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CORROSION OF ALLOYS IN HYDROSPACE - 189 DAYS AT 5,900 FEET

Technical Note N-1224

YF 38.535.005.01.004

by

Fred M. Reinhart and James F. Jenkins

ABSTRACT

A total of 525 specimens of 60 different alloys were exposed at a

depth of 5,900 feet in the Pacific Ocean for 189 days in order to

determine the effects of the deep ocean environments on their corrosion

resistance.
Corrosion rates, types of corrosion, pit depths, and stress corro-

sion cracking resistance are presented.

The materials evaluated were aluminum alloys 5086-H34, H32 and

H112 and 6061-T6, and welded and unwelded 5083-H113 and 7039-T64;

welded nickel alloys Ni-Cu 400 and K-500, Ni-Cr-Fe 600 and 718, Ni-Cr-

Mo 625, and Ni-Fe-Cr 825; and wire ropes Ni-Cr-Mo 625, Ni-Co-Cr-Mo,

Ni-Mo-Cr "C" and Ni-Cr-Mo-103; three high strength-low alloy steels;

six high strength steels; two austenitic cast irons; three stainless

steels; two precipitation hardening stainless steels; and stainless

steel and modified stainless steel wire ropes; and seven welded titan-

ium alloys

w ~rm;

Y I ..CA . .. .......... . -

WL AL ami/VO

Approved for public release; distribution unlimited.

Li



PREFACE

Since 1959 the Naval Civil Engineering Laboratory has been develop-
ing the technology necessary for designing, constructing, inspecting and
maintaining structures and fixed equipment on the ocean floor. A part
of this program is to determine the effects of deep ocean environments
on the corrosion of metals and alloys.

A Submersible Test Unit (STU) was designed to which many test spec-
imens can be attached. The STU can be lowered to the ocean floor for

F long periods of exposure, then retrieved.
Thus far, two deep ocean test sites in the Pacific Ocean have been

F selected. Eight STUs !Vve been exposed and seven have been recovered.

I, Test Site I (nominal depth of 6,000 feet) is approximately 81 nautical
miles west-southwest of Port Hueneme, California, latitude 33044'N and
longitude 120*45'W. Teal Site II (nominal depth of 2,500 feet) is 75
nautical miles west of Port Hueneme, California, latitude 34*061N and
longitude 120*42'W. .n addition, a surface seawater exposure site (V)

was established Point Mugu, California, latitude 34006'N and longi-
tude 119 007'W toe obtain surface immersion data for comparison purposes.

.P This report presents the results of the evaluations of 60-differ-
ent alloys, y of which are newly developed alloys, after 189 days of

exposure at a' depth of 5,900 feet.
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INTRODUCTION

The deve]opment of deep diving vehicles which can stay submerged
for long periods of time has focused attention on the deep ocean as an
operating environment. This has created a need for information con-
cerning the behavior of common materials of construction as well as
newly developed materials with promising potentials at depths as well
as at the surface in seawater.

Since 1959 the Naval Civil Engineering Laboratory has been develop-
ing the technology necessary for designing, constructing, inspecting
and maintaining structures and fixed equipment on the ocean floor. A
part of this program is to determine the effects of deep ocean environ-
ments on the corrosion of metals and alloys.

In order to determine the effects of deep ocean environments on
the corrosion of metals and alloys, a Submersible Test Unit (STU) was
designed to which many test specimens can be attached. A STU unit is
shown in the inset of Figure 1.

The test sites for the deep ocean exposures are shown in Figure 1
and their specific geographical locations are given in Table 1. The
complete oceanographic data at these sites, obtained from NCEL cruises
between 1961 ana 1967, are summarized in Figure 2. Initially it was
decided to utilize the site at the 3,000-foot depth (STU I-i, 2, 3 and
4). Because of the minimum oxygen concentration zone found between
the 2,000- and 3,000-foot depths during the early oceanographic cruises,
it was decided to establish a second site (STU II-1 and 2) at a nominal
depth of 2,500 feet. For comparative purposes the surface seawater
Site V was established. Even though the actual depths are shown in
the tables, the nominal depths of 6,000 and 2,500 feet are used through-
out the text.

A summary of the characteristics of the seawater 10 feet above the
bottom sediments at the two deep ocean exposure sites and 5 feet below
the surface at the surface exposure site is given in Table 1.I Sources of information pertaining to the biological characteristics
of the bottom sediments, biologlcal deterioration of materials, detailedI oceanographic data, and construction, emplacement and retrieval of STU
structures are given in Reference 1. Bottom sediments, as used herein,
means the water-mud interface to a mud depth of about 6 inches.

The procedure for the preparation of the specimens for exposure and
for evaluating them after exposure are described in Reference 2.

Previous reports pertaining to the performance of materials in the
surface and deep ocean environments are given in References 1 through
12.



This report presents a discussion of the results of the corrosion
of aluminum and nickel alloys, steels, stainless steels, and titanium
alloys after 189 days of expoiure at a depth of 5,900 feet, STU 1-5,
Table I.

