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Geological and Geochemical Data for Seamounts and Associated
Ferromanganese Crusts in and near the Hawaiian, Johnston Island,
and Palmyra Island Exclusive Economic Zones

INTRODUCTION

In this report we present shipboard and laboratory data for samples col-
lected on R/V S.P. Lee cruise L5-83-HW which was designed to study seamounts
and their associated Co-rich ferromanganese crusts. Detailed discussions and
interpretations of the data are presented in two papers (Hein et al., 1985;
Manheim et al., 1985). The cruise began in Hawaii on 29 October 1983 and
ended in Pago Pago, American Samoa on 29 November 1983, Three of the largest
seamount-ridge volcanic edifices in the central Pacific were surveyed: Necker
Ridge, Horizon Guyot, and S,P. Lee Guyot (Fig. 1). Additional planned surveys
in the Palmyra Island and Samoa Islands areas were curtailed as the result of
equipment problems encountered during the survey of S.P. Lee Guyot. Three-
quarters of Necker Ridge falls within the Hawaiian 200-mile Exclusive Economic
Zone (EEZ) (Fig. 2). Horizon Guyot and S.P. Lee Guyot fall within the EEZ of
the U.S. possessions Johnston Island and Palmyra Island-Kingman Reef, respec-
tively.

In addition, we present data for samples from two seamounts, Abbott and
Colahan, located in the far northern part of the Hawaiian Ridge., These sea-
mounts were sampled on S.P. Lee cruise L8-82-NP which was designed to study
the volcanic history at the intersection of the Emperor-Hawaiian linear vol-
canic chains,

Data on ferromanganese crusts from these volcanic features compliment the
information collected in the mid-Pacific Mountains and Line Islands (MIDPAC I
and II) by the F. R. Germany's ship R/V Sonne under the direction of Professor
Peter Halbach, Clausthal University (Fig. 2). The U.S. Geological Survey - F.
R. Germany cooperative program was developed in order to determine the distri-
bution of Co- and Pt-rich ferromanganese crusts, and to understand the origin
and evolution of this mineral deposit, which contains in abundance the strate-
gic metals manganese, cobalt, nickel, and platinum. The richest ores occur
between about 500 and 2500-m water depth between about 5° and 20° north lati-
tude, although other areas locally contain crusts enriched with cobalt or
other metals. The technology needed to mine these crusts is being developed
and many countries have expressed interest in the recovery of this resource,
including U.S.A., F. R, Germany, Japan, Korea, China, and India.

EQUIPMENT AND RECORDS

On S.P. Lee cruise L5-83-HW to Necker Ridge, Horizon Guyot, and S.P. Lee
Guyot, a total of 4500 km of 3.5 kHz and 12 kHz bathymetric data were col-
lected along with 1300 km of single-channel, 80 cubic-inch airgun seismic-
reflection profiles. The scientific crew (Table 1) also collected samples
with large-diameter chain-bag dredges, hard-substrate piston cores, and grav-
ity cores (Table 2). In addition, the sea floor was photographed with a still
camera and video system. Four CTD-oxygen profiles were run to a water depth
of 2400 m. A mooring, consisting of two current meters and a sediment trap,
was placed atop Horizon Guyot and collected data for a 10-month period. Navi-
gation was by Loran C and SAT-NAV, including the Global Positioning System
(GPS).



Fiqure ', Track line map of R/V S.P. Lee Cruise L5-83-HW, Honolulu to Ameri-
can Samoa. Bathymetric contours 1n meters.
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Figure 2.

Station locations for R/V S.P. Lee Cruise L5-83-HW and for R/V
Sonne Cruises MIDPAC I and II. S.P. Lee track line 1is also shown,
as are the boundaries for the 200 mile exclusive economic zones of
Hawail, Johnston Island, and Palmyra Island-Kingman Reef. S.P. Lee
cruise L8-82-NP stations are located to the northwest of the boun-
daries of this map. Bathymetric contours are in meters.
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NECKER RIDGE

Sampling transects crossed the eastern, central, and western parts of the
ridge (Fig. 3). Seismic-reflection lines were run both perpendicular to the
ridge and along its crest (Fig. 4a-k, Lines 2 through 12). Ridge slope-angles
range up to 20° and average about 12°, The ridge crest is more rugged in the
northeast and becomes rounded and supports sediment ponds to 146-m thick in
the southwest. Talus deposits and moating of abyssal deposits occur in dif-
ferent areas at the base of the ridge flanks (Fig. 4).

Recovered rocks are predominantly ferromanganese-oxide encrusted hyalo-
clastite and volcanic breccia, with minor basalt cobbles and phosphatized
chalk and claystone (Table 3). The chemistry of the substrates varies widely
depending on the lithology (Table 4), as does the chemistry of the crusts,
which depends primarily on water depth and latitude (Table 5). For crusts
collected at water-depths shallower than 2500 m, Mn averages 20.80%, Fe
20.11%, Co 0.648%, Ni 0.305%, and Cu 0.088% (Table 5-3).

Vernadite (S-Mnoz) is the primary crystalline (89 to 100%) mineral pres-
ent in all crusts (Table 6). Small amounts of quartz, feldspar, and apatite
also occur in the crusts. Encrusting foraminifera occur on the crust surfaces
and throughout the crusts. Substrate mineralogy is dominated by plagioclase,
apatite, phillipsite, smectite, and pyroxene (Table 7).

The thickness of crusts varies from 5 mm to 70 mm, with a mean of about
25 mm. Sixty percent of rocks recovered appear to be broken from outcrops, 20
percent are cobbles and pebbles completely coated by thin crusts, 10 percent
consist of ferromanganese nodules, similar in appearance to abyssal nodules,
and 10 percent consist of substrate without crusts or crust without sub-
strate. Based on 60 measurements from dredge 5, crusts on rocks broken from
outcrop are twice as thick as those that surround talus cobbles.

Density, porosity, and other physical properties of the substrates, were
determined by immersing the rock in water under 80 psi pressure for 24 hours,
then weighing the rock (Table 8). Next substrates were dried at 110°C for 48
hours and reweighed. Volumes were measured with a pycnometer. Crusts were
placed in fresh water immediately after collection on-board ship. Water loss
was determined by overnight oven drying at 110°C (Tables 9-1 and 9-2), and
grain densities were measured by micropycnometer techniques. Physical proper-
ties were computed from these parameters. Some additional dried samples were
reconstituted to saturated condition by placing them in water under vacuum for
3-4 days, followed by the same procedure as above.
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Table 3. location and description of samples from Necker Ridge, Cruise LS-83-ws.
approyimate
Sample  tatitude Londitude Wacer OepTR  5,upie we. Cruet Owecriptiom Subscrate Owecriptiom
No. ) () (o) (xa)
1-0% 22%10.07 166°48,.57" 4200~ 3.8 ™ia (0.5-) sa) very smooth crusts Dark gray-brown, sltered baealt pedbles and cob~
22%12.17% 166°47.08° 19%0 avenly cost basalt cobbles. One crust bles, few =0 modersts nuabetrs of ves.clae, olivine
on siltstons .s botrycidal, denee, and and plagioclase phyric with olivine replaced by Pe~
brown on the cop ant smooth, porous, and hydroxides and plagioclase Dy clay minerals. Munor
black or the bottom. pale brown to brown siltatone.
4-FCH 22°10.087° 166°91.66* 3403 -— None 1 & white to pals browa stiff nannofoseirl mud.
$-pC2 22°12,48° 166°%2,90° 2402 - Swooth and botryoidal, thin (0.5-12 am) Poraminifersl sand overlying altersd besalc and
Crusts coating moatly phosphorite nucles. phosphorite pebbles.
6-PC) 22°15.3%" 166°%91,23" 1970 - 5-10 mm “hick crust with mm-scale knobby Pocamun.fersl sand sized vith crust chips overly.ng
surface coate hyaloclastitse. 25 sm hyaloclaetite pebble.
7-04 22°14.18°  166°52,2v* 2100~
22°14.26  166°32.79" 20%0 - None white foramaniferal sand.
8-0% 22°10,98' 166°33.9) 2350- 138 Dominantly smooth, porous in lows) many Yellow-brown hyaloclastite with anqular to eub-
22°18,30" 166°54.12° 2100 nottyoidal, porous between botryoids); some rounded, highly altered Basalt and palaqonite
qranular and porous. On che basis of §0 clasts) encrusced conglomerate composed of rounded
msasuressnts, crusts that completaly sure basslt clasts coated by sme-thick a-oxide and
round rocks range \n chickness froes 1-38 by pinkish-b i1te. Basalc .8
mm and average ') mm; cruets that coat typacally hughly wes.cular (~458), highly altered,
only one surface of rocks (broken from with olavane micr ysts pi phed DY
outcrops) range from $5-45 me and average Pe-hydroxidas.
25 mm, all crusts together aversge !9 am.
9-06 21°43,10"' 167%34,69* 2400~ S48 Dominantly smooth, layered crusts; botry- Yellow-green hyaloclaetite; breccia of altered
21°43,32° 167°3%.22¢ 2100 oidal to knooby; SOV rocke partly brown baeslt and palagonite in clay sineral sacrix;
encrusted, 2154 completely encrusted, 156 pinkish-brfown breccia conta.ning rounded basalt
without cruets, and <!V nodule! Partly clasts coated with Ma-oxidee .n a phoaphatized
coated rocks fall into two groups: those L.aestone ~emsnt; fractured and aitered cobbles and
with cruste from 5-15 mm and chose with boulders of basalt coated with MRn-oxide and frace-
20-40 mm~thick crusts. Crusts range fros rutes filied wicth nannofossil cose. B8asalt canqges
2-50 mm and average about 2% am. from aphyric te olivine and plagioclase phyric, and
from massive to highly vesicular. Minor clasts of
bioturbated chalk asd cherc.
10-07 167%37.41° 2100 128 Dominantly thick, emooth, lavered crusts) Yellowish to greenish brown hyaloclaetite and bro-
167°36.92° rate botryoidal crusts. 7084 of rocks ken prllow breccis with highly altered, olivine
partly coated, 208 without crusts, 0§ ohyric claste (%o 15 ce) wvith palagonite rinds.
wichout substrate; cruat thickne: . Minor pale-brown phoephorite aed Poramunifera-
range from 10-4%5 sm and average 28-130 am. bearing chalk.
11-FC4  21°50,40° 167°319.99* 44123 .- thick crusts oo basalc 28 cm brown, calcareous siity mxd abowve $ cm of
st1ff brown wud with altered baealt pebbles and
crust chips.
12-08 20°12.57* 169°30.38° 4800~ 10 Dominantly qranular-poroue surface; others Grasm to browm volcsmic breccia and coaglossracs
20°11,88° 169°31.18° 4500 botryoidal or smooth; 406 parcly coated with Righly altersd, subrounded basalt pebbles)
rocks, JOS pancake nodulee with porous amd jreen-browa faincly lasinaced silt and clayetone
amcoth to knobby surfaces, micleyr of silty cContaining many crust chipe. :
volcaniclastic mxietons, and crust thicke
nesses of 1-10 may 30N nodulss, of bimodal
s128 distrabution: <i-4 ca and B8-15 ca,
¥ith nucler of wxdetons or basslt. Thacke
eS8t Crust 16 45 mm, awverage 25 mm.
14-010 20°20.12* 169°14,.%2° 2400 ? 8 rocks: ) coated wath crusts that vary Yellow-grese hyaloclastits with orange-red palago~
20°19.99" 169°34.130° from qranylar-porous to subtly botryosdal: nite end altersd basalt clasts (to 8 cae) in clay

