30 cm. across. Copious gquantities of ferro-

mangancse accompanicd the glacial debris in the dredge.



The ferro-mangancse is found both as concretions, partly
blanketing altercd basalt boulders (Plate 3la) and as
slabs broken from a rubbly substrate (Plate 31b). It
thercforc probably forms a discontinuous pavement in the
area of dredging.

It apparcntly rcached its prescent maximum thickness
of Scm. beforc the arrival of thce ice-rafted material, for
the glacial boulders bear littlé morc than a brown stain or,
at most, a thin vencer a fraction of a millimetrc thick.
It would éppear from this that the ferro-manganesc is still
accumulating but at a very slow ratc. Barnes and Dymond
(1967) rccord growth rates of 0.5 - 4O mm./lO6 yr. for
ocecanic nodules. The results of other authors, who
favour slow accretion, arc compatible with these figufb.
and the ratc of growth of the fcrro—mangamcse crust on
Hodgkins Scamount also appears to fall within thesc limits,

N

If the formation ratc has booen constant throughout

its growth history, the altercd rocks which support a 5 cn.
‘thickness may be well over 1 million ycars old. Apparcntly,
then, this part of the summit of Hodgkins Seamount 1is
relatively much older fhan the summit rcgion of Bowie

Seamount, which was active at lcast until the cend of the

Pleistocenc.



PLATE 3] - Ferro-nanganese nodauvles fron todgkins Seamount
(Station 656 - 8)

(2) A large ferro-mangancse nodule vith a
nucleus of weathered basalt.

(b) The vnder sicde of a fragment of ferro-
manganese paveuent shoving a weathered,
rounded basalt cobble picked up from

he substrate.
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F. Chemical Wcathering

The rocks and tephra found on Bowic Scamount arc
very fresh and gencerally show, at most, rusty iron stains
but decpcr wcathcring has also been found.

Palagonite, for instancc, may & prescnt as a thin
skin whore chilled margins of sideromclanc cxist,
Palagonitc may occur as the initial hydratcd phasc in the
gradual chemical weathering of basaltic glass (Moorc, 1966)
but it is also thought to bec a syngenctic hydration and
alteration product, formed when the sideromelanc is still
very hot (Peacock and Fuller, 1928).

In the arca of study, the occurrcnce of palagonite
appears to be restricted to thosc localitics where the
rocks arc obviously rclatively old. For cxanplce,
palagonite is the dominant constitucnt of the tuffs on
Hodgkins Scamount (Platc %2a), which, according to
suggested rates of accumulation of ferro-manganesc, may be
over 1 million ycars old. On thc other hand, in the region
of the sumnit torraces and peaks of Bowie Seamount, where
the rocks arc known to be very young, sowe younger than
18,000 ycars, palagonitization was usually abscnt or only
incipicnt,

This pattern also appcars clscwhere on Bowic Scamcunt.

For instancc, the pillows and pillow brcccias of the cast
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PLATE %2 -~ Falagonite in the basaltic rocks

(a) Paleagonite tuff from Hodgkins Seamount.
Grains of palagonite and a fragment of
weathered basalt are clearly visible in
a cenenting matrix of ferro-manganese,
(Station 68 - 8)

(b) The palagonitized upper surface of a
pillow fragment from Station 68 - 1.
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flank of thc summit ridge (Station 68 - 1) arc thought to
bc relatively old, for they arc coated with ferro-mangancsc
and thcy support thce mangancsc-coated rcmains of long
dead siliccous sponges, an aprarcntly c¢xterminated fauna
which also appcars on the o0ld rocks of Hodgkins Scamount
and the northcast ridge. Furthermorce, incipiont weathering,
marked by the precipitation of ferric oxides, has left only
a core of fresh basalt at the centre of cach pillow fragment.
Convecrsely, a similar deposit on the west flank of the
sumnit ridge (Station 68 - 7) is thought to bec rclatively
young, for it is frce of fecrro-mangancsc and virtually
frec of any organic growth or signs of weathcring. Here
agaih, palagonitce is apparcntly precscnt only on the older
rocks, for it is present in the sideromclanc of the pillow
skins and hyaloclastic matrix of thc supposcdly older
rocks at Station 68 - 1 (Plates 30a, 32b and 33a), but
abscent altogether in the younger rocks of Station 68 - 7
(Platc 6)., It is thc author's opinion, thercforce, that the
palagonite, in thesc rocks is a product of thc weathering
of chemically unstable sideromeclanc.