RESULTS AND DISCUSSIONS

Aluminum Alloys
The chemical compositions of the aluminum alloys are given in

Table 2 and their corrosion rates and types of corrosion in Table 3.
Since the aluminum alloys corroded chiefly by pitting and crevice

corrosion, the corrosion rates calculated from weight losses in TableI
3 are meaningless. A good illustration of this is 6061-T6 where the
calculated corrosion rates are 0.1 MPY in both the water and the bottom
sediments, but the maximum and average pit depths are more than 10 times
greater in the bottom sediments than in seawater, and crevice corrosion
was very evident in the bottom sediments contrasted to none in the
seawater.

For most aluminum alloys pitting and crevice corrosion were more
severe in the bottom sediments than in the seawater. Also, pitti-,g
and crevice corrosion were more severe at depths than at the surface
for the same period of exposure as is shown by comparing the data in
Table 3 of Reference 11 with Table 3 of this report.

Pitting corrosion was more localized in the heat affected zones
adjacent to the weld beads in alloys 5083-H113 and 7039-T64 than in
the plate materials unaffected by the heat of welding.

Nickel Alloys

The chemical compositions of the nickel alloys are given in Table
4 and their corrosion rates and types of corrosion in Table 5.

In general, the corrosion rates of the nickel alloys in seawater
and in the bottom sediments were comparable. There was pitting corro-
sion only in the Ni-Cu alloys 400 and K-500 -- that in the K-500 alloy
being much more severe than that in the 400 alloy. There was crevice
corrosion in three alloys, Ni-Cu alloys 400 and K500, and in Ni-Cr-Fe
600 alloy. Crevice corrosion was most severe in the Ni-Cr-Fe 600 al-
loy. There was no significant corrosion of the other three alloys,
Ni-Cr-Fe 718, Ni-Cr-Mo 625 and Ni-Fe-Cr 825. There was incipient pit-
ting or etching of tthe weld beads on Ni-Cu 400, Ni-Cr-Fe 718 and Ni-Fe-
Cr 825 alloys.

Comparison of the corrosion performance of the alloys in Table 5
with companion alloys In Table 9 of Reference 11 shows that: (1) The
performance of Ni-Cr-Fe 718 and Ni-Cr-Mo 625 alloys were the same; (2)

crevice corrosion occurred in Ni-Fe-Cr 825 alloy at the surface in
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contrast to none at depth; (3) corrosion rates, pitting and crevice
corrosion of alloys Ni-Cu 400, Ni-Cu K-500 and NM-Cr-Fe 600 were
greater at the surface than at a depth of 6,000 feet after 6 months of
exposure.

Steels, Cast Irons and Stainless Steels

The chemical compositions of the steels, cast irons and stainless
steels are given in Table 6, and their corrosion rates and types of
corrosion in Table 7.

The corrosion of the high strength steels (HS) and the 18 Ni
maraging steel. was uniform except for pitting in the circular weld
beads of HS numbers 1 and 4 and crevice corrosion of the 18 Ni marag-
ing steel. In all cases the corrosion rates were greater in the sea-
water than in the bottom sediments.

The pits in the weld bead of HS #4 were not typical of corrosion
pits in steels. Their sides were nearly parallel and normal to the
plane of the plate and were larger in diameter underneath the surface.
A transverse section was cut through the weld bead to examine these
voids in more detail. A section through the weld after polishing and
etching is shown in Figure 3. The clean, smooth walls of the cavities
and those which had no access to the surface indicate that they were
due to entrapment of gas during the welding operation.

The corrosion rates of two of these steels (11S #1 and 18 Ni marag-
ing, the only ones available for comparison) were considerably higher
during exposure in surface seawater for the same period of exposure
than at depth, as can be seen by comparing the data in Table 12, Ref-
erence 11, with that in Table 7.

The two austenitic cast irons corroded uniformly and at slower
rates in the bottom sediments than in the seawater approximately 4
feet above the water-sediment interface. Their corrosion rates at
depth were less than those at the surface for equivalent periods of

* exposure, Table 15, Reference 11.
Specimens of AISI Type 316 stainless steel tubin" with fittings

on ench end and with a zinc anode attached to the end of one specimen
were exposed in the seawater. There were rust stains and incipient
crevice corrosion at the junctures of the tubes with the fittings, and
at the junctures of the end caps with the nuts on the specimens with-

out zinc anodes. There was no observable corrosion on the specimen to
which the zinc anode was attached, indicating that the anode had pre-
vented the inception of corrosion. The zinc anode was about 25 per-
cent consumed.

i The 20Cb-3 stainless steel was attacked by incipient crevice and

pitting corrosion in the seawater and by severe crevice corrosion to a
maximum depth of 40 mils in the bottom sediment. This alloy was at-
tacked by incipient crevice corrosion during 6 months of exposure in
surface seawater.

3- ,--'i..--.-----.~- -



The aluminum coating on steel (coating weight 1 oz/ft 2 , 2 mils
thick on each aide) was about 50 percent gone with bare steel exposed
in some areas.

The zinc coating on steel (coating weight 1 oz/ft2 , 0.84 mils
thick on each side) was completely gone and the steel was rusted. The
corrosion rate of the zinc coated steel in the bottom sediments was
about the same as the average for the bare steel specimens, indicating
that the protection afforded by the zinc was of short duration. The
corrosion rate of the zinc coated steel in seawater was 76 percent if
the average for the bare steel specimens, indicating that the zinc
coating had protected the steel for a longer period of time in the sea-
water than in the bottom sediment. in other words, the zinc had pro-
tected the steel for about 6 weeks of the total 27 weeks of exposure.