} crusts without substrate are similary 2
Tocke without crusts, Thicknesses are 10—
40 ==, averaqe )5 mm.

munarsl of lisestons matriz. Nannofoss.l cose
fills fractures and euhedrsl calcite crystals and
zeolites fill wge.

'0 and R in sample nuabere repressat dredge amd hard-substrate corer, respectively.



*)}Ied OTUSW PuUP 19AU3(] UT SdTI0IRIOGe] TPOYaATeue A3nlng [eoTbotloan °ge*n e powiojiad sasA{euy
. *I07 uO paseq S8TP1O]

*sTsATeue 31038q D,G0l 3P Pavtip @iom satdwes ¢jusssid 1ai1em TLI03 BIUISaIdaL «Om: ™

+Eolag se 83 TRIOL

JUSWSD INTTO9Z poavuTHR] IUdWeD 83IT108Z ’Id091q
‘eto091q ‘3uo3Ispnu yatm aam ®10081q ERR &Y ateseq oTuedTOA 9112 eT0081q
atuabourotop otusboueotop ~-Se1o0TRAH OTUPITOA -se1oo1eAH pai1211¥Y poztieydsoyd a1eseq -se1o01RAH 2TUROTOA a1eseq AboToya Ty
8°66 566 £°001 $*001 6°66 s°001 £°v6 100l 0°001 8°L6 6°66 Tea0g
90°L 60°8 62°9 sv'9 Lo 66°Y 8L°9 v6°¢€ z9°L v8°9 90°s (26006) 1071
96 0 €€°0 6£°0 £€°0 Lo £L°0 10°s -- ov*o z8°¢C -- Zoo
£8°8 £EL°6 05°8 £5°8 90°8 08°v 1348 -- vs8 »262°9 - Lo%H
61°0 §5°0 zi1o zi'o L0°0 80°0 vz o 80°0 vi'o 9¢°0 S1°0 oun
08°0 zz°o AR sL°o 62°0 Lv'z 0°82 L9°0 oL*o vevL $Z°0 Sota
s1°z 8L €z ez 8z°2 L9z 61°0 15°¢2 61°z 6z°1 79°1t Zovy
s9°'¢ otz 19°¢ se°z 06°2 951 Lo £6°1 6L°Y zz e 18°0 ofx
0s°2 Loy 1z 6v°2 9v°'z 86°2 AN BE*¢ 11244 06°1 £9°2 ofen
Lot 66°¢ S0 s9°v 90°€ 82°6 LSy £8°L S6°1L (31 74 95°8 o®d
9z°2 90°¥p 1zee vz vez zet 99°0 z9°1 092 86°1L LyL obW
z0°0> zs°0 z0°0> z0°0> Lveo 1£°0 zo*0> - z0°0> z0°0> - 094
veel 6° 11 o°tl 8°zl . 8wl 65l TN +0°Z1 1e6 tees +9°01 toleg
zeLn 6°ctL g8l 161 €Lt vect 6L°2 161 s°Lt 1ot s°9t €ol1v
SeLy gLy v sy 8°LY 6°9Y I Lv*s veLY £°15 562 zeov Zotg
1v-01a zv¥-8a S1-8v-La £v-La 8-5v-90 £-5¥-90 Zv~-9a z-9a Li-£8-50 6-EY-50 t-1a

*MH-£H-GT 2STN1) ’S)001 23eAIBGNS 2bpTy IaydeN :3usd1ad Iybrsm ut saprxo 10(ew °p 8rqel



ot 4 u03309 066 18 €0 Z1'1  9€'Z  L9°0 WLV €6°C  %60°0 9v°0  0Z'1 ('  9v1  w°8E  [8°C €8 61-01Q
o¢ 1303 1°66 €8 €0 %0 €'z 19°0 661 OE'E  #80°0 SE'0 L0 6°1€  16°1  0°€€  S€°Z  65°11  81-01a
o€ do3  €'86 (¢t T°0  96°0 62°T %90  99°T  9€'E  150°0 €0  28°0  S°1€  9°1  €°€€  €0°T (S 11  (1-01Q
ot Te303 4001 v8 70 90 ' 96°0 20°Z S6°Z ¥61°0 #Z°0 80  (°6Z  88'S  0°ZZ 00°y  9v-0Z  91-08d
ot ‘3309 7766 69  Z°0  (S*0  €Z'T €2°1 09T ZIV'E  S6I'0 E€E°0 90  2°SZ  v8°9  S°€Z  €9°T  yz°€Z  ¢1-648d
of do3  7°86 9°9  1°0  79°0 02z Szl ST  80°C OL1°0 OZ'0 YE'0 ¢°LZ £0°L S°61 20°€  0S°vZ  »1-984
ov Te303  0°66 1L 1°0 90 €'z 98°0 9.1  TIE  IE1°0 220 €9°0  L°1€  €9°%  8°%Z  €9°€ gy L1  £1-ved
ob do3 (001 68 90  £0°T 22T S0  6S°1  v°€  8%0°0 O€'0 €0 0°T€  €9°Z  $°0€ L1 4Z'ST Zi-Xd/Q
ov Te303  €°86 v Z'0  66°0 SI'Z (9°0 81 ({6 001'0 ZE'0 950  0°ZE  10°€ '8  (8°Z  00°%1 {1-Xi/d
Sz-0T 4 *3304 0766 €L v0  68°0 99°T S0 %6°l  8S°€  0S0°0 %0 BEl  S°LZ 991  8°8€  61°C  €5°8  01-xvid
v do3  6°001 €6 S0 21T 66T 98°0  99°1  Z8€  €90°0 1€°0  wL°0 %62  12°f  8°6Z  88°1  SL°ST  g-xyed
v 4330q €16 €9 60  10°1  €/°T  (9'°0  w/°l 00'v  %80°0 9S°0  8S°1  9°€Z  9L°1  [°SC  00°T 9E°8  g-xv9a
ov do3 101 ('t €0 €01  €2°7 10 Ul L't %01'0 8€°0  0L°0 0°l¢  €9'T  9°Ce 2T okl [-Avea
ov 330a  £-001 S0l ¥0  E€L°0 06T 26°0  (9°1 '€ 8I2°0 S0 L0 0°SZ  S6'T  S°SE  ¥s'T  wLrTl 9-Aved
-t 19303 gegg 6 %0 €01 gz'Z  09°0  29°1  Ty'€  9II'0  S¥0  26'0  1°6Z  €9°T  6°€E 2T  Sv'6  §-¥dsd
sz Te303  g-96 ('8 €0 LU 81'Z  9.°0  w£°1  (9°€  BII"0 990  €8°0 9°/Z €9°CT  4°I1€  €6'1 Ol'El  9-¥dsa
o1-g do3s 746 €6 §0 680 €2°Z ¥9°0 29'1  86°€  SEI'0 190  6L°0 €82  9L'T  8°06  SZ'Z  96°Z1  €-VEDd
v @03 {96 9°8 60 80 (27 28°0 6L°1  €9°C  98Z°0 9¥°0  S9°0 0°LZ 68°€C L' S¥'T (9'ST  z-vZdd
£t W03 £°¢6 14 19°0 %60  €2°z  18°0  9L°l  €9°€  981°0 62°0  SS'0 0°6Z  10°€ 262  88°1 Z6°¥  1-vid
(wa) seouyoTRL SO wng 0% %o  S% ofen  o¥x o8  o®» o fin  Yofop folea folty  Zouw  Zosz  lois  miaWvs
*uO363Y-59SN Aq auop sesATeuy °sqeTs

uxnvﬂﬂnm 03 B8a3838x 4 *330d *ajealsqns pue um [ ms usamiaq 3ISNID 03 BIajax *3Jjog *3IBNIO JO SSAUNDTY 81T3U9 O3 SBi13dJaa

jo eprsiapun woiaj satdwes snoiod pue ayfqeray

Te30L

*8837 10 ‘38nID jJo um ¢ jsowzaddn o3 saajaa A1yeasusb doj,

-Yuwayo o3 saegax oy

‘uns Yy3Ta ‘juadcazad jybram ‘saprxo aofew 9313-193em OTdOOSOILAYH

*sTsdATeue 103 uasoyd ardwes sajouap adA3 asTdues
*MH-£8~GT @8TNI1) ‘8bpry I18)08N ‘S3SNI0 ssauebuewoaiay jo AajsTway)