Evidence for wecathering other than palagonite and
iron staining is rarcr. The tuffaccous matrix of the
pilllow breccia described above contains zcolites,

montmorillonite, chloritc and illite, which arc most
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likcly the products of weathering of the glass shards.
Weathered cndesitc on the northcast ridge was found by
X~ray diffraction to contain a similar mixturce of quartz
and clay mincrals., HMany of thcsc samples have weathcered
dceeply and as a result have bocome quitc rounded (Platce 33b)
lMost of the rocks found sofar on EBowic Scamount arc frcesh

r only slightly weatherced, with the cxcoention of the
5 ) e

o

weatherced rocks of the northeast ridge. The samplces
recovered from its ncighbour, Hodglkins Scamount, arc
rclatively deeply altered. In view of their apparcnt age,
this 2alteration is preobably due to wecathering., The
fragments of lava, somc of which have wecathercd into
roundcd shapes, are a rich tan colour, changing gradually
to light grey towards the centre, This colour change is
not a function of crystallinity, but of dcgrce of alteration.
The rocks cxamincd arc holocrystalline 2nd the tan zonco,
generally about 5cm. thick, is scen in thin-scction to be
simply morc thoroughly wcathercd than the light grey arca.
An X-ray diffractogram of the tan matcrial rcvcalced,
besides primary plagioclasc: serpentine, magnesian calcite,
hematite, wontmerillonite, and minor quartz, calcite,
apatite and illitc.

The tuffs of llodgkins Scamount arc composcd of ycellow
palagonitc, rhombic zcolitce crystals and altcrcd lapilli

(similar to the altcration above) ccmented with varying



PLA™S 33 - Two types of alteration observed in ths arca
of study.

(a) Palagonitization, The sideromelane natrix
of the rock has been altered to gold and
red nalagonite near the unargin . Note that
the palaronite does not affect the wineral
grains, (Plane light ) (Thin section

68 - 1 = C) (x27)

(b) Weatherinsz., The lisht wargin of the rock
has been largely altered to clay. The
thin outer skin, vhich flalkes off readily,
1is couposed entirely of clay. fuch
alteration eventually causes the rock
fragment to become rounded as it is =cen
here. (Station 605 - S).



101

1 2 3 4 5 &6 7 B N




102

amounts of hydratced mangancsc oxides (Platce 32a). Other
than thc palagonitc and zcolites, montmerillonite is the
only major wcathering product present, though chloritce and
illite occur in troce amounts (c.f. pillow breccia matrix

from Station 68 - 1 above).

V. SUMMARY AND CONCLUSIONS

1., Bowic Scamount is a combination ccntral and fissurc
typc of volcano, which has formed over an arca of complex
fracturing of the crust. The assumcd northecast fracture
s¢t has apparcntly becen the dominant fceder of the system
and cxtrusions along at lcast 30 milcs of its lcngth arc
responsible fer the »rescent clongnte shape of the mountain.
The main centre of cruption occupics the southwestern half
of the ridge wherce it crosscs the northwest trend of
Hodgkins and Davidson Scaimounts and thoe majority of the
other scamounts on the Pratt - VWelker chain. The
interscetion of the two structurcs may have provided the
magma with a zonc of rolatively casy access to the surfacc,
rcesulting in the crcecation of a larger volcanic pile over
that arca. Howecver, cruptions wcre not rcstricted to the
sumnit and northcast ridges alonc. Other lobes of the

mountain werc probably formed by activity along subordinate
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fissures in the crust, and varasitic flanl: eruptions iust
also have Dbesn common,
2. Two terraces cxist noar the swr it of the seacunt,
one at a depth of 35 to 55 fathous, and the othcer at a
depth of 120 to 140 fathoms. They are anparently
Pleistocenc features, formed by contemporancous wave
erosion and shallow water vulcanisn during low sea level
stan:s, The upper terrace was anparently foried less
than 130,000 vears ago and the lower terrace at an
earlier Pleistocene interval, The final phase of volcenin
eruntions took place after the formation and submergence
of the lower terrace which was probably originally an
uninterrupted »nlateau cepping the seasiount at sea level,
‘The peaks which rise frow the 130 fathow terrace «are »
thought to be the products of this activity. These late
volcanic cones were a.parently also trunc-ted when they had
built up to the new sea lavel of 13,000 to 15,000 years ago
but were later surmounted by further, osmell tuff cones
after they had, in turn, subrer-ed. There is no cvidence
to indicate further activity after this epic-de,