Comparing the two, the aluminum coating will protect steel for a
considerably longer period of time at depth in seawater and in the
bottom sediments than will an equivalent weight of zinc coating.

Two precipitation hardening stainless steels (362 and 455) in two
precipitation hardened conditions (H950 and H1050), unwelded and welded,
were painted with different paint coatings as given in Table 8. The
bare 362 and 455 in both the H950 and H1050 heat treated conditions,
unwelded and welded, were attacked by scattered pinpoint pitting and
incipient crevice corrosion with selective attack in the form of deep
pits in the weld bead of steel 362 in the H1050 condition. There was
some flaking of Paint No. 1 (Table 8) and rust stains penetrated
through the painL coating in some areas on both 362 and 455 alloys.
There were no failures of paint coatings numbers 2, 6 and 7.

High strength-low alloy steels numbers 4, 5 and 13 were painted
with paint coatings numbers 1, 4 and 5. The performance of paint coat-
ing number 1 on high strength-low alloy steels numbers 4, 5 and 13 was
about the same as on alloys 362 and 455 in that rust stains had pene-
trated the paint coatings in some areas. Paint coating number 5 on
the high strength-low alloy steels did not fail. Paint coating number
4 did not fail on high strength-low alloy steels numbers 5 and 13, but
there was incipient paint failures and rust stains through the coating
on high strength-low alloy steel number 4.

Titanium Alloys

The chemical compositions of the titanium alloys are given in
Table 9 and their corrosion rates and types of corrosion in Table 10.

There was no visible corrosion on any of the alloys except the
13V-llCr-3A1 alloy partially embedded in the bottom sediments which
failed by stress corrosion cracking. The stress corrosion cracks were
normal to the weld beads and extended radially across the weld beads.
Some of the cracks branched after they crossed the weld beads and
propagated parallel to the weld beads.
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Stress Corrosion

A number of the alloys were stressed in tension at stresses equiva-
lent to 50 or 75 percent of their respective yield strengths to deter-
mine their susceptibility to stress corrosion cracking. These alloys,
the levels of stress, and their susceptibility to stress corrosion
cracking, both in the seawater and when partially embedded in the bottom
sediments, are given in Table 11.

Only the 18 percent Ni maraging steel failed by stress corrosion

cracking at 75 percent of its yield strength in seawater and at both
50 and 75 percent of its yield strength when partially embedded in the
bottom sediments.

The other alloys, two aluminum alloys, a high strength-low alloy
steel, two high strength steels, two precipitation hardening steels,
and seven titanium blloys were immune to stress corrosion cracking in
these environments for 189 days of exposure at a depth of 5,900 feet.

Wire Ropes

A number of wire ropes of different compositions were exposed.
These wire ropes and their corrosion behavior are given in Table 12.

The zinc coating on the 0.250-inch diameter wire rope was com-
pletely gone with heavy rust in some grooves while the same weight of
zinc coating (0.5 oz per sq ft) on the 0.500-inch diameter, same con-
struction (3 x 19), was not completely gone and there was more zinc
remaining on the 0.500-inch diameter, 3 x 7 construction wire rope.
The reason for some zinc remaining on the 0.500-inch diameter ropes is
that there is less surface area of steel for the zinc to protect than
on the 0.250-inch diameter rope.

The polyurethane and polyethylene sheaths protected the zinc

I coated wires to a considerable extent. The sheaths were not punctured
or broken, but seawater had penetrated to the metal ropes through the
end terminations. That water had penetrated to the interface between( the sheath and the rope was proven by puncturing the sheath, at which
time seawater spurted out under considerable pressure. When a termi-
nal on one end of each specimen was removed, the zinc coatings on the
portions of the ropes which were inFide the terminals were gone and

t the wires were rusted, chiefly on t'ie ends of the ropes. The poly-
[ ethylene sheath on one specimen had been punctured in many places prior

to exposure. After exposure these holes were filled with white corro-
sion products, but there was no rust on the rope except inside the
terminals on the ends.

Type 304 stainless steel wire ropes, whether or not they were
stress relieved, corroded by pittirg, tunneling end crevice corrosion
which were more severe on internal wires. There were no broken wires
in one 3 x 7 construction rope, but many broken wires on the 3 x 19
construction ropes. The addition of vanadium and nitrogen to the Type
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304 composition did not improve its corrosion resistance. However,
the addition of silicon resulted in some increase in corrosion resis-
tance; the addition of copper and molybdenum resulted in considerable
increase in corrosion resistnnce; and the addition of nitrogen, silicon
and molybdenum resulted in a wire rope which was uncorroded.

Wire ropes fabricated from Ni-Cr-Mo 103, Ni-Cr-Mo 625, Ni-Mo-Cr
"C", Ni-Co-Cr-Mo and Co-Cr-Ni-Fe-Mo were completely immune to corrosion.
The Co-Cr-Ni-Fe-Mo rope was also immune from corrosion when stressed at
1,600 pounds (40 percent of its breaking load).