*poyzsu preTjusd Aq pouTWIB3apP I33M punoq ATfed

‘1-S 81qeL



6°96 09°1 1°6 8¢t 26°0 %9°0  %9°1 Ls°¢ w0 vE°l 8°92 78°7  0°(E et vi's 61-01a
°%6 %' 1 8'8 €8 96°0  65°0  6%°1 €6°2 (2°0  06°0 8°67 91 Lee 26°1 96°01 (1-01d
$°96 AR L*9 001 09°0 911 18°1 (\JAX 60°0 0  0°¢2 79°8  8°61 06°2 1T AI%4 y1-@8a
%<6 91 9° ¢ Ls 1£°0  6E°0 15°1 §9°Z  01°0  6%°0 8°6Z  SO°( 9°¢€2 6L°¢C $1°91 €1-v8d
8° L6 8y 1 s°8 €6 s0°1 $9°0  29°1 9e-¢ §2°0  (9°0 01t | VAL 2 AF 1/ Lz 1AM R 11-%4/a
916 £5°1 6'8 9°g 80°1 €9'0 20°¢ ey €5°0  99°1 842 e L 0s°z 098 6-xv9Q
1°%6 sy°1 €8 861 9£°0 18°0 15°1 97°¢ 7$°0  9L°0 9t YUy 9°gg $6°2 18°11 9-4Av9q
0°86 £9°1 €6 8zl €01 85°0 79°1 0% ¢ 6£°0  00°T 8° 67 6S°2 95 ST°T  06°8 §-x06a
6°96 0s°1 9°8 s et 26°0 09°0 e teee 9¢°0  68°0 9:87  08°¢ vl otz 89Tt £-vEod
6°26 (XA 9°¢ §°¢ £8°0 %0 w1 €T %0 89°0 7'97 6£°S  0°(2 1%k 4 €2° 81 7-v2od
wng L2410 +0fs  -oln Soly4 oy 0% oed  Yotin Yotop folas folrty  Toun Zowl Zo1s T1dHYS
*HM-S9SN Aq duop sasdAjeuy °(-G 3Tqel

03 19391 SsIUNDTY3 Te303 pue adAl ardwes 104 *a7qe3 UT PapPNTOUT JOU SIUINITISUOD IOUTW JWOS 10J QUNOOIOE 03 OF/(COUW + 0C@4) 1030e) UOTy
-231100 Teorardws ue st 13430 °*£/(Couw + £0%a4) :drysuorjerax Teoratrdws Aq peindwod isjem punoq ATTeSTWayS> O3 613381 OCHe *UNS I TM
*MH-£8-61 @STni1) ‘3bpry I3x0aN ‘S3ISNI0 asauebuewo11aj jo Aa3srway) °zZ-¢ a7Qel

‘3u3d13d 3Iybram ‘sapTx0 10(ew 33a1j3-133em O1doOSs01bAY

11



oLyl 65°0 6%°0 ye°e 960 s0°t 18°¢ 6£€°0 €100 6(8°0 ye 61 Lo 9T 42 et 4 9 '] 61-01a
0z 11 [+]3d1] 1%°0 g€tee 16°0 96°0 9¢°2 652°0 L90°0 675°0 6Z°¢ 11 €8°02 191 6S°11 81-01d
oy'8 e o [A MY 62° €s°0 00°1 0%°¢ 162°0 1%0°0 009°0 s0° ¢t €6°0 90°1¢ ¢el A3} (t-o1da
o1°0t 1z°0 €0 -z 8L°0 Tl 11 1o §S1°0 8.2°0 08°0z ¢ 06°€t (1] A4 9%° 07 91-08d
0s°o1 LY 4] s¢°0 €t o1 Sy 1 €T (17441} 9¢1°0 yZ¢€°0 €9° (1 29°¢ 98° 91 65°1 yzee S1-498a
06°Y <10 Lo 0L°? 0°1 9€°1 0z°7 Ly1°0 9€1°0 62°0 €0°61 [ oe 18°1 05°%T y1-48d
0Z°9 Lo €€°0 € 1L°0 90°1 [ X A4 6S1°0 S01°0 61€°0 L-ze §y°2 L9°st 61°2 8y L1 €1-vga
oL 6%°0 <Y°0 Tt 79°0 96°0 9%°2 ¢ttt o 8€0°0 6€5°0 89°1¢ or°1 ¢t 6l 90°1 e st T1=-x4.4
ozt 62°0 €90 19 84 96°0 €6°0 69°2 Le2°o 080°0 60%°0 18 A A4 6S°1 66° L1 I3 | 00° %1 11-x400
0€°9 <Y°0 6€°0 99°2 29°0 1 952 0€E°0 0%0°0 €10°1 12°61 Lo LA 14 16°1 €S8 o1-xva
09°¢ 16°0 LA M0 LY A4 96°0 S0t 98°¢ tLiv'o 190°0 S91°1 691 €6°0 9622 01 9¢°8 6-XV9d
0921 16°0 6%°0 6€°2 12°0 00°t €L°e 8tz 0 %€0°0 L%6°0 602 oLt €8°81 €11 SL°S1 8-xv9Q
08°9y1 Lo Y0 €z 6S°0 €0°1 69°2 182°0 £€80°0 91s°0 1w ie 6€°1 L T2 ¥4 6€°1 [{iM %} -£v9a
09° (1 6%°0 7€°0 (0] 9 4 9L°0 10°1 99°¢ 00%°0 Z81°0 €€s°0 A ANAS 95°1 13 A4 A9 ¢ 9L°C1 9-4vea
ot-ot L%°0 <¥°0 e 0$°0 86°0 29°C €eC o £60°0 849°0 setoz 98°0 99°1¢ 9¢°1 $9°6 <-%J6a
0y°'s8 Le°o 160 '] B4 €9°0 S0°1 19°¢ 8€€°0 %60°0 119°0 cLel 6€°1 98°61 91°1 o1°€gl y-xg¢a
0s°01 €S°0 Le°o € €6°0 86°0 9¢°2 10€°0 801°0 185°0 LLeet 9%°1 6l (10 | 96°¢1 €-vedd
(1194 tA ] Le°o teee 89°0 80°1 65°¢C See°o0 Lzeo SL%°0 16°81 90°2 161 Lyt L9°st T-V2od
0z°9 1%°0 1%°0 €2 L9°o0 90°1 $y'¢ €1z°o 6%1°0 S0%°0 sZoc 6S°1 vy 81 €t°1 T6° 1 1-vida
-otn 20 d olen A 1 ®) N " o) a4 ™ uy 134 Zo1s  F1mivS
*uo3saYy-50SN Aq sasATeuy °|~§ 2[gel 03 I93J31 SSaUXNOTYI Te303 pue adA3 ordues 103 33U

-33d Jybtam uyr SIUBWSTS Jof(wam 3313-193em OTdOOSOIDAH °*MH-£8~GT I8TNID ‘SHPTY IIYDaN ‘SISNID Is53uvbURPWOIII} JO AIFSTWSYD °*g-¢ 9TqRl

12



18°61 0%°0 €S°0 66°0 S6°¢ 0te°o $86°0 %L 81 6%°1 9¢°€¢ 99°1 %1°8 61-014
8€°8 A M 6%°0 06°0 60°¢ 961°0 699°0 (8°0¢ €11 €0°0¢ S1°1 96°01 L1-010a
00°01 9Z°0 $6°0 60°1 £6°1 990°0 662°0 68°81 9G° % 16°¢C1 %L1 1% Al X4 %1-980a
SL°S 1€°0 ¢e°0 16°0 68°1 %L0°0 09¢°0 68°0¢ €Lt 26° %1 TXANA S1°91 €1-vga
SE°6 9%°0 %6°0 86°0 (1) A4 {81°0 96%°0 0L 12 6%°C 08° {1 99°1 A AN 11-x4.d
19°¢ %0 i6°0 rAA | 86°C 16£°0 81¢°1 9¢° (L1 €Ll Z8°¢€? 0s°1 o%°8 6-XV9d
88°61 £tE°o L9°0 16°0 £€e°¢ 98¢€°0 196°0 68°91 61°C weo1e L1 18°11 9-4v9a
98° 21 S%°0 8%°0 86°0 |5 AdA 982°0 VAN A 18°0¢ Le°1 9¢°¢¢ St 1 06°8 ¢-x26a
06° €1 o%°0 0s°0 %0°1 %°C 69Z°0 869°0 ¢0°0¢ 10°¢ (8°61 g8e°1 89°C1 €-VeEdd
¢S°S 8€°0 19°0 %0°1 1¢°2 90¢°0 L6%°0 ce- 81 G8°¢ 90° L1 1%°1 LY AR | ¢-Veod
-o%H d p.| )] e) IN 0) a4 v uy 71 tors A1dHVS

*HM-s9sn Aq sasdieuy |-G aTqel

03 13331 SSauyOTY3 Te3z03 pue adiky ardues 104
01dooso1bAy *MH-£8-G7T @STNID ‘9bpTY Ia)09N ‘sIsSnId 9sauebueworrsy jo Ax3stTwayp