A boulder of fresh basalt from the sum-it Ifurrni~"-7
a potassium - argon age of 75,000 - 100,000 years B.0,
The main bulk of Bowie JSeamount, according to riichkofsky

(1965), should be older then 0,69 million years, having
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formcd primarily during a pceriod of magnetic reversal.

5. The volcanic pilc is apparcntly composcd of cqual
amounts of flow rock and tcphra, which form natural
slopes of 10° to 20°. The lava flows formed as both
pillow flows and as normal massive flows, pillow flows
being the most common., Both typoes have intenscly chilled
uppcr surfacces where they camc into contact with sca watcer.
Many, if not most, of thc flows arc broken up into loosc
rubble, somc forming broccias of pillow fragments in a
matrix of hyaloclastic vitric tuff. Unsorted dcposits of
lapilli and larger lava blocks arc the dominant clastic
deposits on the surfacc. Tuff, ash and volcanic bombs,
common in the rcgion of the summit, probably originated
during shallow watcr and subacrial cruptions when the

volcano was active at sca lovel.

L. The fceders under the scamount open below to what
rmust be a complex systcem of magma chambers and conduits in
thermantle and crust. The various rock types, which range
from alkali olivinc basalts to andcsites, ray owe their
origins to the tapping of differcntiating magma at
diffcrent lcvels in thesc reservoirs, Ultramafic and
feldspathic cunmulatc inclusions suggest that the magnma

remained quicscent in reservoirs within the crust long
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cnough for cxtensive differentiation to take place.
Corroded fcldspathic and gabbroic xenoliths, which may
have been derived from wall-rocks and floor-rocks, bear
fresh harrisitic crystal growths., This suggests that the
valls and floors of a magma chambcr or conduit within the
crust wecrce, pcrhaps, being slowly attacked by the magma
whilc, at the samc time, scrving as surfaccs of nuclcation

for fresh mincral phascs.

5. The process of chemical weathering in the arceof

study is not very clcar, but glass is apparcntly thc most
unstablc phasc and is the first matcrial to be affected.
Palagonitc was gcnerally abscnt on the chilled sideromclanc
surfaccs of fresh extrusive material and morc common in
arcas of older rocks. It is, thercforc, thought to have
formed as the initial phasc of wecathcring of the
sidcromclanc, In thosc arcas where rock fragments have
wecathered decply cnough, rounded forms arc common. In all
cascs, the main mincrals producced by weathering appear to

be zcolites and montmorillonitec.

6. Lithification of tecphra devosits to form tuffs has
apparcntly taken place on the surfacc. Hydrated iron and
mangancsc oxides commonly form the ccments and in shallow

watcr, wherce biochemical activity is high, calcite is also
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a cementing agent., The contents of amygdules and
microamygdulcs in the rocks moy be similar to the
cementing compounds in the vicinity, though most arc
composcd of "gel-palagonite™ and “"fibro-palagonitc'.
IFerro-mangancsc forms a discontinuous pavement of 5 cm.
thick concrctionary slabs in an arca of rclatively old,
wcathered rocks on ncighbouring Hodgkins Scamount. The
ratc of growth of thesc concretions appears to be slow and
of the samec order of magnitudce as that rccorded for
similar open occan occurrcnces by other authors. The
rocks on the summit of Hodgkins Scamount, which arc host to
the ferro-mangancsce, may, thcrcefore, be well over one

million ycars old.