The fiberglass, monofilament wires, varying in diameter from 0.031-
to O.123-inch, became dull and Lorittle during exposure in the seawater.

. SUMMARY

i The purpose of this investigation was to determine the corrosionrbehavior of some alloys and the effects of welding on the corrosion of

some alloys which had not been included in the earlier deep sea expo-
sures. To accomplish this, 525 specimens of 60 different alloys were
exposed at a depth of 5,900 feet in the Pacific Ocean for 189 days.

Aluminum Alloys

As with previous exposures of other aluminti alloys, pitting and
crevic3 corrosion were more severe In the bottom sediments than in th
seawater and were mon ers e t depth than at the surface for the same
period of exposure. Welding of 5083-HI13 and 7039-T64 caused some

localized pitting in the heat affected zones adjacent to the weld beads.

Nickel Alloys

There was nc corrosion of Ni-Cr-Mo 625 alloy in either seawater
or in the bottom sediments, both unwelded and welded. There was no
significant corrosion of alloys Ni-Cr-Fe 718, Ni-Fe-Cr 825 except
for incipient pitting or etching of the weld beads. Ni-Cr-Fe 600
alloy was alaed by crevice corrosion while alloys Ni-Cu 400 and Ni-
Cu K-500 were attacked by both pitting and crevice corrosion, they
being more severe on the Ni-Cu K-500 alloy.

The corrosion behavior of alloys Ni-Cr-Fe 718 and Ni-Cr-Mo 625
was the same at depth as at the surface. Corrosion of alloys Ni-Cu

400, Ni-Cu K-500, Ni-Cr-Fe 600 was greater at the surface than at depth.
Alloy Ni-Fe-Cr 825 was attacked by crevice corrosion at the surface
but was immune at depth.

Steels, Cast Irons and Stainless Steels

The steels, in general, corroded uniformly at depth as did the
steels in previous exposures. However, there was some pitting in the
wel.-beads of HS numbers and 4 steels.

loalze pttnginth hatafecedzoesadacnttoth wldbeds6



IJI
tThe austenitic cast irons also corroded uniformly, similar to the

steels.
There was incipient crevice corrosion of AISI Type 316 stainless

steel tubing at the junctions with the fittings. Zinc anodes prevented
this type of corrosion.

Stainless steel 20Cb-3 was attacked by severe crevice corrosion in
I the bottom sediment and by incipient crevice and pitting corrosioa in

seawater.
An aluminum coating (1 oz/ft 2) on steel was about 50 percent con-

sumed while the zinc coating (I oz/ft 2) was completely consumed and the
steel was rusting, indicating that an aluminum coating will provide
longer protection to steel than will a zinc coating of the same weight
(1 oz/ft 2).

The two precipitation hardened stainless steels, heat treated, un-
welded and welded, were attacked by pinpoint pitting and incipient
crevice corrosion except for deep pits localized in the weld bead of
steel 362 in the H1050 condition. Paint coatings offered good protec-
tion except for a zinc rich primer alone.

Paint coatings 4 and 5, Table 8, protected three high strength-
low alloy steels while the zinc rich primer alone permitted penetration
of seawater and subsequent rusting.

Titanium Alloys

*The LiLaniurn alloys, lJke ,rtviously exposed alloys, did not cor-
rode except for stress corrosion cracking of titanium alicy 1 V-llCr-
3AI, which had been welded with a 3-inch diameter circular weld be~d
and not subsequently stress rtiief annealed.

Stress Corrosion

An 18 percent Ni maraging steel was susceptible to stress corro-
sion cracking when stressed at 50 and 75 percent of its yield strength.
Two aluminum alloys, a high strength-low alloy steel, two high strength
steels, two precipitation hardening stainless steels and seven titanium
alloys were immune to stress corrosion cracking.

Wire Ropes

A 0.5 oz/ft2 zinc coating protecteQ .teel wire rope for approxi-
mately 6 months.

Polyurethane and polyethylene sheaths provided good protection to
ziac coated wire rope except at the terminals which leaked, permitting
seawater to penetrate between the sheathing and the rope.

AISI Type 304 stainless steel wire ropes, unrelieved and stress
relieved, were severely attacked by pitting, tunneling and crevice

7
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corrosion, resulting in many broken wires. The addition of vanadium and
nitrogen to the basic Type 304 composition did not improve the corrosion
resistance. The addition of other elements or combinations of elements
to the basic Type 304 composition did result in increases in corrosion
resistance of varying degrees, the most improvement being immunity to
corrosion by the addition nf molybdenum, silicon and nitrogen.

Wire ropes completely immune to corrosion were Ni-Cr-Mo 103, Ni-Cr-
Mo 625, Ni-Mo-Cr "C", Ni-Co-Cr-Mo and Co-Cr-Ni-Fe-Mo.

Fiberglass monofilament wires became dull and brittle during expo-
sure.

CONCLUSIONS

For a reasonable service life at depth in seawater, three years or
less, aluminum alloys must be well protected because of their suscepti-
bility to pitting and crevice corrosion. If protective maintenance can-
not be performed, aluminum alloys should not oe used for deep ocean
applications.