*3uadiad jybrtem ‘sjusawatTs aolew 93a3-193°EM

*v-5 aTqeL

13



0L*%1 S£000°0  610°0 O¥I*0 ZZ0°O0 %90°0 1S0°0 2SI°0 [B1°0 ZLO°O 261°0  61-01d
0z°11 62000°0  1Z0*0 211°0 120°0 [90°0 090°0 9%1°0 161°0 [€0°0 (S1°0  g1-01Q
0%*8 92000°0  120°0 TE1°0 120°0 190°0 090°0 1IvI*0 GB1°0 €€0°0 0ZI*0  (1-01d
01°01 8Z000°0  210°0 %»1°0 S10°0 0L0°0 S%0°0 201°0 2ZZ1°0 £00°0 SST°0  91-08d
0$°01 LZ000°0  Z10°0 SY1°0 €10°0 6S0°0 €%0°0 060°0 OI1°0 010°0 S%I‘0  ¢i1-980
06°% 2z000°0  0T0°0 9€1°0 €10°0 €S0°0 1v0°0 880°0 %01'0 900°0 9¢I°0  yy-498d
0Z°9 €2000°0  810°0 181°0 610°0 €90°0 €S0°0 LI1°0 8E1°0 G10°0 0L1°0  g1-ved
0L°%1 92000°0  2Z0°0 8ZI°0 1Z0°0 8S0°0 290°0 O%I°0 661°0 1€0°0 8Z1°0 Z1-xd/d
0z°L zz000*0  610°0 [O1°0 1Z0°0 %/0°0 [S0°0 O0S1°0 €810 820°0 €81°0 (1-xi/d
0€'9 €£000°0  T1Z0°0 6%1°0 1Z0°0 %90°0 1S0°0 6%1°0 €1Z°0 0£0°0 091°0 QT1-xV/d
0%°Z1 €z000°0  120°0 €11°0 610°0 %S0°0 8S0°0 9€1°0 T/1°0 620°0 901°0  8-XV9d
09°S  1£000°0  920°0 691°0 810°0 Z2/0°0 090°0 8S1°0 10Z°0 6Z0°0 8v1°0  6-XV9d
08°%1 SZ000°0  Z0°0 S11°0 1Z0°0 690°0 190°0 2ZSI°0 [BT1°0 SE€0°0 %91°0  L-4V9Q
09°(1 Sz000°0  810°0 1Z1°0 810°0 9£0°0 €$0°0 (S1°0 €€1°0 G€0°0 %61°0  9-Avea
01°01 120000  1€0°0 ZIT°T SZ0°0  990°0 0L0°0 [L1'0 681°0 €%0°0 (L1°0  S-X2¢d
0%°8 0£000°0  610°0 6U1°0 810°0 S90°0 8%0°0 1I¥1°0 961°0 1€0°0 1v1°0  y-Xgsa
05°01 vz000'0  020°0 960°0 910°0 Z£(0°0 €90°0 SYI*0 8L1°0 1€0°0 (91°0  €-VEdd
0S°Z (zooo*c  910°0 160°0 %10°0 %80°0 090°0 O%I°0 2L1°0 610°0 <TI0  Z-veod
02°9 €£000°0  810°0 6SI°0 ¥#10°0 €90°0 950°0 (Z1°0 181°0 (10°0 (Z1°0 1-via
_o%H PO sy 3) X uz A s qd O eq ATHVS

Te303 pue adAy ayrdues 104
S3UdUWIT3 dJok1y

*uo3say-s9sn Aq sosdTeuy
*3juaoaad jybram ‘(sTseq @aa3j ainystow or1doosoabdy)

|-G 9TqeL 03 13331 SS3AUNDTYI

*MH-£8-G1 8sTni) ‘sbpry a9308N ‘s3snid sesaueburwoiaay jo Aajsrtuwayp

|ON= 103 pa3Da1l0d
*Gg-g aTqer

14



Table 6. Mineral content of ferromanganese crusts, Necker Ridge, Cruise LS5-83-HW,

Sample No. Vernadite Plagioclase Quartz Apatite Others Comments
(%) (%) (%) (%)
D1-A1 99 0 1 0 Bulk
DS-A2 100 Bulk
D5-A3-1 98 1 1 Bulk
D5-a3-3~-I 90 1 1 3 Todorokite (4%) Bulk
Barite (1%)
D5-A3-4 97 2 1 Bulk
DS-A3-5 97 2 2 0 Bulk
D5-A3-6 100? inner crust
D5-A3-6 98 1 Anhydrite or outer crust
Mordenite (1%)
DS5-A3-8 95 3 1 1 inner crust
DS5-A3-8 98 1 1 outer crust
D5-A3-9 92 <1 4 K-spar (4%) Bulk
D5-A3-10 89 1 10 granular
D5-A3-22 94 1 5 Bulk
D5-B3-7 94 4 2 Bulk
D5-B3-9 100 0 0 0 Bulk - very porous
DS5-B3-13 98 1 1 porous, upper
surface
D5-B3-13 97 3 crust on underside
DS-B3~-13 97 2,5 0.5 inner crust
DS=-B3-17 91 1 8 Bulk
D6-A1 98 2 1 outer crust
D6-A1 97 2 <1 1st layer (adjacent
to outer crust)
D6-A1 99 1 2nd layer
D6-A1 96 3 1 3rd layer (adjacent
to substrate)
D6-A1 100 porous underside
D6-B1 97 2 0 1 inner crust
D6-B1 97 1 2 0 outer crust
D7-A8-1 94 5 1 0 inner crust
D7-A8-1 96 3 1 0 outer crust
D8-A4-6 95 3 2 0 calcite? Bulk
D10-B1 98 1 1 o] outer crust
D10-B1 97 2 1 0 inner crust

Percentages were determined by using the following weighting factors relative to quartz set as
1 : vernadite 75, plagioclase 2.8, apatite 3.1, calcite 1.65, We determined the vernadite
weighting factor by mixing known amounts of a pure vernadite crust and quartz; other weighting
factors are from Cook et al. (1975). The limit of detection for each mineral falls between 0.5
and 1.0 percent.



Table 7.

Cruise L5-83~HW,

Mineral content of substrates associated with ferromanganese crusts, Necker Ridge,

----- X ~-ray Mineralog y~-—e--
Sample No. Major Moderate Minor or Trace Comments
DS5-A2 Apatite Quartz White vein in basalt
DS5~A2 Apatite Smectite Basalt
Plagioclase Pyroxene
DS5-A3-1 Plagioclase Smectite Gray basalt clast from phosphorite~
Apatite cemented breccia
D5~-A3-1 Plagioclase Smectite Apatite Yellow=brown basalt clast from
Goethite phosphorite-cemented breccia
D5-A3-1 Apatite Quartz White matrix from phosphorite-
Plagioclase cemented breccia
D5-A3~1 Apatite Quartz Pink matrix from phosphorite-
cemented breccia
DS5-A3-1 Apatite Quartz
Calcite?
D5~A3~1 Apatite Basalt clast from phosphorite-
cemented breccia
DS-A3-3 Apatite Quartz? White vein from volcanic breccia
DS5~-A3-3 Apatite Plagioclase Smectite Volcanic breccia
D5-A3-4 Phillipsite Smectite Apatite Pale brown sandstone matrix from
Plagioclase volcanic breccia
D5-A3~4 Phillipsite Smectite Plagioclase White sandstone matrix from
Apatite Quartz volcanic breccia
D5-A3-9 Apatite Smectite? Pink volcanic clast from volcanic
Quartz? breccia
D5-A3-9 Apatite Quartz White matrix of volcanic breccia
Smectite
D5-A3~9 Plagioclase Apatite Smectite Gray basalt clast from volcanic
Pyroxene breccia
D5-A3-10 Plagioclase Smectite Green basalt clast from volcanic
Apatite Calcite breccia
D5-A3-10 Apatite white matrix from volcanic breccia
D5~A3-10 Apatite Phosphorite



Table 7 cont.

wmm—=X - ray Mineralog y ===

Sample No. Comments

Major Moderate Minor or Trace
DS-A3-22 Apatite White matrix in volcanic breccia
DS=-A3-22 Quartz Apatite Plagioclase Pale brown matrix in volcanic
Illite Chlorite breccia
D5-A3-22 K-spar Apatite Yellow-brown basalt clast in
Smectite volcanic breccia
D5~B3~-7 Plagioclase Pyroxene White basalt clast from volcanic
Smectite Phillipsite breccia
D5~B3-13 Plagioclase Apatite Gray basalt clast from volcanic
Pyroxene breccia
Smectite
D5-B3~-17 Apatite Phosphorite coating on volcanic
breccia
D5-B3-17  Apatite Basalt clast from volcanic breccia
Plagioclase
D5-B3-17 Apatite Phenocryst from volcanic breccia
D6-A1 Plagioclase Smectite
Apatite
Calcite
Pyroxene?
D6-A2 Apatite Plagioclase Phogphorite from volcanic breccia
Smectite
Phillipsite
D6-AS~-3 Plagioclase Apatite Quartz Basalt
Pyroxene
Smectite
D6~A5-8 Plagioclase Smectite Hyaloclastite
D7-A3 Plagioclase Smectite Volcanic breccia
D7-A8-15 Phillipsite Smectite Apatite Hyaloclastite with zeolite
Plagioclase cement
c8-A2 Phillipsite Smectite Laminated mudstone
Plagioclase Pyroxene
D10-At Phillipsite Apatite Volcanic breccia with zeolite
Plagioclase cement
Smectite
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Table 9-2. Water content and ignition loss data for Necker Ridge, Cruise L5-
83-HW. H,., Mairs and K. Schmitz, analysts. H,0 on wet weight basis was
established by loss on drying at 110°C. Dry weight basis means that starting
material was air-dry powder, and all weight loss data are given as a weight
percent of oven-dried sample (110°C) except hygroscopic moisture (Hzo). All
data in weight percent.