7. Icec-rafting is an important agent of scdimentation in
the arca, cspccially on the summit of Hodgkins Scamount,
The summit of Bowic Scamount is almost frcce of glacial
dcbris and it is thought that this is duc to its
shallowncss or cxposurc during stages of the Plecistoccne
e¢poch, and to burial of glacial matcrial by morc rccent

volcanic de¢posits.
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PLNDIX A

Lquioment used during ship work

EDO Westcrn Sonar - Model 185 with 12 KHz Transducer

Alden Precision Graphic Rocorder - ilodel 419

GLfft Dcpth Recorder - Transcicver

Alpinc Geophysical X-band radar transpondcr - modcl 427-D

Decca Radar - Model 828

Varian Associatcs lMarinc Proton Precccssion ragnetomcter -
model V-4937

E.G. & G. Intcrnational Camera - model 200, and light
source - model 210

Ocecan Rescarch Equipmoent Pinger - model 250B

Pcttersson greb samplcer

Twclve inch pipe dredge

Dictz - Lafond snapper



APPENDIX B

Sample Descriptions from Bach Station

Station 67 - 1

Lapilli Tuff - brown; unsorted, subangular to roundcd

lapilli and ash; wecakly cemented (ccoment of iron oxides
and organic calcium carbonatc); mantlcd by the red corallinc
alga Lithothamnion and siliccous sponges.

Cow-dung Bombs ~ flat, 2 - 3 cm. thick; brcad crust

fracturc on upper surface; interior morc or less hollow.
Inclusion - coarsc, crystallinc plagioclasc, olivinc and

magnetite.

Station 67 - 2

well rounded lapilli, frosted crystal grains, abraded shell
fragments; strongly cemecated surface crust (roed ferruginous
and black manganiferous ccments), wecakly cemented below
crust; ice~raftcd cobble cemcentcd in surface crust,

Pillow fragments - roughly pyramidal; fresh vesicular

basalt; qucnched surfacce of sideromclanc with no sign of
palagonite.

Vitric-crystal tuff - dark browvn to rcddish brown and

yellow; sand size grains; thin-bedded, with graded bed

topped by thin laminatcd bed, (c.f. 67 - 6).



Unconsolidated matcrial - hctcrogencous mixturce of angular,

unsortcd cinders, lapilli ash and some shell material
(c.f. 67 - 10).

Indeterminate - various angular and clinkery basalt

pcbbles.,

Station 67 - 3

Lopilli tuff - recd; unsorted, angular to rounded lapilli

and ash; strongly cemented (cement is ferruginous, hence
the red colour); cncrusted with red corallinc algac.

Lapilli tuff - dark brown; unsorted, angular to subroundcd

lapilli and ash; friable, wcakly cemented (cement of
organic carbonate).
Inclusion - coarsc aggregatc of pyroxcene crystals.

Indcterminate - various basaltic pebbles 1 - 4 cm. across.

Station 67 - 4

Basalt - flow top; fragmcnts probably spalled from the
surfacc of a lava flow; dark grecy, glassy basalt of the
samc composition as the rocks of 67 - 6; qucnched surface
of sidecromclanc with thin palagonitc skin; slightly
weathered along fracturces.

Vitric-crystal tuff - ochrec ycllow; sand size grains;

finely laminatced; (c.f. 67 - 6).



station 67 - 5

Lapilli tuff - black; unsorted lapilli and ash; occurs

as a slabby crust, cemented with manganesc oxides.
Bombes - range from flattcned cow-dung varicty to highly
deformed, globose forms with involutc and ropy surfaces;

guenched skin of sideromelanc.

Station 67 - 6

Vitric-crystal tuff - doark brown to rcddish brown and

yellow: sand size grains; thin-bedded, with graded bed
toppcd by fine horizontal laminatioﬁs; ferruginous cement

imparts the variety of colours.

Lapilli tuff - rcd; thin crust only; unsorted fragments;

ferruginous cement.

Pillow fragments - pyramidal shapc; brcad-crusty, chilled,A
upper surface of sideromolanc without palagonitc;

plagioclasc and hornblende - rich vesicular basalt.

Cow-dung bombs ~ fresh and black with bread crust upper
surface; also weathered yellow varieties with hollow centres.

Inclusions - common; ®ldspathic and gabbroic; coarscly

crystallinc.

Unconsolidated material - heteorogeneous, unsorted mixturc
of ash, lapilli and cinders of undcterminced affinitics.

Indecterminate - unconsolidated material above; nondescript




boulders and cobbles of composition similar to the pillow

fragments.

Station 67 - 7

Unconsolidated material - well rounded, sorted lapilli

with frosted crystal grains (e¢.f. 67 - 2).