Nickel base alloy Ni-Cr-Mo 625, unwelded and welded, can be used
in seawater applications, unprotected, for many years of maintenance-
free service where its mechanical and physical properties fulfill other
requirements. The Ni-Cu alloys would not be recommended for use in
seawater at depths because they pit and are susceptible to crevice
corrosion in st nt seawater -- also Ni-Cr-Fe 600 alloy because it is
susceptible to , ice corrosion. Because of their tendency to pit,
especially in th A.ded condition, Ni-Cr-Fe 718 and Ni-Fe-Cr 825
alloys can be reco.imended only for limited service in seawater.

Steels and cast irons, because of their uniform corrosion, can be
recommended for seawater applications, especially when adequately pro-
tected.

A 1 oz/ft 2 aluminum coating will protect steel for a longer period
of time than will a 1 oz/ft 2 zinc coating.

Stainless steels AISI Type 316 and 20Cb-3 alloy, because of their
susceptibility to crevice corrosion and pitting corrosion, would not be
recommended for deep sea applications except under special and unusual
circumstances.

Two precipitation hardening stainless steels, 362 and 455, also
must be protected for short duration deep sea applications. Paint
coatings containing zinc rich primers and cpoxy topcoats provided good
protection for 6 months.

Titanium alloys, except for 13V-llCr-3AI, are recommended for sea-
water applIcatioms in the unprotected condition.

An 18 percent Ni maraging steel, heat treated to a yield strengtn
of 300,000 pci, would not be recommended for seawater applications be-
cause of its susceptibility to stress corrosion cracking at stresses
equivalent to 50 percent of its yield strength and above.

8
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A 0.5 oz/ft 2-zinc coating will protect steel wire rope for about 6
~months in seawater.Polyurethane and polyethylene sheaths protect steel wire ropes,

but improvements must be made in the terminations to prevent seawater
intrusion.

AISI Type 304 stainless steel wire rope would not be recommended
for seawater applications.

Wire ropes fabricated of ai)oys Ni-Cr-Mo 103, Ni-Cr-Mo 625, Ni-Mo-
Cr "C", Ni-Co-Cr-Mo and Co-Cr-Ni-Fe-Mo would be recommended for trouble-
free seawater applications where the cost can be jubtified.

Fiberglass monofilament wires would not be recommended for seawater
applications because of their embrittlement.

9I

I-I

[ --

! s?:



CI 0 0 0

4- 4. '-I -A t-4 0T L ~n
44 -44 U(n col IFn -.7 C n
W oC

0

ui 2

0 ' ('4 >% 1 C4 C) CO a, C> 00

4) C)Ci-r ) ' -

*4 0 0 a

- - - -4 -4 -I -4

vv4

01



-4 r-4 P-4 0 -4 4

-'r4

C1 C 4 -I N

'n~ Lf~n LA~
I., .i 4 -4 '-4 -4 N

0 C

'r% Lri C - 4 n

U4.

-0 0D 0 0) 0 0
-4 C

000A 0

r-4 . .4 I '0 - 1*-

) 0D 0 0 0 0

N~ ~ 00- 0 0 N ~
'.4 LA N -I LA 4

4) (1 -4 r

.0

m MI r7CL -4 D -D

1-4 all (~ -4 '0 .

0 > C-4

10 11 10I



0) >% u0w uP 1

P. C) 0 Q 0

0 0

0
0'

00C400r ' 4 0 C4r

9U -4
(A 00 Q0 0D0 0)C 0 00

" 4 0 1- IT. IT ~ C.J 0D cn -4-41-4 rII
04).W m C1 4 -14 -n 'T 7I

0 -
(n 14C -1 14- - n4 1

d)J ka 04' )C 0 cu i 1 -0 13 -QC' aI 4)9 (V c ) I)
4 1 4 .- 4 " .,I " .-- j " (.4A)

m 00 0 0 0 0 0V 0 0 0 00 c c
U3 - w U ) 3 0 3:- (QD w -: :x' 440 .13

0

-4-

-4- H &4 -

'0000 0 00 00 00I O e -r

-4 $0 0i aO C) (D 30 Q.O. I0aQJ .
4 r% u0l oe ID r- 2- %D %C2 02 00 0



C CH COO
r4 0

Q. 4J 0 0
I-q ~~~ -S c$ 1

-04 41 44

AJ~~~~C 4J- ) -1- -
r. .0 *0(r.

0 0 .4
04 0 r- U

OJ M 1. .-4 tn c V

CO4 t4j0 - u W

u 13 0

4)J. C 0 -A C ) 4 ,40 - O-

-4a -IZA)'H-4J 0 aOC
04 0 0 ~ . C C4 (0 4) w N

(U- -,4 M - A j - 0 k

0- NSi 0-~ 4) Aj -, -4 0)J (1)
Li W-4 J C .- ~ CC 0 -H V4 "4 w

0 0 CL 0CC jj 4 l 0 :3
r4) Ni 11 1 0 "f C 0 4 X C 0

0. JJ) -,- m 0) -H C U -A W Aj

4)-, w .1 w ) ( - 4j r 0 (1 CO
-44 j 41 4j 41 4) o) CA0 &

414 C 14 -4 .1 00

r4 0)- > LI H C j : 0 14 % 0 W 0 C" r

4)O* m 0 CJ -A i ,i V 0 ~ SZ 0 '-4 0 CC
C) r. 04 -4Ca) C) 04 V

W- 0- Z 0,I C) 5. 1 0 a C) .C) Ow 5 -4 u
EC) 5.' $1 2). 0. -H WC S ) 0 00

0. 5iC *4 C ) MO a- '4 0. 0 (A W
C 0 0 0) w Cw.Li V

V) 0 1-4 C)0 E- V)0 0.1 - ) U 0 3 '- >

4-il C) UD U-i w ' . C )