Sample No. Wet“weight basis = = —escmeeeeeo Dry weight basis~====—-==--
H,0  500° 1000° H,0 110-500° 500-1000° 110-1000°

D1B2 33.1 37.6 39.1

PC3A 35.3 41.3 -

D5Bx-4 14.4 8.69 5.95 14.6

D5B2 31.6 38.7 41.6

D6Ay-7 16.8 9.06 5.79 14.8

D6A-4 30.7 39.3 42.4

D7Ay-7 12.8 8.29 7.72 16.01

D7Fx-12 17.8 9.38 5.80 15.19

D786 39.2 45,7 49.3

D8A-13 11.04 8.75 5.01 13.76

D8B-14 8.68 7.84 4,34 12.17

D8B-16 12.78 9.56 4.25 13.82

D10-18 12.97 9.72 6.17 15.89

D10B-3 33.7 41.0 44.8
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Figure 4.

Single-channel, 80 cubic-inch airgun seismic-reflection profiles
for lines 2 through 12 (4a through 4k), Necker Ridge. Note moating
of abyssal deposits at the base of the ridge. The northeastern
part of the ridge 1s rugged and supports little sediment in con-
trast to the southwestern part, Dredge and core locations are
indicated on some profiles. The distance between each horizontal
rule represents 150-m water depth.
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HORIZON GUYOT

A sampling transect crossed the central region of Horizon Guyot (Fig.

5). Two seismic-reflection profiles (Lines 13 and 14) crossed the guyot from
north to south (Fig. 6a,b). Maximum slope gradients of the north and south
flanks are 14° and 19°, respectively. A sediment cap up to 500-m thick rests
atop the guyot (Deep Sea Drilling Project Site 171 on Figure 5).

Sediment from the cap spills over to the flanks as seen in the camera-
video survey. Sediment commonly shows ripple marks and sand waves, attesting
to vigorous current activity (Fig. 7-2 and 7-6). 1In places, manganese nodules
line the troughs of the sand ripples (Fig. 7-6). Several densely-packed
nodule fields were photographed (Fig. 7-4). A rough estimate from 900 bottom
photographs, each displaying 2 to 3 m of seafloor on a side (Fig. 7), indi-
cates that 50 percent of the upper flanks of the guyot (between 1770 m and
2800 m water depth) are sediment covered. All hard-substrates photographed
were covered with ferromanganese crusts. Photographs show ubiquitous organ-
isms living both on hard and soft substrates, including their tracks and
trails (Fig. 7-5).

Two current meters were placed 10 and 180 m above the sea floor on a sin-
gle mooring. The 10-m current meter flooded and no data were obtained. The
180-m current meter returned excellent data and showed variable-current speeds
and directions with a maximum velocity of 30 cm/sec (Fig. 8 and appendix 5).

One set of CTD and oxygen profiles was taken over the gquyot and one set
in deep water to the south of the guyot. Both sets showed similar patterns
(Fig. 9-1 through 9-10). The oxygen-minimum zone begins at about 500 to 600-m
water depth.

Recovered rocks are mainly ferromanganese-encrusted volcanic breccia and
hyaloclastite with minor basalt cobbles (Table 10). Some basalts contain
abundant wvesicles indicating eruption of volatile-rich magma in shallow
water. One basalt cobble encloses several shallow-water limestone pebbles
attesting to contemporaneous volcanism and reef growth., The chemistry of sub-
strate rocks varies with lithology and with degree of impregnation by phos-
phorite and calcite (Table 13-6), Likewise, the substrate mineralogy reflects
the lithology, amount of cementation, and degree of alteration of the volcanic
clasts (Table 12).

Again, vernadite is the dominant (87 to 100 percent) mineral present in
all crusts (Table 11). Minor quartz, plagioclase, calcite, and phosphorite
(up to 12 percent) also occur. Crust chemistry also varies, especially with
water depth (Table 13-1 through 13-5). For crusts collected at water-depths
shallower than 2500 m, Mn averages 25.98%, Fe 16.65%, Co 0.743%, Ni 0.400%,
and Cu 0.096% (Table 13-3).

Crusts vary in thickness up to 50 mm and average 15 mm (Table 10). Forty
percent of encrusted rocks recovered were broken from outcrop; forty percent
were completely encrusted cobbles, ten percent were not encrusted, and ten
percent were ferromanganese nodules. Crust surfaces varied from smooth to
knobby and botryoidal. Thicker crusts contained two distinct layers separated
by a paper-thin layer of phosphorite. In polished sections crusts are lami-
nated. Foraminifers occur throughout the crusts.

Density, porosity, and other physical properties were measured as dis-
cussed in the Necker Ridge section and are listed in Tables 14 and 15 for sub-
strates and crusts, respectively.
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JOHNSTON ISLAND

Seismic line 18 traversed part of the east flank of Johnston Island
(Figs. 10 and 11), Only one dredge from 1400-m water depth was attempted,
which recovered a calcite and smectite-cemented volcanic-breccia cobble (Figqg.
10 and Table 16), Most volcanic clasts are highly altered to clay minerals,
zeolites, and calcite but a few, relatively fresh, porphyritic clasts also
occur (Table 17). A thin (less than 1 mm) crust of vernadite coats one sur-

face (Table 17).
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Figure 5.

Sampling stations and camera and seismic-reflection profiles on
Horizon Guyot. Deep Sea Drilling Project Sites 44 and 171 are
indicated. Areas marked with A are the thickest sediment section
detected by Lonsdale et al. (1972). Contour interval 1s 200 fath-
oms {(Chase and Menard, 1973).
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Figure 9.

Water column data for two Horizon Guyot stations, 31 which is on

top of the guyot and 33 located to the south of the guyot (see Fig-
ure 5 for locations).

9-1 through 9-5 are respec-tively tempera-
ture, conductivity,

salinity, Sigma-~T, and oxygen for station 31;
9-6 through 9-10 are the same parameters for station 33,
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Figure 10. Sampling station and seismic-reflection line on Johnston Island.
Contour interval is 200 fathoms (Chase and Menard, 1973).
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Figure 11. Single-channel, 80 cubic=-inch airgun seismic profile of Johnston
Island (Line 18)., See Figure 10 for location of this line. The
distance between each horizontal rule represents 150-m water
depth,
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Table 10, locstiom and description of samplee from Norisom Quyot, Cruise LS-83-ww,

spproximate

Saspls lacituda  Longitude  Water Depth  gop)q we. Crust Deecraptaca Substrate Description

ua. (L] ) () (xq)

15-0C%  19419.09° 168°19.09° 4 - Paper Thun Coatisqge on some basalt O=% ce highiy wesiculaz, sizered dasait pewbbiss,
pubbles. soms hysloclastite; 5-23 ca brownish-green s.ity

woicaniclastic mud; 2)-28 ca modsrately ves.cuisr
slcered basait pebbles, scms dustad vith manganese;
28-40 cm, wolcamiclastic silty sudstone; 40-50 c»
haghly vesicular sitered basait pebblss.

16-PC6 19°20.82' 168°)9,5" 3622 -— Dusting of Mm-oxides on some basalt Gesvel of highly vesiculsr basalt scattared through
pubbles. 40 c» of gray-qgresn Foramimifsra-rich saanofoss.l

ocoge.

17-9C? 19%20.25' 168°¢2.30° 2450 - None Pabbles of very highly sltered basalt snd wolcamic

breccia, with caicite and zsolite crystals in
and fractures. Pragmssts of marl. .
18-011 19°20.10' 168%39.90* N~ 7 750 partly coatsd rocks, 25% rocks vithout TYsilow~qreen hysloclastite with red-brown, sagular,
19°21.48' 168°41,.87° 3700 crusts. Crusts ars mostly knobdy to bot- highly sltered basalt and palagonite clasts; minor
ryoirdal, somes with secondary sacothing of basalt cobbiss ars dark-qgray, sassive to spacrsely
tha botrvoids (not due to drmdqang). vesiculsr, sparsely clivine and plagioclasa payric
Thicknasses ars 2-4 mm, sversge ) am. (pasudomorphed ) .
19=012  19°22.14' 168°41.69" 2000 [t 80V partly coated rocks, 208 rocks without Breccis and conqlomersts composed of asguliar to
; crusts. Crusts moetly smooth or grsnular subrounded basalt pebbles and cobtles; snd loose
and porou soms with subdued botryocids. basalt cobblss; bssalt ranges from aphyric to
Thicknesses © 4 am, awrage ) sm. sparssly olivane-plagioclase phyric, and fros
sparssly wesicular to asygua.oidal; amygdules to
3 cm are filled wvith coarse-grained csicite and
zeclitss, One basalt iacaorporates shallow-water
linastons claste.

20-01)  19°73.70° 168°4).08" 1850 - None Mannofossili-rich forsmunifscrsi sand,

21=D14  19°10.19' 168°46.67° 17501800 11] 508 partly, S0% compistsly coatsd wath Reddish TO yellow brown brscc.s Vith anquiar basalc
cruste. Surfaces mostly smsooth snd por=- clasts; anqular basalt cobblss that ers aass.ve and
ous (30%), othere irreqular. EProsion and sphyraC; manor pals brown silestone; forssmuniteral
rsneved qrowth of hlack oxidss 1-50 am, sand.
average 20 mm in thickness.

22015 19%41,64°  168°99.67" 4500~ s ) pancaks nodules; one lsminated nodule 18 Silty wmmletone compossd of alrsred glassy wolcanic

19%40.54*  168%59.02' 4300 smooth and oorous on the than (6 am) nodule dsbris froe nodule auciss.
bottom and hotryoidsl and Porous on the
thick ('8 am) upper crust surface, whersas
ths other nodules are just the opposite.
Nodule rims are smcoth. Thickn tros
1-18 an, aversqe § an.