Andecsitic rock - angular, blocky, irrcegularly jointed

boulders of non-vesicular rock slightly weathered along

fractures.

Station 67 - 8

- unsuccessful ;. hard bottom.

Station 67 - 9

Unconsolidated material -~ small amount of crystal and

vitric sand; insufficient sample for usc.

Station 67 ~ 10

Unconsolidated matcerial - unsorted, subangular to roundced,

fresh, black lapilli and ash; some fragmented but unworn
ghell material.
Basalt - boulder; fresh, derk groy, vesicular basalt with

promincent olivine and augite phenocrysts.

Station 67 - 11

Unconsolidatcd material - brown-stained cinders, leapilli,

and ash; insufficient sample for usc.



Stetion 67 - 12

Unconsolidated material ~ poorly sortcd, subrounded to

rounded, brown lapilli and ash with abundant ycllow-
stainced shecll material; staining of lapilli and shell

material is duc to iron oxides.

Station 67 - 13

- unsuccessful ,

Station 67 - 1.4

Unceonsolidated material - poorly sorted, subroundcd to

- roundced, fresh, black‘lapilli and ash with abundant shell
matcerial.

Basalt - bouldcré fresh, dark grey, vesicular, olivine
basalf, cncrusted with calcarcous organilsms.

Station 67 - 15

Unconsolidated matcrial - brown-stained cinders lapilli

and ash; quantity too small to work with.

Station 68 - 1

Bombs - Fusiform bombs, somc undamaged, others with the
outer surface spalled off; also bombs similar to 67 - 5;
thin palagonite skin somctimes prescnt on the sideromclane
gucnched surface.

Pillow fragments - pyramidal fragments with radii of 5 to

30 cm.; also crudely pillowed forms; rock type is a dark



grey, finely vesicular, olivine basalt; sidcromclanc outcr
surface with well devéloped palagonite skin; rocks
gonordlly weathered along fractures. -

Pillow breccia - pillow fragments, as above, and smallcer
pcbble~size pillow crust fragmdnts, set in a matrix of
vitric tuff.

Ilow top ~ flat, flow surfacc, apparcntly from non-
pillowed flow; bread crust surface of sideromeclanc with

palagonite skin; rock is weathcred as above.

Station 68 - L

Uncénsolidatod material - ponded scediment; 50 ~ 50 mixturc

of small lapilli and Globigerina ooze; sample toc samll to.

.

usec,

Station 68 ~ 5

Andesite - weathered cobbles of finely vesicular, light
grey andesite, cach cnveloped in a sheath of clay; wmany
fragments arc roundcd dve to decp wcathering.

Ice-rafted dotritus - smooth, round cobbles of granodiorite,

Station 68 - 6

- unsvccessful; fcew chips of weathecred rock and
a small amount of calcarcous clay; insufficient material

for use.



Station 68 - 7

Pillow fragments - largc fragments of pyramidal shape,

al.so pebble-sizc fragments of pillow crusts; fresh, dark
grey, highly vesicular basalt with sideromclane chilled

surface; palagonite is absent.

Station 68 - 8 (Summit of Hodgkins Scamount)

Pillow fragments - palc grey to tan; decply weathered,

vesicular bhasalt.

Palagonitc tuff - yellow; sand-sizc palagonitc grains and

g fcw weathered lapilli cemented with varying amounts of
ferro-mangancse; rhombic zcolite crystals arc common.

Concretionary ferro-mangancsc - as nodules with weathercd

basalt boulder nucleii, and as slabs; composcd of laminatcd
and botryoidal, dark brown ferro-mangancsc oxides and
hydrated oxides; maximum thickncss 5 cm,.

Ice-rafted detritus -~ size range from sand-size material to

ot

boulders 30 cm. in diameter; wide range of compositions:
graded lithic and arkosic aronites, phyllite, amphibolitic
greenstone, troemolite - garncet schist, tuff, porphyritic
dacite, granite, diorite and magnetite-rich gabbro. None
of thesc rocks has a distinctive enough lithology to trace

to its origin.

Indeterminate - basalt pebbles of irrcgular shape; decply



weathered to a tan colour; mony have weathered into

rounded shapoes.

Station 68 - 9

Basalt - boulder; fresh, dark grey, vesicular, olivin

“basalt.