C) 0 Cii *H Li C) Li O U13



LAA

UO

0 0~

Nc -4-4-

Ln -40 '

C) ~ ~ ~ - -4- CJC;N---

C) 0000 a 0C 0

(.,4 *-L r - , c

0
.400 0 ' C0 (7% 'rz

o0 -4 r,& .N * '0

0.

\.o ~ 'CCN 0 00

O~~~~o~ 0- CP'-' )

CD 0 o- L
0U4 '04 CD I ) C,

01 )C ~L 40 )) C) -

0 ~ OLJLJ C-
I- C14 00 )

1- 0 1 Q) 4)4,4

LW 14



"4N "4 .- uw

0.

(0

0

to
0)

mt 4j 00 0
-,4 1- 0- 140 * 0 000000C 00000 0 0 0 00100Z

~.
0

5I 00 0 00 aC
v "4 v-'-0 v 00 00 00 000000

0 -4 - A- -4 -4'J -4 W 0-4 -- -r44- 4 00 00 'r J- J . 4A 0-44

0

- 00 0 0 00 \00 00 00 0-r - OD0000 o0 00 000 00

14 4J Ci (D1 0- 0. 0 11 4.1 4.1 4.) 4.1 4-i Q)W Q00w $ -i .

0 :5L W ' W )Cl Q 1 1
u Q Uu u QJ u~ u ~ D0 u~~0 u O ) uuuu WWU 944

4.1 0, *,4 HJ" -H M r4 4 -i.4 J.-,4 4 H J 4 p4 - 4 -l .4J"4HJ"
U Z- z C'4z Z7 zz z zzz z



00,

-44

u 0

w 0 -4 W14o $

C0 0 41fi -

0 c 1- W -. s u4 -4
-. ~ .4 0 0- Ai 0 '0 0 -

014 4 -4 Mah
4 C 4- W 4b 0 -,4

Ai 0 0 0 0 V
41 0 41' 0 4. 44 4

41 -4 10 Q -. .0 4j

0.0 41 Q - 0 * 0 * 0 4
-.4 0 -4 ha '4 -4 -4 ha -4 0 4
C0 a)' m 4) 04 01 A .

C 0 4 r M -0 0 0 4J c
0 4 44 >Ur 14 -,4 Ai 40 ' & S

41 r. 0 .- 4 :3 4 4 C 0 .- o m w- 0
.0 '. 4 U i A 0 - .- -4 W- '

I- W 14 U 0 0 Q '0 W '0 W H

U ) Z 0 . -H 0 4.4 0) . ~ .4 0 - 0 C

00 .4 Qp4 u'. 04

-' LA -1 1-_~ ' 0 4 -1

16



0__ -4 n r4 0

e4' cd

CD CD 0 I I

0 0 r 0 -4 (1 0
0 1

0 0 IC D CLA C 0 0
A- III e I0 ' 0 0 0 c0C4 C1N 0

., al- l r- ONr

0) r, C1 en ,

1- IN ~ 1-4

0'0 -4 CO ) 00 en 0-

0 0 0 0 0 0) 0 0 F4 C NI C 0 0
0) V)c nL 1- n 1

,7 -4 0 N 1- -4*A 0 0 0R

0 0 0 00C44
__0 0 0 C 0 0 0 0 0 m 0 0 0

0 0; 0 0; CC 8 a7 0 0

IT N 0 0 0 0 o 0 0 

o-4 a s 6 -t N -J

04 J 1 4 .4-4 14 00 M 4 ( e 0i
o o 0 0 0 0 4 07 CD N

'. 0 C D C D 0- 4 C4 .0 '.

00 4) 4)

en 0.

Ln 1 -4 .4 4) 4)
-4 m7 L-4 rb~) ~ )

17



-4M

(N C

a 0

41 ~ ~ ~ r -.7 N~ % L 4

.5~C1 1:14~ 4

-4 o A -4 ~ -

0I 4

a, 00 11
('I~% 0N04

-44

o o 0 0 0)

-4 P-1 -

o4 Co 0 n U"

o o 0 0) 0 0

-4 0

(~'4 4

184-



oj -4

-4 4
- 4.J

4)~0 .j 
4) 0)4(h (~

-4- - - 4 C0 44141- 14 W o-4.41-

10 CL0 to t0

.0

0)-f4C 30c

:R 0
v) "0 V *aV1 11

'-4 0. 
4)

cn _ _

0
C

(Ar 0 - 0 4 D C 0 040 )Ma WVa 4 L a ) a L f a 4 ) f n O N 0 a 4 ) L a 4 J I - 4 0 ~ ~ L a Cw 4. ; C 4cl 4 C u j d j d j 41 4 14 C4)~ ) 4 C(4 4 C C4)C

.0

00 a c . 0 C ' -% C: C -: r
-. 0 4J A , J - J 4 -4 AJ 4~ - -4 L -4 J -4 ,

cCA 0 ~ C ~ r iA CA ~ tn UV) Cl0)Z

41



r~~ _ ____V uI

93 t-,u M 14

41 0

dW0 00

0) z

"4 CW w = a ~ -I 00 )0)f
.. 0 0 .