24017 19°13.20° 168%49.9%4' 2400 7 65% rocks partly coatsd, IS complataly Breccia snd congiomsrste wath anqular to weli=
costed. Cruste are botrycidal (reflect rounded, highly sitered, sparsely vesicular and
shape of cisste of the conglomerats) to sparsely olivine phyric basalt claste.
ssocoth, Thicknessas 1-15 mm, sverage
10 am.

25-018 19%30.89° 168°5),20° 1799= 180 108 parctly, 908 cowpletely encrusted, Sreccia boulders and cobbliss of angular bassit and

19°29.69° 168°S1. 9 1780 wvith subdued knobby to botryoidsl crusts; pank-brown phasphorite Claste in whits to pale
SOWS ars smooth. Some hAve 8 porous cutar brown CAlCArsous Batrix that has been replaced by
layer (10 mm) and massive inner layer (25 phosphofite to varying degrees. Basalt clascs
am). Thicknesses 240 mm, aversge 30 mm. range from derk-gray MAss.w aphyric to rad-brown
sparsaly vesicular olivine {pasudomorphed) phyric.
28-GC2 19020060 168°47.52° 1680 - None Mannofossil-rich foraminifsral send.

29-GC3  19°26.14" 168°50.39° 1669 - None Nannofossil-rich foramimifersl sand.

Jo-aca  19°25.57° 168°50.77 1580 - Mone Mannofossil-rich foramnifersl eand.

)

0, IC, GC in semple numbers reprsesac drndqe, hard-subatrate corer, and grsvaty corer, rsspectively.
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Table 15. Water content and ignition loss data for
Horizon Guyot, Cruise L5-83-HW. H. Mairs and K.
Schmitz, analysts. Dry weight basis means that
starting material was air-dry powder, and all weight
loss data are given as a weight percent of oven-
dried sample (110°C) except hygroscopic moisture
(Hzo). All data in weight percent.

Sample No. -
H,0© 110-500° 500-1000° 110-1000°

D12A-22 15.13 8.39 8.03 16.42
D14A-24 19.72 9.60 7.85 17.44
D14A-25 20.27 9.13 7.42 16.55
D14A-26 21.96 8.88 6.98 15.87
D14A-27 23.49 9,32 8.55 17.87
D17B-31 17.39 8.52 6.99 15.51
D18-34 17.91 9.24 7.00 16,25
D18-36 22.51 8.61 6.90 15.51
D18-37 15.78 10.6 6.32 16.92
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S.P. LEE GUYOT

Fifteen seismic-reflection lines criss-crossed the western half of S.P.
Lee Guyot (Figs. 12, 14). Eight dredges returned samples from water depths
between 1125 and 2400 m. A thick-sediment cap (300 m) contains up to four
internal reflectors, which may be the result of chert horizons (Fig. 14).
Buried terraces occur below the sediment cap. Lines 21 and 28 cross a small
well-developed sediment slump (Fig. 14c and 14j). The flanks are rugged,
showing many volcanic pinnacles that support little sediment (Fig. 13). Vol-
canic knobs dot the summit region. The northern lower flank is draped by a
debris apron.

Camera-video runs recorded guyot flanks between 1200 to 2400 m and 1050
to 1800-m depth of water (Figs. 12, 15). A rough estimate from 850 bottom
photographs, each displaying 2 to 3 m on a side of seafloor, indicates that 80
percent of the upper flanks are sediment covered (Fig. 15). Sediment commonly
shows current ripples and sand waves (Fig. 15-4). Ubiquitous bottom-dwelling
organisms are seen (Fig. 15-2). All rock surfaces are encrusted with ferro-
manganese oxides.

The CTD and oxygen profiles taken over the summit are remarkably differ-
ent from ones taken over the northwest flank (Fig. 16-1 through 16-10). The
oxygen-minimum zone begins at about 200 to 300-m water depth over the summit
and 500 to 600-m over the north flank; that is 300-m shallower than the oxygen
minimum over the summit of Horizon Guyot.

Most rocks recovered from S.P. Lee Guyot are volcaniclastic breccia,
sandstone, and siltstone, all with a calcareous matrix or cement, and minor
basalt cobbles (Table 18). Sedimentary rocks show evidence of gravity-flow
deposition. Large blocks of phosphorite-replaced limestone were recovered.
The chemistry of the substrate varies with the lithology and with the amount
of calcite and apatite present (Table 19). Substrate mineralogy reflects the
abundant phosphorites on S.P. Lee Guyot and the highly-altered volcaniclastic
debris which produced smectite, phillipsite, and calcite (Table 20).

Vernadite is the dominant (60-100 percent) crust mineral except for one
sample recovered from 1600-m water depth, whose mineralogy in addition to ver-
nadite is 17 percent todorokite, and 22 percent apatite (Table 21); this sam-
ple may have some hydrothermal input, rather than being solely hydrogenous as
are the other crusts studied. Quartz and plagioclase are rare, but apatite
comprises up to 22 percent of the inner parts of some crusts. S.P. Lee Guyot
crusts are the richest in cobalt of those we studied (Table 22). For crusts
collected at water-depths shallower than 2500 m, Mn averages 28.29%, Fe
15.29%, Co 1.220%, Ni 0.529%, and Cu 0.053% (Table 22-3).

The average crust thickness is 8 mm, with a maximum thickness of 45 mm
(Table 18). Thicknesses varied greatly within single-dredge hauls. On the
average, about a third of rocks recovered were broken from outcrop and were
coated with crusts. Forty-three percent supported no crusts, while 5 percent
were crust fragments without substrate. Twenty percent had crusts encircling
nuclei. Thicker crusts show two distinct generations of growth. Foraminifers
occur throughout many crusts.

Density, porosity, and other physical properties are listed in Tables 23
and 24 for substrates and crusts, respectively.
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Figure 12. Sampling stations and camera and seismic-reflection lines on S.P
Lee Guyot. Deep Sea Drilling Project Site 165 is located. Con-
tour interval i1s 200 fathoms (Chase and Menard, 1973).

LEA



90

Line
30

2000

&
0
o0

\\ Line
Line2a\ 2%
\
Line 28
\
Line 21 s
165
\2600
8° -
® Dredge stations
== Camera-video runs /
¢ CTD-oxygen profiles /
(stations) I
———3.5, 12 Khz
Single channel airgun /
lines
165°

67

164°




Figure 13, Bathymetric map of west half of S.P. Lee Guyot based on seismic
and bathymetric survey from Cruise L5-83-HW.

Ak



o
1B 31 R0 e s ten o neer 2 -ses s e 20 s 8 %80 50 om0 —res 30 0 30 13850 e 0 w1150 e e
: ! : ! ; : ¢

-teuee 20 -1eaer 90 1ex®e0 30 -164%18 30 164 18 00 ~164%.7 00 -16u%16 00 -164% 15,00 ~164% 1w 00 ~164®13 20 ~16x% e 00 164011 20 -

winlB479.00°
: 8°37.80

30 |

8°e9 00 L

o%es 20 L

Tt 8°6.00

BHG'OO 61 20 1619 20 5
-164 9.00

BT
-164°31.20

68



Figure 14.

Single~-channel 80 cubic~-inch airgqun seismic profiles of S.P. Lee
Guyot (Lines 19 through 36). Note slump deposits and volcanic
pinnacles, some of which penetrate through the sediment cap. The
north flank shows a well-developed stepped morpholeogy. On Line
28, a thick sediment cap slumped at the break in slope. Volcanic
prnnacles are common on the flanks of the guyot. The distance
between each horizontal rule represents 150 m.
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Table 20.

Cruise L5-83-HW.

Mineral content of substrates associated with ferromanganese crusts, S.P. Lee Guyot,

ewe===X -Tr ay Mineralogy------ c
Sample No. Major Moderate Minor or Trace omments
D23-D3 Plagioclase Smectite Sandstone
Apatite
D23-D4 Mg-calcite Phillipsite Hyaloclastite, calcite cement
Smectite
D24-A3-6 Phillipsite Smectite Chlorite? Volcanic breccia
D24-A3-9 Apatite Clinoptilolite/ Phosphorite
Heulandite?
D24-A3-16 Apatite Phosphorite
D24-1A Apatite Smectite Quartz Mudstone
Phillipsite Pyroxene?
Plagioclase
Calcite
D25-D Calcite Apatite Plagioclase Volcanic breccia
D25-10 Apatite Phillipsite Smectite Volcanic breccia
Plagioclase
D27-B1 Goethite Apatite Iron-rich volcanic rock(?)
D27-B5-9 Phillipsite Smectite Plagioclase Volcanic breccia
D28-A1 Apatite Plagioclase Smectite Phosphorite
D28-11 Apatite Phosphorite
D29-A1 Apatite
D29-A6 Apatite Plagioclase Phosphorite
D29-A7 Apatite Phillipsite Phosphorite
Plagioclase
D31-A1-1 Plagioclase Smectite Apatite Volcanic breccia
Calcite Phillipsite
D31-2 Apatite Plagioclase Phosphorite
Smectite
D31-10 Plagioclase Smectite Altered basalt
Pyroxene Phillipsite
D32-A1 Plagioclase Phillipsite Sandstone
Smectite Apatite
D32-A2 Phillipsite Smectite Volcanic breccia
Calcite
Plagioclase
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Table 24. Water content and ignition loss data for S.P. Lee Guyot, Cruise
L5-83-HW. H. Mairs and K. Schmitz, analysts. H,0 on wet weight basis was
established by loss on drying at 110°C. Dry weight basis means that
starting material was air-dry powder, and all weight loss data are given
as a weight percent of oven-dried sample (110°C) except hygroscopic
moisture (Hzo). All data in weight percent.