0j 4.1 00

C3 00L4V

4) a) 0)

0)0 U0 0) r. 41 1

~ J0 V mA m m

4- 0)4u a
0) 44 LI 4 U

0 4 4--1 4J4

A.j U( 00
14 0.d :z_-4t

044
004 ) V)V)E

14 -4 C1

A
00

CO V m (13 m00 M 0 0 m
(n V) V)

u m 0-



10 03

-4 Dk

44 Wl

CL.

OW -~CDc

Os-. 84. 4.1. 4

L.IC 04 V0C( u Cj w
z zz

m co co (a II mll l m Im m

C, C C 0. C C ,

000 U- nL nV 0000- 0 (:) - (I

4 4a 4-4 4-4-4 -T t Lnz

21



. 0
V4 4 0 w

~ ~ 41

0

vi 0. 41 G

II a U
x 0. 0. 3 .

4) 00 0.

$4 .- p " 4

04C -'4 A. CL IS

w jw Ew 922



0)

-4 -4

CL0o 00 0

4) 1-4.Q) 0 0

M ~ ~ W0.w0 m
6. M 4 4 w0 -4 0

-n 0 0 0

U) Q4 Q,4 44 s4. -0 .

C) c .- 4 0 0 00 *.-40 *.- 0
5 - M. 0.C . a vC

0~ ~ 0 N c1 wwuO w~ 41:9c

0 )

5-4 -4 c 0r4 . 3 C 00 - P
U . . 4

0

00

'-4

0 s-4 C14 V.7 L
0

U

.6#4

23



-4

I*4

4-44

LM 00-4CI r

0 44 .-- 1 4

o l 0-~~ 0
C C)

C44 -- 4 C

Me -ttrN 0s en

CR0I

~4I -A

024 A 0~~-

-II



0 4)

w uU Of)UU uwuu Q u u r u~'C C)O u u Uu u
41 14> ZZ~z ZZ. z~zz zzzz zzzw zzzz

4f)

U)

V) aQ) - 0000 0000 0000 0000 0000 0000~

r= 4) U4

D:U (U DU w :3 <U :7 c a Q :: ) :3 0 Z Q 3 4

0 c*co'-, ~ ~ ~ ~ .

1-1 1- > > -4I- e m

-4 --4 -



00 0

0 E-4

0 0

-I.

41 0O

r-4

0 
J

0.. C toi
wJ 0 S-4)

) 0) w ,
0~~~~ u 0~ c~

1 ~*4 .- 44v4., w0~ 0J 0 0 04~~L~ k*~ 4 - 4~. 44. 0) 0 .l "V 0 l Z H
00 0)

En 00~
4 j ~ 4- . 4 3A

0 0* Ir 0 n U ~-4~ ~ ~ ~ ~ --4- - 4 4-4C U 4

- 44 E . f .. [ -
W 

i ..

-4 4 4- 4 4 - '- *. - - .

<I

26



C o c 
-%cn

Z1

Vi

0 enc ne ne cn cn en en c n e E

V)t

~co

z Ix

ca_

H4c 4 r 1 4 O r4 - %
to m U4 'D0 0 IFn g L nrnL l

1- r4 -4

0 - 0 0 Le) r- U, r-)U (Ju , - *-4 *-4 -4%r L

o ~ v P4 f- I'- r, U- r L4 Ln 
H

27 V



*1*

-4

00D 00 00 000000 000) 000000000

3-4

4) -

.00

T- 'nCA IL
4) -4 -7 )

r-4 (4, -4 -4 t* t

Ir. %0 %DI L 0 M~ thtnW
cnen -T

C) 28



r-4r-0

m

-4 CL

-4t 4

-0 00 

U- 0
44-M

C) +...0 0

00
w 41 0

0 0 0 r
4) 4 .4)

W0to CA M
04 .V )-4 -4 0

U 0 00 0)
00' cO.co "

-1 3 00 0 - ,l

1-4 04
-4 -,4 -A - 4M

w- OU( w 0 (A Am
44 4 Cd ll. t2 $4 0 0v 0,

3'. 1.2- a. 0 44 (

00 r-4

*d~~v.4- '4.5. 0r
c C). 0.00 (Vwc

4141r4r4CA0.M 0 0U 0 .

V V( VUCJ V (V41 0

P-4 0 34 uW (A

W 4)' 4h 44 4J -4 4 4J 0'
.- 4. -4 --4 -,4 UW)

u V c ed mV 0 ( m V m W .
1-4 4 -od ., -i g)

(V~ ~ (V (N 0 41V (

-4 N. fn - n %D 00.-.- 0 -4 0

29



ILI

j 0 j 0
>) I o I

U) ~~0 41)U U
W cl 3 34 *U) 0i s.

.40J w U) w~ U) 0

44 ) r.o 4) t 00 oa

4) '4 0 Z Q ,4 :2
$W~ Uu~.0 U wN4. C': U A c00c. U0 S- 0. 0. (a (

IO 44 4J~ u 14 414v -U 44 C0-4 0 0 Q).U

U)) 3o w 414CUt~Ioo o IV 10 ed w~'A .0 M cl . U c l ~
000~c P44 o00 U) j 004~ (AC ~ 0 O 0 r1( U "(U ~ C . ( H0 U ( U .

00 L4. 4.. (o CA 14 4J a &WV-4 w .(1) C*- 0 0J- *0 W 4I 1-to 0 0Hm 4M4%: $M 0 0(U mOomGo .4 MCU z r.w

14- 14. 44 4

on N N0.. 0.
0 0.

0o - 0 (

0 0

U n ) U) 0)

C 0

Ch m

0) 0 0 ) )4 u ) U) ) 400.

04 0 0 0 0

400

-4

30.



l.0 41 r 0 P.4 -4

0 (A to m 0w

CL0 w0 .. 40 00 w
m u J 03 ~0 0 41

0O 0. 1. 14 V 0 441 C

M 4tt44 U1 0. 0) 0)
_A4 ) A 4 10 0- U *4)

OW W4 U
"aU 4 0 to 0 04. a 4

0 t'4 cU w. U wb'. 14 u $4- a0&4 ) w
U) M 1,-4 a 44) 0 0 W 1 4 W-

4) 0l :1:9 1 W 0 (. 0 -4 0
-1 - 4 : -q 0

I0j *0 aJ4. U. U a1 60c I - . . -4 r .-

4 w 0 60 4-4 .0 1.0 0)
C r 1% Z Aj Q) 4 4 w-4 ) 0) 4 0 4 t 1

(0 b- 0 0 MQc .4 0 c 0 44(
4(0 41 ) Q00 4 0 (1 4) I D -4 0 Q

1. 4r gj. c4. 4 ' -4w -4 4 C0 .0 .0W
u 0 44 U 0 u4- A. 0) U0 0c Q ~ Z 4 (o -

r. .
04 0 D4 j 1 4 ) 0

~4 00 0 0 0 0 0 0 0 0
z Z z 2 z Z z z z

44 -
41 0 ,a N O Y

-4 2-i

*o 0tt

C-1 4 -4 4 14 -4 -4 .-4 C.J CN

94 0; 0

0 0
-4 14 4.4 4. . -
4.1 w 0U 0) W 0) 0) c 0

C14 (14 r

lIn C* Ln
~-4 0 CN 1~-

0. . . 4 0 0 0

1- L 44

V) cn I I) I I
'- 4-4 1.4 04 -,0

-~t% z~ z4 J

31



41.

44 4.4 41rI'A P 41 r 4 -
w s w w1 4W04 0- 01 A)to4 00A

z 4 0 0& 0 0 0" OD r- 41 a4 .4 41
0) "4 0) -H *biwh-

m4 4; 4 4 4 .0 4 .0 A a
a' 0J 0 fA0 to to .

IA 0 .00 V- 0o c 0k C WC
0 - 04 "4 .00 0 '0 c- m 0 Q0(

64 w4 %4 '4

4.w0 0 0 . 4 lz A -4 -
mih hi hi hiO aiiQ -44 001- bO4 4).

u : 0o ON 04 0 0 0 4 4 1-:1 0. 3,

w r.- -4 9: - 4 0 w a0 )w* ( 0 W4"
0 41 14 >.4.
hi 0 0 .0" O"m-' (1 - 0W104) -4 010 00 00

01 4 mi m- 4- 4) 0" 41 "40 " w 4 m 4 "mw
0- (a 0 hi 0 4-0. *04 04 r.4 0 ~ " C: " .:4" C c0

0 4-4 04- 0 44.i CA "4 H 01 (4. 4 ( ) "4 (A "4 W"4 -A>J >U4 >4 4 )0 bO Ca0 001 0 01 0 bC 0 00 0
(d 0 01A 0 a h 41 ,. 4iO wi Wi w- N-i

01 co0 z1 FA 4 zC 00 0( 0 13 a .0 .0 4) 0 4) 0

0 "40 4)0 "0 4)-hh w" (04 4)h 14 hi
m000 0" 00 0 0 00 0

-4 2

-4 000 0

000

V.)4 NO %0 0 0 e4 m
S-' 0C 0 0 0 0 0 0C 0

41 "

(0 C: 4
"4 W4 " 4 4 0

0 41 0 4

0(H0 WA6 0
hi "4

010

"4-4 04 0 " -

0 0 00 00 0 0 0 ti wC
w 0 1 $

1 .0 - CO
4. 0 1 1 0 014 01 01 01 1

"4 01 z- 4 i h - h i h i

(0 " 4- - 4 4- - 4 4- -32



00

4

0

41

D s0

00

0

-4

-r4

33



Sur I 

104

3O~h~ _ _ _ _ _ __ _ _ _ _

aoo 300 P

0 3 6 a 010 12 14 II 1
T Pottut.. oC

6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.6 6.0 .
ON

33.0 1).2 33.4 33.6 a3. 3A. 0 34.2 34.4 34.6 34.8

Figure 2. Oceanographic data at STU sites.
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