Sample No. Wet weight basis =  -=-=------ Dry weight basis-----=-=—=--
H,0 500° 1000° H,0 110-500° 500-1000° 110-1000°

D22B 32.2 40.4 43.4

D23-B 20.15 11.0 6.70 17.70

D23-39 17.96 10.87 6.23 17.10

D24-41 9.77 9.7 6.03 15.74

D25-43 1.4 9.70 6.27 15.97

D27-45 6.71 9.34 7.15 16.49

D27 32.3 39.4 43.1

D31-51 8.41 10.65 6.89 17.54
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COLAHAN SEAMOUNT

Colahan Seamount is located at the northernmost end of the Hawaiian
chain, just northwest of the U.S. EEZ boundary. Although Colahan Seamount is
outside the EEZ, data from it should be comparable to seamounts at the north-
ernmost end of the Hawaiian EEZ. Colahan Seamount was surveyed in 1971 on the
Scripps Institution of Oceanography cruise Aries VII (Davies et al., 1971). A
seismic profile showed rugged features and several peaks, the shoalest one
supporting an actively-growing coral cap. A single dredge at the summit in
water depths of 598 to 282 m recovered limestone and coral.

In 1982, R/V S.P. Lee cruise L8-82-NP dredged rocks in a single haul from
1920 to 1220-m water depth (Fig. 17). Rocks are both aphyric and phyric vesi-
cular alkalic basalts, some containing amphibole (Table 25). Nearly all, of
even the freshest lavas, are phosphatized, presumably as replacements of
glass; most lavas have 2 to 5 weight percent P,0g (Table 26). The low (aver-
age about 0.5%) P,Og concentrations from fresh glass rinds on the basalt
require the abundant apatite to be secondary. The age of the seamount is 37
to 40 m.y. old (Duncan and Clague, 1984}).

Substrate mineralogy varies from relatively altered to unaltered basalts
(Table 27). Fresh basalts are dominantly plagioclase or pyroxene; phillipsite
and smectite are the dominant alteration products, some rocks being solely
composed of these two minerals. Apatite occurs in varying amounts.

Ferromanganese crust mineralogy is dominated by vernadite (79 to 98 per-
cent) with minor quartz and feldspar (less than 2 percent). Several crusts,
however, contain todorokite (up to 12 percent) and phillipsite (up to 9 per-
cent) (Table 28). The chemical composition of the crusts show relatively low
Cu values and high Pb values (Table 29). For crusts collected at water-depths
" shallower than 2500 m, Mn averages 19.60%, Fe 12.09%, Co 0.44%, and Ni 0.34%.

Crusts average about 6 mm in thickness with a maximum of 15 mm (Table
25). Only 15 percent of the dredged rocks were encrusted with ferromanganese,
the others contained only manganese stains.

ABBOTT SEAMOUNT

Abbott Seamount is located to the northwest of Colahan Seamount in the
northern Hawaiian chain. Four seismic profiles were taken across Abbott Sea-
mount in 1971 on the Aries VII expedition, which showed a relatively simple
cone with a subsidiary cone on the lower northern flank (Davies et al.,

1971). Abbott was surveyed in 1982, on the R/V S.P. Lee cruise L8-82-NP;
bathymetric and seismic profiles, and two successful dredges were completed
(Fig. 18; Duncan and Claque, 1984; Sager, 1984). Rocks recovered are vesicu=-
lar basalts transitional between alkalic and tholeiitic (Table 25). As with
Colahan Seamount, even the freshest Abbott Seamount basalts are phosphatized
with P 0S mostly between 2 and 4 percent (Table 30). Substrate mineralogy is
primarily plagioclase, pyroxene, and apatite in the freshest rocks, with smec=-
tite and phillipsite becoming increasingly abundant with increasing alteration
(Table 31). The age of the seamount is 36 to 41 m.y. old (Duncan and Claque,
1984).

Crust minerals are dominantly vernadite (95 to 100 percent) with minor
quartz and plagioclase, which are more abundant in the inner crusts (Table
32). The chemical composition of the crusts shows low Cu values; the thickest
crust has the lowest Fe and highest Cu values (Table 33). For crusts col-
lected at water depths shallower than 2500 m, Mn averages 20.35%, Fe 11,26%,
Co 0.61% and Ni 0.41%,

Crusts average about 10 mm in thickness with a maximum thickness of 57

mm. Most rocks recovered contained crusts greater than several millimeters
(Table 25).
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DISCUSSION

Most crusts studied are hydrogenous in origin; the elements that make-up
the crusts precipitated from sea water. One crust from Necker Ridge, three
from Colahan Seamount, and ferromanganese cement in a conglomerate from Hori-
zon Guyot may have a hydrothermal input as suggested by the todorokite miner-
alogy. On the average Co, Ni, and Mn are richest in S.P. Lee Guyot crusts.
These elements along with the mineral apatite increase in the crusts with
decreasing latitude, that is from Necker Ridge to Horizon Guyot to S.P. Lee
Guyot (see appendices 3 and 4). Only one Colahan crust contained apatite, and
none from Abbott seamount contained apatite. Iron and the minerals quartz and
feldspar show the opposite trend, decreasing with decreasing latitude. Even
though the S.P. Lee Guyot crusts are among the richest analyzed for cobalt,
the crusts are thin, averaging only 8 mm. This is partly the result of mass
movement on the guyot flanks and of sedimentation. Mass movements abrade
crusts or destroy them, and the growth process must begin again. Sedimenta-
tion covers the hard substrates necessary for initiation of growth of the
crusts, and migrating sand can cover outcrops where crusts had already
formed. (Hein et al., 1985).



Figure 17. Dredge stations, track line, and bathymetry of Colahan Seamount.

The summit dredge is from Scripps Institution of Oceanography

cruise Aries VII (Davies et al., 1971). Contour interval 1is 400
fathoms.
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Figure 18, Dredge stations (L8-82-NP) and bathymetry (Sager, 1984) for Abbott
Seamount. Contour interval 1is 250 m.
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Table 29. Chemical composition of bulk crusts from

Colahan Seamount.

Analysis by Atomic Adsorption,

listed in weight percent and corrected for water
content determined at 110°C.

D4-42 D4-43 D4-68
Mn 23.26 22.84 19.71
Fe 15.15 13.83 11.88
Co 0.59 0.47 0.41
Ni 0.40 0.38 0.37
Pb 0.25 0.25 0.19
Cu (ppm) 260 320 250
Zn (ppm) 560 510 840
Crust thickness 2 mm 2 mm <1 mm
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Table 33. Chemical composition of bulk crusts from Abbott
Seamount., Analysis by Atomic Adsorption, listed in weight
percent and corrected for water content determined at 110°C.

D2-3 D3-7 D3-8 D3-11
Mn 24,00 23.81 23,78 20.29
Fe 11.01 12,70 12.34 14.77
Co 0.64 0.83 0.73 0.53
Ni 0.60 0.47 0.43 0.35
Pb 0.17 0.25 0.25 0.23
Cu (ppm) 920 220 280 360
Zn (ppm) 680 500 480 530
Crust thickness 55 mm 2 mm 10 mm 10 mm
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Appendix 1.,

of Mines, USGS-WH,

Comparison of cobalt concentrations for analysis done by Bureau

USGS-Reston,

board analysis (SH) on S.P. Lee data from Necker Ridge, Horizon Guyot, and
S.P. Lee Guyot, Cruise L5-83-HW.

the German Geological Survey (FRG), and ship-

Sample BOM USGS-WH USGS-RES FRG SH MEAN S.D. C.V.
(ex ship)
PC2A-2 0,56 0.50 0.48 0.46 0.51 0.50 0.043 8.6
PC3A-3 0.70 0.66 0.58 - 0.64 0.65 0.061 9.4
D5Bx-4 0.76 - 0.61 - 0.7 0.69 0.106 15.5
D5Cx=-5 0.74 0.73 0.68 - 0.65 0.72 0.032 4.5
D6Ay-6 0.65 0.56 0.53 0.58 0.50 0.58 0.052 7.6
D6Ay-7 0.60 0.52 0.59 0.53 0.57 0.044 7.6
D6Ax-8 0.68 - 0.55 0.52 0.62 0.58 0.085 14.6
D6AX-9 1.14 1.22 1.16 1.26 1.19 1.20 0.055 4.4
D7Ax-10 1.04 N 1.01 0.77 1.10 0.94 0.148 15.9
D7Fx-11 0.45 0.50 0.41 0.52 0.52 0.47 0.050 10.6
D7Fx=-12 0.54 - 0.54 0.56 0.61 0.55 0,012 2.1
D8A-13 0.33 0.36 0.32 0.33 0.45 0.34 0.017 5.2
D8B-14 0.27 0.30 0.25 0.26 0.36 0.27 0.022 8.0
D8B-15 0.33 - 0.32 0.36 0.34 0.34 0.021 6.2
DBC-16 0.28 - 0.28 - 0.34 0.28 - N
D10-17 0.65 0.67 0.60 - 0.68 0.64 0.036 5.6
D10-18 0.55 - 0.53 0.55 0.60 0.54 0.012 2.1
D10-19 0.93 0.99 0.88 0.94 0.98 0.93 0.045 4.8
D11A-20 0.62 - 0.59 - 0.61 0.60 0.0212 3.5
D12A-21 1.03 1.05 0.94 1.00 1.13 1.00 0.048 4.8
D12A-22 0.85 . 0.73 0.74 0.86 0.77 0.067 8.6
D14A-23 0.82 0.89 0.78 0.85 0.88 0.84 0.047 5.6
D14A-24 0.83 - 0.76 0.80 0.74 0.80 0.035 4.4
D14A-25 0.97 - 0.91 - 0.86 0.94 0.042 4.5
D14A-26 0.94 - 0.91 0.85 0.97 0.90 0.046 5.1
D14A-27 0.81 - 0.76 0.76 0.84 0.78 0,029 3.7
D14A-28 0.88 0.91 0.84 0.83 0.88 0.035 4.0
D15B-29 0.31 0.34 0.31 0.33 0.35 0.32 0.015 4.6
D17A-30 0.82 0.94 0.76 0.82 0.98 0.83 0.075 9.6
D17B-31 0.69 0.54 0.70 0.77 0.64 0.090 13.9
D18-32 0.73 0.7 0.66 0.70 0.75 0.70 0.029 4.2
D18-33 0.75 0.68 0.65 0,65 0.74 0.68 0.047 6.9
D18-34 0.75 - 0.72 0.72 0.90 0.73 0.017 2.4
D18-35 0.7 0.66 0.62 0.70 0.68 0.67 0.041 6.1
D18-36 0.87 - 0.81 0.84 1.11 0.84 0.03 3.6
D18-37 0.55 - 0.50 0.55 0.55 0.53 0.029 5.4
D23-38 1.14 1.05 1.00 1.02 1.29 1.05 0.062 5.9
D23-39 0.84 - 0.75 0.81 0.9 0.80 0.046 5.7
D23-40 1.01 0.93 0.88 0.88 1.05 0.92 0.061 6.6
D24-41 1.02 - 0.82 0.90 0.94 0.91 0.100 1.0
D24-42 0.96 0.99 0.88 0.90 1.03 0.93 0.051 5.5
D25-43 1.37 - 1.2 1.2 1.4 1.26 0.098 7.8
D27-44 3.02 2.56 2.55 2.68 2.48 2.70 0.220 8.1
D27-45 1.41 - 1.22 1.24 1.27 1.29 0.104 8.1
D28-46 1.41 1.22 1.24 1.14 1.19 1.25 0.113 9.1
D28-47 1.07 - 1.06 1.07 1.10 1.07 0.0058 0.54
D28-48 1.97 1.93 1.83 1.9 1.88 1.91 0.059 3.10
D31-50 1.47 - 1.45 1.45 1.58 1.46 0.0115 0.79
D31-51 0.86 - 0.86 0.87 0.88 0.86 0.0058 0.67
D32-52 1.39 . 1.33 1.26 1.49 1.33 0.065 4.9

124



Appendix 2.

Station data for S.P. Lee samples.

SEQNO LAT LON DEPTH CRUISE STATION saMp#
89011 22.181 -166.810 3950. SPLEE L583HW 001 DlA-1
89012 22.181 -166.861 3403. SPLEE L583HW 004 PCl
89013 22.208 -166.882 2402. SPLEE L583HW 005 PC2A-2
89014 22.256 -166.854 1970. SPLEE L583HW 006 PC3A-3
89015 22.316 -166.899 2350. SPLEE L583HW 008 D5Bx~4
89016 22.316 -166.899 2350. SPLEE L583HW 008 D5Cx-5
89017 21.718 -167.578 2400. SPLEE LS583HW 009 D6Ay-6
89018 21.718 -167.578 2400. SPLEE L583HW 009 D6Ay-7
89019 21.718 -167.578 2400. SPLEE L583HW 009 D6Ax-8
89020 21.718 -167.578 2400. SPLEE L583HW 009 D6Ax~9
89021 21.796 -167.624 2100. SPLEE L583HW 010 D7Ax~-10
89022 21.796 -167.624 2100. SPLEE L583HW 010 D7Fx-11
89023 21.796 -167.624 2100. SPLEE L583HW 010 D7Fx~-12
89024 21.841 -167.666 4123. SPLEE LS83HW 011 PC4
89025 20.209 -169.506 4500. SPLEE L583HW 012 D8A-13
89026 20.209 -169.506 4500. SPLEE L583HW o012 D8B-14
89027 20.209 -169.506 4500. SPLEE L583HW 012 D8B-15
89028 20.209 -169.506 4500. SPLEE LS83HW 012 D8C~-16
89029 20.335 -169.575 2400. SPLEE L583HW 014 D10-17
89030 20.335 -169.575 2400. SPLEE LS583HW 014 D10-18
89031 20.335 -169.575 2400. SPLEE L583HW 014 D10-19
53015 19.318 -168.651 4411. SPLEE L583HW 015 PCS
53016 19.347 -168.658 3622. SPLEE L583HW 016 PC6
53050 19.338 -168.705 2450. SPLEE L583HW o017 PC7
53017 19.335 -168.665 3791. SPLEE LS583HW 018 D11A-20
53018 19.369 -168.695 2000. SPLEE L583HW 019 D12A-21
53019 19.369 -168.695 2000. SPLEE LS83HW 019 D12A-22
53020 19.511 -168.835 1800. SPLEE LS583HW 021 D14A-23
53021 19.511 -168.835 1800. SPLEE LS583HW 021 D14A-24
53022 19.511 -168.835 1800. SPLEE L583HW 021 D14A-25
53023 19.511 -168.835 1800. SPLEE L583HW 021 D14A-26
53024 19.511 -168.835 1800. SPLEE L583HW 021 D14A-27
53025 19.511 -168.835 1800. SPLEE LS83HW 021 D14A-28
53026 19.695 -168.995 4500. SPLEE LS83HW 022 D15B-29
53027 19.553 -168.832 2400. SPLEE LS583HW 024 D17A-30
53028 19.553 -168.832 2400. SPLEE L583HW 024 D17B-31
53029 19.515 -168.855 1790. SPLEE L583HW 026 D18-32
53030 19.515 -168.855 1790. SPLEE L583HW 026 D18-33
53031 19.515 -168.855 1790. SPLEE LS83HW 026 D18-34
53032 19.515 -168.855 1790. SPLEE L583HW 026 D18-35
53033 19.515 -168.855 1790. SPLEE LS583HW 026 D18-36
53034 19.515 -168.855 1790. SPLEE L583HW 026 D18-37
53035 16.678 -169.359 1400. SPLEE L583HW 034 D19-53
17006 8.41400 -164.289 1850. SPLEE LS583HW 040 D23-38
17007 8.41400 -164.289 1850. SPLEE L583HW 040 D23-39
17008 8.41400 -164.289 1850. SPLEE L583HW 040 D23-40
17009 8.39800 -164.359 2400. SPLEE L583HW 041 D24-41
17010 8.39800 -164.359 2400. SPLEE LS583HW 041 D24-42
17011 8.38900 -164.294 1600. SPLEE L583HW. 042 D25-43
17012  8.35300 -164.317 1150. SPLEE L583HW 045 D27-44
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Appendix 2 cont.

SEQNO LAT LON DEPTH CRUISE STATION SAMP#
17013  8.35300 -164.317 1150. SPLEE L583HW 045 D27-45
17014 8.30800 -164.346 1400. SPLEE L583HW 046 D28-46
17015 8.30800 -164.346 1400. SPLEE LS583HW 046 D28-47
17016 8.30800 -164.346 1400. SPLEE L583HW 046 D28-48
17017 8.29700 -164.369 1700. SPLEE LS583HW 047 D29-49
17018 8.23500 -164.207 1300. SPLEE L583HW 048 D30
17019 8.19400 -164.200 1600. SPLEE LS83HW 049 D31-50
17020 8.19400 -164.200 1600. SPLEE L583HW 049 D31-51
17021 8.18600 -164.202 1800. SPLEE LS583HW 050 D32-52
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Appendix 4. Correlation coefficients for crusts from Necker Ridge, Horizon Guyot, and
S.P. Lee Guyot, Cruise L5-83-HW. Top refers to topmost layer of crusts, generally 5
mm (also referred to as "younger generation"). Total refers to total crust thick-
ness. Generally speaking, coefficients >|.60| are significant at the 99% confidence
limit or better. N for top is 19 and for total is 50. Elements correlated with
latitude and longitude are at variable depth. Data for top 5 mm from Appendix 3.

---------- Mn versus--=-—m=-= ---Al versus--- ---Ca versug---
Ni Mo Co cd Zn Si Ti K P CO2 Cu
Top .87 .92 .88 .75 57 .94 .86 .62 .99 .67 .26
Total .84 .93 .73 .70 .49 .95 .72 .85 .84 .63 .03
--Depth (positive) versus-- =  =~-ccaccaao-] Depth (negative) versug----==-eom=---
al Ti si X Cu Pb Mn Mo As Ni Sr Co Zn
Top .84 .86 .76 .58 .50 -.73 -,75 -.72 -.68 =.55 =~.72 -.64 -.32
Total .87 .73 .82 .69 .50 -.64 -,79 -.74 -.,63 -.63 -.77 -.63 -.38
---Longitude (positive) versus--- Longitude (negative) versus
Mo Co Mn Ni Na cd Fe - Si
Top .70 .78 .69 72 .74 .53 -.70 -.67
Total .49 62 .46 57 <17 .25 -.41 -5
Latitude (positive) versus  «=-== Latitude (negative) versus---
Fe Si Y Co Mn Ni Mo cd Na
Top .81 .72 «37 -.83 -.77 -.80 -~.74 -.66 -.77
Total .54 .58 02 -.66 -.58 =-.65 -.61 =-.40 -.12

Interpretation: The elements Mn, Mo, Co, Ni, and C4d form a consistent affinity group,
which is negatively correlated to the aluminosilicate elements Al, Si, Ti, and K. Ca
and P are very closely correlated as apatite with lesser affinity to Co,. Al, Ti, Si,
K and Cu concentrations increase with depth, whereas Pb, Mn, Mo, As, Ni, Sr, and Co
concentrations decrease with depth. Latitudinal and longitudinal relationships are
pronounced in the youngest crust generation, with the Mn oxide group led by Co showing
enrichment toward the equator.
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Appendix 5.

Statistical analysis of

current meter data.

East North Temperature
cm/sec cm/sec °C
Mean 1.343 -0.855 2.923
Variance 35.327 54,196 0.6114E-02
Minimum -23,243 -30.027 2.666
Maximum 24,669 20.648 3.265
Error about mean 0.144 0.178 0.1891E-02
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